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Abstract

In control of electrical drives, actuating the physical systems in order to minimize losses or
to track a specific reference is the ultimate goal. In most applications, the knowledge of the
system parameters is essential for the precise and dynamic control of the closed-loop system,
especially for the system under the model-based control. However, parameters may vary during
the operation. Additionally, several disturbances and uncertainties can still be noticed in the
drive system. The challenge to motivate the work of this thesis prescribes its two parts: the first
part addresses the parameter identification problem within the framework of the electrical drive,
while the second part of this thesis concerns the optimization of the control performance.

On the basis of the introduction to the main components of an electrical drive system, we
firstly study the offline parameter identification procedures for it, where the electrical param-
eters of the machine and the distorted voltage caused by the inverter are primarily discussed.
The offline determined results are suitable for the implementation at the start-up or for the drive
system with relatively low control requirements. However, the parameter variation problem
can not be completely tackled by implementing the offline determined parameters, since the
affecting factors of the parameter variation are complex, diverse and the offline measurements
have limited capability to describe these highly nonlinear, multidimensional characteristics. As
a promising solution, the online parameter identification methods have been proposed to obtain
the real-time value of the parameters of interest. Prior to the identification, the parameter iden-
tifiability of the PMSM drive system is analysed based on the local observability theory for the
nonlinear system. Subsequently, the state-of-the-art online estimation methods and the auspi-
cious moving horizon estimator are introduced, where the principles and the implementations
are explicitly given. A comprehensive comparison among the aforementioned methods is car-
ried out based on the experimental results regarding different testing scenarios. The comparing
results are then summarized in terms of various aspects, namely the computational burden, the
identification accuracy, the robustness, the speed of convergence and the memory allocation.
Furthermore, as it is addressed previously, the distorted voltage of the inverter significantly af-
fects the identification results. Therefore, an online parameter estimation framework including
the inverter distortion is proposed, where the dual Kalman filter and extended Kalman filter
have been deployed for the verification. A considerable improvement in terms of the accuracy
can be observed by implementing the proposed scheme.

In the second part of this thesis, the main focus is the optimization of the model-based pre-
dictive control (MPC) under the existence of the disturbances and the uncertainties, where both
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the continuous-control-set MPC (CCS-MPC) and the finite-control-set MPC (FCS-MPC) are
discussed. As the name suggests, one of the main drawbacks of the MPC is its sensitivity to
the model accuracy, which has a larger impact on the CCS-MPC than on the FCS-MPC. In
this thesis, the effects of the model uncertainties and the disturbances on the CCS-MPC and
the FCS-MPC are individually studied via simulations and experiments. In the context of the
CCS-MPC, a novel robust control scheme is proposed, where the disturbance observer is in-
tegrated into the design of the controller. The closed-loop stability is studied and proved to
be input-to-state stable, if several prerequisites are satisfied, which known to the author is the
first proof for such a control framework. The effectiveness of the proposed control scheme is
verified under various test scenarios. The experimental results demonstrate its superior perfor-
mance over the conventional CCS-MPC. In the framework of the FCS-MPC, one of the mainly
raised concerns is the computational burden of the control with a long prediction horizon, which
can be reduced by employing the sphere decoding algorithm. After observing the matrices of
the surface-mounted PMSM, a formulation of the FCS-MPC in the stationary reference frame
is proposed to further reduce the computational burden for the SPMSM. Different to the CCS-
MPC, FCS-MPC inherits the discrete nature of the inverter. Therefore, the model uncertainty
and the disturbance do not necessarily lead to the non-optimal solution of the controller. A
probability study is carried out to show the impacts of the parameter variation. Moreover, the
discrete constraint of the FCS-MPC impedes the analytical analysis of the parameter variation
effects. Thus, they are quantified with the help of simulations. It can be concluded from the
investigations that the FCS-MPC is also affected by the parameter mismatch problem. Analo-
gously to the CCS-MPC, a control scheme considering the system uncertainties and the distur-
bances is developed to improve the control performance of the FCS-MPC, where a disturbance
observer is employed. The proposed control approach is then verified and compared with the
conventional FCS-MPC under several testing cases. It outperforms the conventional FCS-MPC
in all cases regarding the tracking accuracy and in most cases regarding the total demand distor-
tion. However, the deployment of the disturbance observer can only eliminate the steady-state
offset. The harmonics still exist in the drive system and degrade the control performance. This
thesis focuses on the harmonics caused by the inverter. Nonetheless, the methods are generally
formulated and can be modified, applied to eliminate harmonics resulted from the other sources.
As discussed previously, the influence of the inverter can be eliminated by employing the afore-
mentioned parameter estimation scheme. However, after examining the observability of the
system including both the inverter nonlinear effect and the model uncertainty, it is impossible
to estimate them simultaneously. Therefore, they need to be treated separately. The steady-state
error is then compensated by the implementation of the disturbance observer, while the harmon-
ics are eliminated by employing the fractional-repetitive-control based method. The proposed
fractional-repetitive-control based compensation method is adaptive to the machine speed and
can be easily implemented. It is furthermore compared with the state-of-the-art methodologies
and shows its capability to deal with the harmonics. Furthermore, it can also improve the system
robustness against parameter mismatch to a certain level.



Zusammenfassung

Bei der Regelung von elektrischen Antrieben geht das um die Verlustminimierung oder die
Erreichung eines gewiinschten Sollwertes. In den meisten Anwendungen bendtigt man fiir die
préizise und dynamische Regelung die Parameter der Regelstrecke — dies gilt auch fiir die mod-
ellbasierte Regelung. Allerdings konnen die Parameter wihrend des Betriebs variieren. Auf3er-
dem konnen noch unterschiedliche Stérungen und Unsicherheiten im Antriebssystem auftreten.
Die Aufgabe, die diese Doktorarbeit motiviert, besteht aus zwei Bestandteilen: Der erste Teil
behandelt das Problem der Parameteridentifikation innerhalb des elektrischen Antriebs wihrend
des Betriebs, wihrend der zweite Teil sich mit der Optimierung des Reglers beschiftigt.

Ausgehend von der Einfiihrung in die Hauptbestandteile eines elektrischen Antriebssys-
tems werden zunichst die Offline-Parameter-Identifikationsverfahren fiir elektrische Antriebe
betrachtet — mit besonderem Augenmerk auf die elektrischen Parameter der Maschine und
die durch den Umrichter verursachte verzerrte Spannung. Offline ermittelten Parameter
eignen sich fiir die Inbetriebnahme eines Antriebssystems oder fiir Antriebssysteme mit rel-
ativ niedriger Anforderung. Dieses Konzept kann allerdings das Problem der Parameterin-
derung nicht vollstandig durch die Implementierung der offline ermittelten Parametern I6sen,
da die Parameter von komplexen und vielfiltigen Faktoren beeinflusst sind und die Offline-
Messungen nur begrenzt in der Lage sind, diese hochgradig nichtlinearen, mehrdimension-
alen Eigenschaften zu beschreiben. Als vielversprechende Losungen werden die Online-
Parameteridentifikationsmethoden vorgeschlagen, um die aktuelle Werte der betreffenden Pa-
rameter zu erhalten. Die modernsten Online-Schitzverfahren sowie der neuartige Moving
Horizon Estimator werden nach Analyse der Parameteridentifizierbarkeit vorgestellt: in Details
erldutert und in Anwendung gezeigt. Ein umfassender Vergleich zwischen den theoretischen
Ansitzen und den Realititen wird anhand der experimentellen Ergebnisse beziiglich unter-
schiedlicher Testszenarien durchgefiihrt. Die Vergleichsergebnisse werden dann in Bezug
auf unterschiedliche Aspekte zusammengefasst, in Hinblick auf den Rechenaufwand, die
Genauigkeit, die Robustheit, die Konvergenzgeschwindigkeit und die Speicherbelegung. Die
bereits erwédhnten Identifikationsergebnisse werden von der verzerrten Spannung des Wechsel-
richters erheblich beeintridchtigt. Daher wird ein Online-Parameterschitzverfahren vorgestellt,
das die Wechselrichterverzerrung beriicksichtigt — hierzu wurden das duale Kalman Filter
und das erweiterte Kalman Filter eingesetzt. Durch das vorgeschlagene Schema kann eine
betriachtliche Verbesserung hinsichtlich der Genauigkeit erzielt werden.

Als zweiter Beitrag werden in dieser Dissertation Optimierungen der modellbasierten pradik-
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tiven Regelung (MPC) unter der Beriicksichtigung von Stérungen und Ungenauigkeiten betra-
chtet, wobei sowohl die Continuous-Control-Set-MPC (CCS-MPC) als auch die Finite-Control-
Set-MPC (FCS-MPC) behandelt werden. Wie der Name schon andeutet, ist einer der Haupt-
nachteile der MPC die Empfindlichkeit gegeniiber der Genauigkeit der Parameter, die bei der
CCS-MPC groere Auswirkung hat als bei der FCS-MPC. In dieser Dissertation werden die
Auswirkung der Modellungenauigkeiten und der Storungen auf die CCS-MPC und die FCS-
MPC jeweils anhand der Simulationen und Experimenten untersucht. Im Kontext der CCS-
MPC wird ein neuartiges robustes Regelungsschema vorgeschlagen, bei dem der Stérungs-
beobachter integriert ist. Die Stabilitdt des geschlossenen Regelkreises wird untersucht. Es
wird nachgewiesen, dass das System bei Erfiillung einiger Voraussetzungen Input-to-State sta-
bil ist. Die Funktion des vorgeschlagenen Regelungsschemas wird unter unterschiedlichen
Szenarien iiberpriift. Die experimentellen Ergebnisse demonstrieren eine gegeniiber der kon-
ventionellen CCS-MPC verbesserte Funktionsfihigkeit. Bei Anwendung der FCS-MPC ist
eines der Hauptschwierigkeit die Rechenbelastung des Prozessors mit einem langen Pradik-
tionshorizont — diese konnte durch den Einsatz des Sphere-Decoding-Algorithmus reduziert
werden. AuBlerdem wird nach Betrachtung aus der Matrizen des Modells der oberflichenmon-
tierten PMSM eine Formulierung der FCS-MPC im stationidren Bezugssystem vorgeschlagen,
um den Rechenaufwand fiir die SPMSM weiter zu reduzieren. Im Unterschied zur CCS-
MPC iibernimmt die FCS-MPC die diskrete Eigenschaft des Umrichters. Daher fiihren die
Modellungenauigkeit und die Storung nicht unbedingt zu einer sub-optimalen Losung des Re-
glers. Mit Hilfe einer Wahrscheinlichkeitsbetrachtung werden die Auswirkungen der Parame-
terverdnderung verdeutlicht. Das diskrete Verhalten der FCS-MPC erschwert die analytische
Beschreibung der Auswirkung der Parameterverinderungen. Deshalb werden diese mit Hilfe
von Simulationen untersucht und quantifiziert. Aus den Untersuchungen lésst sich schlussfol-
gern, dass die FCS-MPC ebenfalls von Parameterabweichungen beeinflusst wird. Analog zur
CCS-MPC wird ein Regelverfahren entworfen, das die Systemungenauigkeiten und die Stérun-
gen in Betracht zieht, um die Regelungsverfahren der FCS-MPC zu verbessern — hierbei wird
ein Storungsbeobachter eingesetzt. Das vorgeschlagene Regelungskonzept wird anschlieend
verifiziert und mit meheren Testszenarien mit der konventionellen FCS-MPC in mehreren Test-
fillen verglichen. Es iibertrifft die konventionelle FCS-MPC in allen Féllen hinsichtlich der
Regelungsgenauigkeit und in den meisten Fillen hinsichtlich der Oberschwingungen. Ein
zusitzliche Storungsbeobachters kann jedoch nur den stationdren Offset eliminieren. Ober-
schwingungen existieren nach wie vor im Antriebssystem und beeinflussen das Regelverhal-
ten. Diese Dissertation konzentriert sich auf die durch den Umrichter verursachten Ober-
schwingungen. Dennoch sind die Methoden allgemein formuliert und konnen so modifiziert
und angewendet werden, um die von anderen Quellen stammende Oberschwingungen zu un-
tersuchen. Wie bereits erklirt, kann der Einfluss des Umrichters durch die Verwendung des
oben beschriebenen Parameterschitzungsschemas kompensiert werden. Die Beobachtbarkeit
des Systems stellt dar, dass man nicht gleichzeitig den nichtlinearen Effekt des Umrichters
und die Modellungenauigkeiten schidtzen kann. Deswegen miissen sie separat behandelt wer-
den. Der stationdre Fehler wird dann durch die Implementierung des Storungsbeobachters
ausgeglichen, wihrend die Oberschwingungen durch den Einsatz der auf einer Fractional-
Repetitive-Regelung basierenden Methode eliminiert werden. Die vorgestellte Kompensation-
smethode ist an die Maschinendrehzahl anpassbar und kann einfach implementiert werden.
AuBerdem wird sie mit dem Stand der Technik verglichen. Sie stellt die Moglichkeit her-
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aus, die Oberschwingungen zu minimieren. Die Robustheit des Systems gegeniiber Parame-
terfehlanpassungen kann mit der vorgeschlagenen Methode deutlich verbessern.
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CHAPTER 1

Introduction

The electrical drive system is widely utilized in a large number of industrial and domestic ap-
plications, such as transportation systems (electric vehicles and trains), home appliances (air
conditioners and heat pumps) and industrial utilizations (fans and pumps). It is complex, non-
linear and typically assembled with three major parts, namely the electrical machine, the power
electronic converter and the control system.

In general, the electrical machines can be categorized into two groups: direct current (DC)
machines and alternating current (AC) machines. Even though the DC machines, thanks to the
separation of field and torque production, require a relatively low complexity for the control
system, they have been gradually replaced by the AC machines nowadays. Comparing to the
DC machines, the AC machines can achieve higher speed and has lower maintenance effort as
well as longer life expectancy [1].

As the actuator of the electrical drive systems, the power converters actuate the command
from the control system and deliver the energy to the electrical machine. As a result of the
discrete nature of the power converters, only discrete-valued outputs can be produced. In par-
ticular, a voltage source inverter (VSI) is utilized for delivering the energy to the AC machines,
which is consisted by power electronic devices, e.g. insulated gate bipolar transistor (IGBT) and
metal oxide semiconductor field effect transistor (MOSFET). Many topologies are available to
realize the energy transfer, for example the two-level VSI, the multi-level VSI and the modular
multi-level inverter, among which the two-level VSI, because of its simplicity of the topology
and simpleness to control, is mostly applied in a wide range of industries. The inverter is fed by
a DC link, which can provide and absorb electric energy. The DC link is typically connected to
a larger system, e.g. a power grid or a distributed DC source, and realized by a DC-link capac-
itor. The voltage command delivered to the inverter is computed by the control system, which
ensures that the electrical drive system actuates as expected. The utilization of microprocessors
enables the fully digital implementation of the control methods. Moreover, the technology ad-
vances have facilitated an increase in the availability of the computational resources in the last
few decades. Thanks to this development, applications over a large range of domain are able
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to deploy advanced control methods for complex systems and various control targets, which
realizes precise and dynamic control for diverse systems.

1.1 Background and Motivation

The control of the electrical drive systems are tasked with the guarantee for the operational
safety and the fulfilment of the performance expectations. Generally speaking, the following
requirements on the controller design need to be considered [2]:

* Control accuracy: the error between the reference and the controlled variables should
be minimized.

* Dynamic response: the control loop has fast dynamics for the reference tracking and has
the ability of disturbance rejection.

* Harmonics: the discrete nature of the power converters provokes harmonics in the con-
trol loop, which is normally evaluated with the metrics such as the total harmonic dis-
tortion (THD) and the total demand distortion (TDD). The harmonic content is normally
restricted by specified standards.

* System constraints: the constraints of the plant, e.g. the current and speed limitation,
and of the actuator, such as the maximum voltage and current, must be included.

* Efficiency: the control methods should guarantee high efficiency of the converter as well
as of the machine.

» Applicability: the control methods need to maintain the control performance over a wide
range of operating area.

* Complexity: the complexity of the control methods is tolerable for the hardware re-
sources with only limited computational power.

One of the most popular control methods in the industrial applications is the field oriented
control (FOC), which controls the electrical machines in a cascaded manner and realizes the
control with the linear proportional-integral-derivative (PID) controller. The classic FOC is
easy to implement and has low computational burden. Nonetheless, the constraints in the elec-
trical drive system, the discrete nature of the inverter and many other nonlinearities in the system
degrades the performance of the FOC. Moreover, in the framework of the cascaded control, the
inner control loop is required to be much faster than the outer loop, which limits the bandwidth
of the controller and impedes the design of the control parameters. In order to tackle these
drawbacks, more sophisticated control approaches have been proposed. One of the promis-
ing methods is the model predictive control (MPC), which formulates the control problem as
an optimization problem and includes the constraints into the problem formulation. Regard-
ing various control objects, the application of MPC can be roughly sorted into three groups:
model predictive current control (MPCC), model predictive speed control (MPSC) and model
predictive torque control (MPTC). In terms of the constraints on the control voltage, MPC
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can be categorized into continuous-control-set model predictive control (CCS-MPC) and finite-
control-set model predictive control (FCS-MPC), where CCS-MPC delivers the control voltage
as a continuous value and FCS-MPC outputs directly the switching signals.

However, an accurate, dynamic and stable design of the control further requires the capability
to understand and manipulate the individual elements within the electrical drive systems. In
many applications, the values from the data sheets of the manufacturers are employed as the
baseline of the drive system. However, since the accurate parameter values of the electrical
machine over the whole operating range are essential for the control performance, the standstill
frequency response (SSFR) test is normally conducted before the start-up. It has become the
standard method for identifying the machines, where the response on the test signal with a single
frequency is evaluated. Nonetheless, the identified parameters are time-varying and affected by
numerous factors, such as the temperature and the saturation effect. Moreover, in almost all
the practical applications, the uncertainty exists in the model of the electrical drive system,
which may come from various sources, for example unmodelled system elements and external
disturbances. The combination of the observer and the model-based control method yields
a powerful and versatile framework for advanced control. The system states as well as the
parameters are adapted based on the measurements, which further benefits the controller in a
way that the prediction accuracy as well as the control performance is improved.

1.2 Outline and Contributions

This thesis consists of three main parts. In the first part, the background material that is essential
to this thesis is introduced. The second part concentrates on the offline as well as the online
identification methods for the electrical drive system. This is followed by the third part, which
lays the focus on optimizing the predictive control methods under the existence of uncertainties
and disturbances.

Part I: Preliminaries The permanent-magnet synchronous machine drive system comprises
mainly three components, namely the PMSM, the inverter and the control system. In Chapter 2,
a brief introduction to the PMSM is given, including the construction as well as the mathemati-
cal modeling of the PMSM. Several assumptions are deployed to simplify the establishment of
its three-phase mathematical model. It can be further simplified and transformed into the two-
axis system, of which two different reference frames, i.e. the stationary reference frame and the
rotating reference frame can be employed depending on the application field. As the actuator
in the drive system, VSI is furthermore discussed. The basic mathematical definitions relevant
for the optimization problems are reviewed, which is followed by the overview on the state-of-
the-art control strategies for the PMSM drive system. The uncertainties and the disturbances
existing in the drive system are summarized as a closure of this part.

Part II: Parameter identification Part II of this thesis concentrates on the parameter identifi-
cation for the PMSM drive system. Firstly, the observability of the PMSM electrical parameters
is analyzed. The local observability theory is employed to achieve this goal. Subsequently,
the offline determination procedures for the PMSM parameters are developed, where both the
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linear and nonlinear flux linkage interpretation are investigated. In order to complete the com-
putational results from the discrete measurement points, an appropriate interpolation method is
required. The most applied interpolation methods are introduced and employed to complete the
results of offline determined parameters as a smoothed map. Besides the offline determination
procedures, the estimation methods with current injection can also be applied to identify all
electrical parameters of PMSM. In this thesis, the square-wave-form and the sinusoidal-wave-
form current are applied. The amplitude as well as the frequency of the injected current is
determined by the simulations. Related experiments are furthermore conducted to compare and
justify the estimation performance. However, the offline determination procedures are normally
time-consuming and may increase the instrument costs as well as the implementation com-
plexity. Although, the current injection method can proceed during the operation, the injected
current may result in the current distortion and the torque pulsation problem. Thus, the online
parameter estimation method is proposed as a more proper solution for the real-time parameter
identification. Five methods are explicitly studied in this work, namely model reference adap-
tive system (MRAS), recursive least squares (RLS), extended Kalman filter (EKF), unscented
Kalman filter (UKF) and moving horizon estimator (MHE). Their theoretical foundations are
parsed at first. Subsequently, the aforementioned methods are implemented on an embedded
system to estimate the identifiable parameter combinations for PMSM. The corresponding ex-
perimental results are shown and compared in terms of various aspects. Furthermore, the former
investigation shows that the voltage distortion caused by the VSI affects the estimation results.
Therefore, a dual-EKF-based estimator and a EKF-based estimator are deployed for the param-
eter estimation considering the influence of the VSI, of which the distorted voltage is included
as an extended term into the system model. One of the attractiveness of the dual EKF is that the
parameter filter can be deactivated. This characteristic provides the possibility of the computa-
tional burden reduction and the memory release.

Part I1I: Controller optimization In Part III, we leave the realm of the parameter estimation
problem and investigate the control problems considering the model uncertainties and the dis-
turbances. Chapter 4 elaborates the framework of the continuous-control-set model predictive
control, including the formulation of the optimization problem and the computation, implemen-
tation for the real-time applications. To eliminate the impacts of the model uncertainties and
the disturbances, an observer-based robust control strategy is proposed. This proposal is uni-
fying formulated and can be applied to any AC drive system. Moreover, the stability of the
closed loop is furthermore analyzed by employing the input-to-state stability theory, which can
be analogously mapped onto other drive systems. The impacts of the parameter mismatches on
the control performance of the CCS-MPC are investigated via experiments and subsequently
quantified. The effectiveness of the proposed solution is verified with different testing scenar-
ios, where disparate uncertainties and disturbances are discussed. The FCS-MPC also suffers
from the effects of system uncertainties and disturbances. In Chapter 5, the basic concepts of
the FCS-MPC are firstly given. The establishment of the optimization problem and the cor-
responding solving methods are furthermore introduced. Instead of applying the exhaustive
enumeration method, the sphere decoding algorithm is employed to reduce the online compu-
tational burden and enable a long-horizon prediction during the operation. A formulation of the
FCS-MPC for SPMSM on the stationary reference frame can further reduce the computational
burden by allocating a large portion of the matrix computation to offline preparation. On the
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contrary to the CCS-MPC, the model uncertainties and disturbances do not necessarily affect the
solution of the FCS-MPC, which can be traced back to the mixed-integer characteristic of the
underlying optimization problem associating with the FCS-MPC. The simulations on the prob-
ability of acquiring the optimal solutions under the existence of the parameter mismatches are
carried out to justify this statement. An incremental MHE is applied as the disturbance observer
to improve the tracking ability and system stability. Nonetheless, the disturbance observer has
limited bandwidth and filter effects. Therefore, the periodic disturbances remain in the PMSM
drive system, even though the disturbance observer is implemented. In Chapter 6, the topic of
attenuation of the periodic disturbance is investigated, where the main effort lies on compensat-
ing the distorted voltage caused by the VSI. The state-of-the-art approaches for eliminating the
disturbances caused by the VSI are reviewed and explained. Then, a novel approach based on
the fractional repetitive control is proposed to compensate the distorted voltage. The proposed
compensation method tackles the problem of shifted high control gains at the target frequency,
which is caused by the fractional ratio between the target frequency and the sampling frequency
and often encountered during the implementation on a digital control platform. Since the target
frequency varies with the fundamental frequency of the PMSM, the compensating values adapts
to the eventual motor speed. In order to limit the control gain and improve the system stability,
a moving average filter is furthermore deployed. The compensation performance is determined
by investigating the individual parameters via simulations and experiments, while the stabil-
ity of the overall system is guaranteed through theoretical analysis. The proposed method is
furthermore verified with experiments, of which the results are furthermore compared with the
state-of-the-art approaches for the distorted voltage compensation. More experimental investi-
gations are also provided regarding the performance evaluation of the proposed method at the
steady state and during the transient.

Concluding remarks of this thesis are given in Chapter 7, where an outlook to the possible
future works derived from this thesis is also presented.
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CHAPTER 2

Permanent Magnet Synchronous Machine Drive
System

This chapter lays theoretical foundations for the further analysis and development of this thesis.
In this chapter, the composition of the permanent magnet synchronous machine drive system are
introduced, namely the permanent magnet synchronous machine, the inverter and the controller.
A general structure of the electrical drive system can be represented by the Fig. 2.1.

Y- u y
——> Controller —=> Modulator > System ==

N

Yy T

—>  Observer [

Figure 2.1: Typical control structure in the field of power electronics and electrical drives.

Depending on the control methods, the modulator is optional for the drive system, which
translates the voltage commands from the control system into the switching commands for the
semiconductor switches. The most applied modulation methods are the carrier-based pulse
width modulator (PWM) and the space vector modulator (SVM). The controller denotes the
control unit, where the design and the computation of the control, the planning for realizing
a specified task or minimizing the losses take place. The control approaches are normally
implemented on an embedded computing platform such as microcontrollers and reconfigurable
hardware, where field-programmable gate array (FPGA) and programmable logic controller
(PLC) are mostly used in practice, respectively. The system in Fig. 2.1 represents the plant to be
controlled, which can be the electric machines or the combination of the power electronics and



10 CHAPTER 2. PERMANENT MAGNET SYNCHRONOUS MACHINE DRIVE SYSTEM

the electric machines. Considering different types of machines, the observer can be required
by the electrical drives. For example, the flux observer is mandatory for the control of the
induction machine, since the flux can not be directly measured but is essential for the precise
control. Furthermore, some control methods also employ the observer to improve the control
performance.

2.1 Permanent Magnet Synchronous Machine

In this thesis, the drive system with the permanent-magnet synchronous machine (PMSM) is
investigated. The PMSM gained popularity with the development of permanent magnets, espe-
cially the rare-earth magnets, e.g. the Neodymium (NeFeB) and the Samarium-Cobalt (SmCo)
magnets. The implementation of the permanent magnets enables a compact construction of the
rotor. It also leads to the advantages such as high efficiency and high torque density of PMSM.
In this section, the construction of the PMSM, including the stator and rotor, is firstly intro-
duced. Subsequently, the PMSM modeling is established in different reference frames. For
the PMSM drive system, two reference frames are normally deployed, namely the stationary
reference frame and the rotating reference frame. Once the reference frame is determined, the
electrical drive system can be modelled correspondingly. At last, the formulation for describing
the mechanical system is also given.

2.1.1 Construction of PMSM
2.1.1.1 Stator

The stator of a PMSM, which is also called armature, is made of thin laminations of highly
permeable steel aiming to reduce the core losses [3]. The air-gap flux density is limited by the
saturation of the stator core. In particular, the peak flux density is limited by the width of the
teeth, while the stator back determines the maximum total flux. The armature windings are
constructed in the stator slots and symmetrically distributed so that the flux linkage produced
by the stator current is allocated as sinusoidally as possible. There are two main categories of
the construction of armature windings, the distributed windings and the concentrated windings.
Details about the difference between them can be found in [4]. The three-phase windings are
exactly alike in shape as well as in form and can be connected as a star (Y) form or as a delta
(A) form. They are displaced from each other by an electrical angle of 120° and repeated 7,
times along the circumference, where n, € Z* denotes the number of pole pairs.

2.1.1.2 Rotor

Considering the way how magnets are installed into the rotor, PMSM can be basically divided
into surface permanent-magnet synchronous machine (SPMSM) and interior permanent-magnet
synchronous machine (IPMSM). As the name suggests, the magnets of SPMSM are mounted
directly onto/into the rotor surface. There are in general two types of SPMSM, surface-mounted
permanent magnet synchronous machine and surface-insert permanent magnet synchronous
machine. Their constructions are shown in Fig. 2.2. A surface-mounted PMSM, e. g. in
Fig. 2.2a, has a magnetically isotropic rotor and is typically not suitable for field-weakening. A
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surface-inset PMSM, e.g. in Fig. 2.2b has high saliency ratio, where the saliency ratio indicates
the difference in magnetic paths between with and without magnets. The saliency effect, which
indicates the saliency ratio, can be neglected in the surface-mounted PMSM [5]. The saliency is
also an indicator of magnetic interaction and reluctance torque production capabilities. More-
over, the air-gap flux density is distributed smoothly in surface-mounted PMSM. The torque
ripples are therefore small [6].

(a) b)

Figure 2.2: General structure of SPMSMs. (a) Surface-mounted permanent magnet synchronous machine. (b)
Surface-inset permanent magnet synchronous machine.

Different from SPMSM, IPMSM integrates magnets in the interior of the rotor, of which
the typical structures are presented in Fig. 2.3. The magnets are therefore physically protected
by the rotor. In these machines, the saliency cannot be neglected. This characteristic enables
IPMSM to produce reluctance torque even in the field-weakening operation region. Therefore,
IPMSMs are usually employed for a higher speed operation than SPMSMs. IPMSM in Fig. 2.3a
is magnetized tangentially, with alternating directions, where the interior permanent magnets
act as flux barriers and therefore can achieve high saliency ratio. The IPMSM in Fig. 2.3b is
magnetized radially, which can benefit the PMSM for achieving high air-gap induction or for
employing weaker, cheaper magnets.

In general, the surface-mounted PMSM configuration is popular in many application do-
mains, because it is easy to manufacture and has low production costs. A more detailed dis-
cussion over IPMSM and SPMSM lies beyond the scope of this thesis. The comprehensive
comparison between SPMSM and IPMSM has been conducted in researches such as [7, 8].

(a) (b)

Figure 2.3: General structure of IPMSMs. (a) Interior permanent magnet synchronous machine. (b) Interior
permanent magnet synchronous machine (with circumferential orientation).

The permanent magnet flux linkage is important for the induced magnetic flux of PMSM
and has the ability to sustain its own magnetic flux within a magnetic field excited by external
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sources [9]. It supports the magnetic flux passing from rotor to stator through the air gap.
The permanent magnet flux linkage reflects the characteristic of the permanent magnet, which
means that its value is determined by the magnet material, the shape and the attached magnetic
circuit. Therefore, it is mainly affected by the temperature and the ageing effect [9].

2.1.2 PMSM Modeling

PMSM has been intensively studied in many works, such as [10] and [11]. In most PMSM drive
systems, the linearised equations with constant parameters are applied for modeling the current
loop dynamics. Nonetheless, the nonlinear model of PMSM that includes the self-inductance
and meanwhile the cross-inductance has also been implemented for some applications [12].
Normally, only the fundamental model is applied for the most applications, where the modeling
of harmonics is ignored. In practice, the PMSMs are considerably complicated, therefore sev-
eral assumptions are normally accepted in order to simplify the physical system of the PMSM
and to establish a relatively reasonable, acceptable mathematical model. These assumptions are
shown in the following:

* The machine induced magnetic field is sinusoidal.
* The eddy current and the hysteresis losses are negligible.

* The armature windings are symmetrically constructed and the influence from winding
head is neglected.

* The saturation effect will be taken into account in the parameter variations.

The PMSM is then simplified as a symmetrical three-phase system, which is shown in Fig. 2.4.
The phase voltages, u,, u; and u,., are obtained by subtracting the zero voltage wu, from the

Uq

A

Ugb

Figure 2.4: Three-phase system of the PMSM.

terminal voltage w0, up and u. , respectively. It can be given as

Uq, Uao
up | = |upo | —uo I, (2.1)
Ue Uco

where I € R3*! is a three-dimensional vector of all ones. The zero voltage u represents the
voltage between the neutral point of the electric machine and the neutral potential of the drive
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system [4]. Furthermore, the phase voltage consists of two parts, the resistance voltage drop
caused by the phase resistance R and the by flux linkage induced voltage, which is denoted by
W ;.. [13]. Therefore, the phase voltage wap = (Uq, Uy, u:)? can be calculated by

. d
Ughe = Rs Labe T aqlabc ) (22)

where g5 = (g, i, i.)? is the phase current and W ;. = (¥, ¥, U.)” denotes the total flux
linkage associated with the corresponding phase. In order to simplify the analysis and the con-
trol of the three-phase system described in (2.2), the equation is normally further transformed
into a two-axis orthogonal reference frame.

2.1.2.1 Reference Frames

The reference frame, which is also called the coordinate system, can be chosen for the trans-
formation from the three-phase system to the two-axis system. A general presentation of the
reference frame transformation is shown in Fig. 2.5. An arbitrary vector z can be regarded

Figure 2.5: General reference frame representation and transformation. z is an arbitrary vector. Two different
reference frames are represented as A in red and as B in blue.

as a vector in the coordinate system A and also in the coordinate system B, as it is shown in
Fig. 2.5. The transformation from the reference frame A to the reference frame B is realized
by rotating the quantity with the relative angle 6. The angle can be computed by integrating
the relative speed or directly obtained from the corresponding measurement. The mathematical
interpretation for a general manner of the transformation is given by

2B =247, (2.3)

2.1.2.2 Stationary Reference Frame

In general, there are two different orthogonal reference frames for the control of PMSM drive
systems, i.e. the stationary and the rotating reference frame, as it is shown in Fig. 2.6.

The stationary reference frame is also called /50 reference frame, where the «-axis, [3-
axis and 0-axis are perpendicular to each other. The vector z,. in the three-phase system is
transformed into the stationary reference frame with the so-called Clarke transformation 7T,z
via

zS = TozBO " Zabe (2.4)
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NG

Figure 2.6: Visualization of the reference frame representations and the transformation for the PMSM. Black
dashed line denotes the three-phase reference frame. Red solid line denotes a3 domain. Green solid line represents
the rotating dq domain, which rotates with the rotor angular speed.

where 2° denotes the quantity in the stationary reference frame and

Topo = Ar - (2.5)

L O =
N[ Ml% |
Wl o=
o
N[ —
l\.’)l% N |
w

Ar is a coefficient indicating the principle of the transformation, which is equal to 2/3 in the
case of the amplitude-invariant principle and is \/m with the power-invariant principle. The
amplitude-invariant principle retains the amplitude of the currents and the voltages, e.g. the
magnitude of the current vector is equivalent to the amplitude of the phase current. The power-
invariant principle scales the magnitude of the current vector, which becomes 1.5 times of the
phase current amplitude, while the energy and the power can be directly computed from the
vectorial quantities and remain unchanged.

The transformed quantity z* rotates with the angular velocity w, in the plane spanned by the
two orthogonal coordinates (a3 domain). Moreover, under the assumption that the three-phase
system is balanced, the zero system of PMSM can be neglected. The transformation in (2.4) is
then simplified as

ZS - Taﬂ * Zabe (26)
with
L4
To=Ar-| 2 2l 2.7)
2 2

The simplified Clarke transformation in (2.6) is more often used than (2.4). The inverse matrix
of T30 and the pseudo-inverse of 7,4 are denoted by 7T, 510 and T’ Bl, respectively. The voltage
equation of PMSM in (2.2) is then transformed into the stationary reference frame as

d
u’ = R,i° + &@S , (2.8)
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where ©® = (ug, ug)?, 1° = (ia, ig)" and €9 = (V,, Ws)T. R, represents the phase

resistance, since the armature windings of three phases are assumed to be identical.

2.1.2.3 Rotating Reference Frame

The rotating reference frame employs the rotor rotating frame as the reference, which is shown
in Fig. 2.6 in green. More specifically, the reference domain rotates with the rotor angular
speed w,. The transformation from the three-phase system to the rotor reference frame is called
Park transformation or dq transformation. The dq transformation maps the vector z,;. from the
three-phase system to the vector z* in the dq reference frame via the following equation:

cos(f.)  cos(f. —2)  cos(f. + %)

2= Ap - |—sin(e) —sin(0c — F) —sin(0e + )| 2" = Ty - zape,  (2.9)
1 1 1

2 2 2
where 6. denotes the rotor position. Moreover, the vector in the dq reference frame can be
derived from the a3 reference frame with

2t =25 . 7% (2.10)

Analogously to Clarke transformation, the O-component can be omitted in the dq reference
frame, which leads to the reduced Park transformation with the transforming matrix Ty, given

as

cos(f.)  cos(f, — 2%) cos (0 + 2?”)

—sin(f.) —sin(f, — %) —sin(f. + %)

Ty, = (2.11)
The corresponding inverse matrix of Ty, and the pseudo-inverse of Ty, are denoted by Td_qé
and T}, ', respectively.

With the relationship given in (2.10), the voltage equation in (2.8) can be transformed into
the dq reference frame by substituting the relationship (2.10) into (2.8) as

‘ . d ,
ut - e = Ryif. el + a(\I:R - el0e)

J (2.12)
= Ryi™- &% + a\IJR e+ jw, - B eI
which can be more compactly written as
d
uf = Rt + — 0l 4w, WR (2.13)

dt
where u” = (ug4, uy)?, i = (i4, i,)" and ¥ = (¥, ¥,)T. Equation (2.13) can also be
written as the most applied formulation:

d
Ug = Rgig+ —V4— we\Ifq ,
di (2.14)

. d
ug = Ryig + E\I/q 4+ wWy .

The main advantage of transforming the quantities into the rotating reference frame is that the
transformation simplifies the sinusoidal time-varying currents and voltages to complex num-
bers, i.e. DC signals. The computation for the control system is meanwhile simplified. The
inverse transformation can be performed afterwards to recover the actual three-phase values.
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2.1.2.4 Electrical System

The electrical system of the PMSM is successfully formulated and derived in different reference
frames. The formulations are given in (2.2), (2.8) and (2.13). They can be used for describing
the steady state as well as the transient behavior of the machine. However, in many cases, it
is necessary to replace the flux linkage W by corresponding currents and inductances. The pa-
rameters of the two-axis model, especially the inductances, vary nonlinearly with the operating
conditions, which is primarily a result of the saturation and cross-saturation effects [12]. The
saturation effect refers to the effect that the current saturates the magnetic material on the same
axis, while the cross-saturation effect denotes the effect that the current causes the variation
of the flux on the other axis. More related information can be found in Section 2.4. A gen-
eral function describing the relationship between flux and current in d- and ¢-axis can be given
as [14]

v,
\Ijq

W
0

iy , (2.15)

laa(ia)  lag(ia, iq)]

lqd(idv iq) qu(iq)

iq
where [44 and [,, denote the self-inductance in d- and g-axis, respectively. They are solely
dependent on the own current. On the other hand, /4,(i4, ,) and l,4(i4, ,) represent the cross-
coupling inductances, which are caused by the other current. In summary, the self-inductance
is only related to the current of the same axis and the cross-coupling inductance depend on both
currents. In some works, the self-inductance is considered as a function of both ¢4 and ¢, [15].
Then, different inductances are introduced to interpret the nonlinearities of the fluxes. A general
formulation of the PMSM electrical system with inductances, where the fluxes of the voltage
equation in (2.14) is substituted by the inductances, can be written as

d
: d
RS . eL ) L L Tl _\Ilm
Ua| _ We Lig Z.d n dd Lidg dt 4 |dt : (2.16)
Ug We Lg R lq Lga  Lgq iz we Upy
dt ¢ ‘

where Lg and L, are the so-called absolute inductance, which corresponds to the linearised
model of the flux in the latter section. Lg4, Lyg, Lag and L, denote the differential inductances,
which describe the partial derivatives of the flux linkages, of which the definition is given by

o, _ov,

v
Lia=—5—, La Loy = s

T 9i, T T BNy

— a\llq

L, =29,
“ 00y

(2.17)

Lgqq and L, denote the same characteristics of the flux linkage as the absolute inductance. L,
and L, are the measures to represent the influence of the cross-coupling for PMSM. From a
mathematical perspective, the absolute inductance corresponds to the gradient of the flux maps,
while the differential inductance complies with the partial derivative of the function at individual
operating point. It is worth mentioning that in the general model in (2.16), the permanent
magnet flux linkage W, is also time-varying. Therefore, the term Wy, can not be omitted in the
equation (2.16).

Although the general model in (2.16) is preferred to precisely describe the global relationship
between the flux and the current, deploying it will significantly increase the complexity of the
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analysis and the design of the control system for PMSM. Furthermore, the determination of the
nonlinear model characteristics is sophisticated and requires certain laboratory setups as well as
measuring procedures, as introduced in [16—18]. Therefore, the linearised PMSM model is more
commonly applied in practice, which simplifies the function that describing the relationship
between the flux and the current in (2.15) and approximates the PMSM behaviour locally with

a linear function as
B L; O 14
S0 Ly i

The permanent magnet flux linkage W,,, which aligned with the d-axis, is also regarded as con-
stant in the linearised model (2.18). As a result, the voltage equation in (2.16) can be simplified

Ua| _ Z:d N Li; O %Z:d N
Uy lq 0 Lq| |dte

2.1.2.5 Mechanical System
The mechanical differential equations tie the electrical system of PMSM with the mechanical
system. The mechanical angular speed can be calculated with

v,
\Ilq

Wi

. (2.18)

Ry  —w.L,
We Ld Rs

0

We Uy

(2.19)

d 1

—wp=—-(Te—T,), 2.20

=5 (Te=T) 220
where 7', is the resistive torque, which including the friction of the shaft and the load torque 7;.
J 1is the inertia of the system and 7'. denotes the inertial torque, which can be computed with

the electrical quantities by

3
Te=Jny - S{T" i}, 2.21)

where n,, denotes the number of the pole pairs. The electrical rotor speed can be given by
We = Np Wy - (2.22)

Subsequently, the operating principles of the inverter is introduced.

2.2 Inverter

2.2.1 Introduction

An inverter in the drive system serves as a link between the power grid and the associated mo-
tors. In Fig. 2.7, a two-level inverter with DC-link is connected to the motor. Conventionally, the
inverter consists of six controllable switches or solid-state valves [19]. Two switches connected
to the same phase are called the leg of the inverter. In Fig. 2.7, the switches are represented as
IGBTs with anti-parallel diodes. Another prominent example of the active switch is the MOS-
FET. The controllable switches conducts or blocks the current flow depending on the control
signals. More specifically, a positive current between the collector (C) and emitter (E) of IGBT
is conducted or blocked if a control signal applied to the gate (G). The corresponding status of
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Figure 2.7: PMSM drive system with a three-phase two-level VSL.

the switches is called on or off. Each of the six switches can either be on or off, which leads to
2% combinations of the switching patterns. However, some of them are fatal for the devices, e.g.
turn on the both switches of the same leg will cause short circuit. Some are not really contribut-
ing, such as the scenario when the resulting voltage relies on the current direction. In order to
guarantee a safe operation of the inverter, two switches of a leg are conversely commanded, i.e.
if the switch of the upper leg is on, then the one of the lower leg is off and vice versa. It is
sufficient to analyze the current paths of a leg for further discussion. The conclusions about the
other legs can be readily deduced from this analysis. Fig. 2.8 shows the possible transitions of
the switching on a leg, where the current flow path regarding the current direction and the states
of the switch S; are shown.

Figure 2.8: The flow path of the phase current regarding the current direction as well as the states of the switches
S1 and Sy. 4 in red denotes the positive phase current, while the green one represents the negative phase current.
(a) Sy is on, Sy is off. (b) S7 is off, S4 is on. (c) S is off, Sy is off. (d) S; is on, Sy is off. (e) S is off, Sy is on.
(f) S1 is off, Sy is off.

* For the situation, where S; is on and S, is off, the positive current flows from the upper
DC-link rail through the upper switch (in Fig. 2.8a) and the negative current flows through
the upper freewheeling diode (in Fig. 2.8d).

* For the situation, where .5; is off and S} is on, the positive current flows through the lower
freewheeling diode (in Fig. 2.8b) and the negative current flows through the lower switch
(in Fig. 2.8e).

* For the situation, where both switches are off, the positive current flows through the
lower freewheeling diode (in Fig. 2.8c) and the negative current flows through the upper
freewheeling diode (in Fig. 2.8f).
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As aresult, the VSI has in total 23 switching states. The switching state as well as the voltage
level of a leg can be then represented with v € V, where V can be given as

V:={0, 1} . (2.23)

The set V is the constraint set for each phase of a two-level inverter. The values 0 and 1 cor-
respond to the applied voltage for u,x, upn and u.n, which denote —% and UTd respectively.
Uq. denotes the DC link voltage. As it is shown in Fig. 2.4, the neutral point potential is given
by ug. Therefore, the phase voltage can be derived as

_Udc
2

(2v, — 1) — g, (2.24)

Uy

where the subscript = denotes an arbitrary phase of the three phases, i.e. = € {a, b, c¢}. Consid-
ering the relationship between the phase voltage u,, and u,y as

UgN = Ug + UN ; (225)

and the assumption that
lao + 20 +ic0 =0, (2.26)

The phase voltage vector g = (g, Up, u:)T is then derived from (uqy, Upy, uen)?, and can
be written as

wl 2 —1 =17 [uwn
Up | = 5 —1 2 -1 UpN . (227)
U, -1 -1 2 UeN

The voltage vector u,,. can be furthermore transformed into the a3 domain with the Clarke
transformation in (2.6). The resulting possible voltage vectors u,s = (uq, ug)’ spans a
hexagon, which is shown in Fig. 2.9. Therefore, the switching state vectors in a3 reference

e

Figure 2.9: Switching states in the a8 domain, which span a hexagon.
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frame v, can be denoted as a vector in the set S,, i.e. v.5 € S,, where

ol T21 727 T=11 [—2] [-t 1
V3 V3 V3 V3
—~ T e e e e N —
Y000 V100 V110 v010 V011 001 v101

The sphere spanned by the vectors in S,, as shown in Fig. 2.9, can be defined by S, := conv S,,,
where conv denotes the convex hull operator [20]. Thus, S, can be given as

V3 Vi 3 w1t
F

2
1 1 =

S, = {uaﬁ € R*¥! (2.29)

N[ =
|

1
2

2.2.2 Actuation Scheme

The inverter requires a direct gating signal to actuate the voltage command from the controller.
Depending on the control methods, a modulator is optional for the electrical drive systems,
which is however required when a duty cycle is generated from the controller. Mostly deployed
modulation schemes are PWM and SVM. Besides, some alternative modulation schemes have
also been proposed regarding specific applications with different topologies, power levels and
requirements on switching frequency and dynamic response [21-23]. However, regardless of
the actuation scheme, the discrete nature of the inverter introduces undesired harmonics into the
electrical drive system.

2.2.2.1 Direct Actuation

Some control methods compute directly the gating signal for the inverter, i.e. the output signal
satisfies V. Therefore, the modulator is omitted for the direct actuation scheme. The switching
signals is uniquely defined by v € {0, 1}3. A typical strategy for choosing the optimal switch-
ing signals is to minimize on the one hand the tracking error, on the other hand the overall
switching transitions. The direct actuation strategies are normally employed for the medium-
and high-voltage drives in order to reduce the switching losses, since the losses of these drives
are dominated by the switching losses whereas the ripples of the controlled ripples, e.g. cur-
rents, are less relevant [2].

2.2.2.2 Modulation Schemes

Besides the direct actuation, the actuation through modulator is widely applied in industry, since
the dominance of the PI controllers emphasizes the application of a modulator to translate the
real-valued voltage command into the switching signals. The modulator is normally applied in
the low-voltage drives, of which the switching frequency is relatively constant and in general
higher than the direct control strategies.

2.2.2.2.1 Pulse Width Modulation PWM translates the real-valued voltage command v
of the phase z into a discrete switching signal by intersecting the duty cycle with a triangular
or sawtooth carrier signal [19] and generating pulses of fixed amplitude, variable width [24].
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Therefore, PWM is also called the carrier-based PWM. As it is shown in Fig. 2.7, an inverter
produces discrete voltages of the values UTd and —%. The first step of PWM is to scale the
voltage command by half of the DC-link voltage, which yields

% Uy

= 2.30
U= T (2.30)

The magnitude of the modulating signal @, is referred as the modulation index and defined by
m=U, (2.31)

where U is the magnitude of the scaled voltage @, i.e. U} := |max @}|. Three working
regions are defined for the modulation index m [19]:

* m € [0, 1]: linear modulation region.

« m € [1, 2/v/3]: extended linear modulation region. The injection of the harmonic and its
multiples is required.

o m € [2/V/3, Muas): overmodulation region. Relatively high harmonics are injected. The
voltage as well as the current quality decreases. m,,,, with a value of 4/7 denotes the
six-step operation, which fully uses the available DC-link voltage but further worsens the
voltage as well as the current quality.

For the two-level inverter, the typical realization of the PWM is shown in Fig. 2.10, where a
triangular carrier signal is employed [25]. The carrier signal is defined by the carrier frequency

Figure 2.10: PWM generating principle with a sinusoidal reference and a triangular carrier signal.

fe that is normally much higher than the fundamental frequency. As it is indicated in Fig. 2.10,
the upper switch will be on, if the reference voltage is greater than the carrier signal, and vice
versa. The principle of PWM can be realized either by analog implementation or by digital
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implementation. However, the control precision and reliability of the analog implementation
are less satisfying because of the complex circuit structure as well as the varying parameters of
the analog devices. Therefore, the digital implementation is mostly adopted nowadays. Readers
can refer to [25] for deeper explanation and analysis about the PWM.

2.2.2.2.2 Space Vector Modulation Fig. 2.9 demonstrates the switching vectors in the a3
domain, which divide the sphere S,, into six sectors. Instead of comparing the reference voltage
to the carrier signal as in PWM, SVM chooses switching vectors based on the location of the
reference voltage in the o reference frame.
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Figure 2.11: SVM generating principle with a reference voltage vector ug in the sector consisting of the switching
vectors v1gg and v119.

In Fig. 2.11, an example for applying SVM is presented, of which the reference voltage
vector u,p lies in the sector consisting of the two adjacent switching vectors vgp and vy.
The reference voltage u,s is then synthesized by combing the two adjacent active switching
vectors v1gg, V110 and one or two of the passive vectors vy, v111. There are several alternatives
of SVM regarding different requirements on current quality and computational burden. The
computational principle of the SVM is briefly introduced as follows. The active time of v,
v111 and the passive vectors are defined as 1, 5 and ¢, respectively. Since the ¢; and ¢, in one
switching period 7, are proportional to the length of the corresponding vectors v1o and vy,
the active times can be computed as [26]

_ |D100]|
o100l .

B | D110 T to="T, —t; —t . (2.32)

t1 = s
||’0100”

(23

The reference voltage u,s can be rewritten as a combination of v09, V119 and the passive
vectors as

1 to t

_ _ 0
Ung = V100 + V110 = 77 * V100 + 7 * V110 + 75 (Vooo OF V111) - 2.33

af = V100 + V110 = 7 Va0 F 7 Vo + 7 (vo00 Or V111) (2.33)

The reference voltage vector u,s can be represented in the phasor form as w.s = ||Uas| £0u,

where ||u,s/| and 6,, are the amplitude and the angle of u,g, respectively. The relationship be-
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tween uqg and vy, v111 can be derived by means of the Fig. 2.11 and the law of trigonometric
function in the following

. T ~ T

||,u’0¢ﬁ|| - S <§ - Hu) = ||'U10()|| Sln§ ,
s T (2.34)

||’u’0tﬁ|| sin - = ||’f7110’| sin — .

3 3
Substitute (2.34) into (2.32), the active times can be obtained as
2 2

b= —=Tomsin(5 = 0), ty=—=T.msind,, (2.35)

V3 3 V3

where m is the modulation index. Higher value of m leads to the overmodulation, where (2.35)
is no longer valid. In order to reduce the number of commutation and switching losses, a state
sequence with adjacent successive states is preferred. Only one commutation should occur
during the state change of the switching vectors. The generated duty cycles of the three phases
via symmetric SVM regarding different modulation index are shown in Fig. 2.12.

0.5 0.5 0.5
0 0 0
0 2 4 6 0 2 4 6 0 2 4 6
0 (rad) 0 (rad) 0 (rad)
@m=1 bym=2/V3 (c)m = m/4

Figure 2.12: The duty cycle of three-phases via symmetric SVM regarding different modulation index m. The
duty cycles of the phase a, b and ¢ are denoted with red, green and blue, respectively.

2.2.2.2.3 Optimized Pulse Patterns The intuition of the optimized pulse patterns (OPP) is
to find the optimal switching angles and switch positions in a fundamental period and allocates
the computational burden offline [24]. The concept of OPP was widely adopted in 1970s for
the slow switched power semiconductors [25]. Nowadays the main goal of applying OPP is to
achieve the optimization criterion, e.g. minimizing the THD, since the current harmonics cause
considerable losses in the machine. The pulse patterns are calculated offline over the operating
range of the machine and stored in a look-up table for the online searching. For details regarding
OPP, readers can refer to [24].

2.3 Control of Electrical Drive Systems

This section firstly overviews the theoretical foundations of the control and optimization prob-
lem. The control problem of the electrical drive systems denotes high complexity and subjects to
multiple objectives. As stated in Section 1.1, there are many requirements for the performance
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of the controller, which need to be considered during the controller design. Subsequently, an
introduction to the state-of-the-art control strategies for the electrical drive system is presented.
The system model as well as the system constraint in the context of PMSM drive system control
is furthermore presented.

2.3.1 Prerequisite

An optimization problem consists of a cost function J(z) and a constraint set X. Solving the
optimization problem is to find a feasible solution that minimizes the cost function .J(z). The
feasible solution with the minimum cost is defined as a minimizer z*. The solution is called
feasible if the constraint is satisfied. In this section, several basic convex optimization prob-
lems as well as one special case related to the direct control of the power electronics is intro-
duced. Subsequently, the Lagrangian duality and Karush-Kuhn-Tucker optimality conditions
are also briefly discussed. However, the systems in real applications are normally complicated
and demonstrate the nonlinear characteristics, which leads to a formulation of the nonlinear
optimization problem.

2.3.1.1 Convex Optimization Problems

Convex optimization belongs to the mathematical optimization and has received considerable
attention due to its theoretical and practical properties. Besides the well-established theoreti-
cal foundations, the convex optimization problems arising in the practical applications can be
solved efficiently with numerous maturely developed solvers. Its definition is given in the fol-
lowing.

Definition 2.1 (Convex set [20])
A set S is convex if for any two points x1, x5 € S, all convex combinations of them also lie in
the set S, i.e.

(1—60)xy+0x5 €S, V0 € [0, 1], Va1, 22 €S.. (2.36)

A significant characteristic of convex optimization problems is the equivalence of any local
minimizer and the global minimizer. Some relevant convex optimization problems to this thesis
are introduced as follows. Readers can refer to [20] for deeper explanation and analysis.

2.3.1.1.1 Linear Programming The simplest and mostly implemented convex optimization
problem is the linear programming (LP), which describes the problem with linear affine cost
functions and constraints. The general formulation of a LP can be given as

min ¢’z +d
s.t. Gzx<h (2.37)
Ax=0b,

where © € R" is the variable vector. ¢ € R", h € R™ and b € R™ are given vectors.
G € R™*™and A € R™*™ are given matrices. d is a scalar, which does not affect the feasible
set. The feasible set of the problem in (2.37) is a polyhedron, where the linear cost function is
minimized.
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2.3.1.1.2 Quadratic Programming A quadratic programming (QP) has a quadratic cost
function and subjects to affine constraints. The standard QP is defined as

1
min -z Qx+clz+d

2
st. Gz<h (2.38)
Ax =0,

where Q = Q' € R™™, ¢ € R". The constant d can be omitted if only the optimizer is
interested. Obviously, the quadratic programming is an extension or a generalization of the
linear programming, where the matrix () = 0 in quadratic programming will lead to a linear
programming. An widely applied example of the quadratic programming is the so-called linear-
least-squares problem, where @ is symmetric positive definite and d is omitted. QP can be
solved by using the interior point method [27], the active set [28] and the gradient methods [29].

2.3.1.1.3 Mixed-Integer Quadratic Programming One of the goals in this work is to im-
prove the robustness as well as the performance of the direct current control, which is mainly
related to the direct control of the inverter under the consideration of motor dynamics. This op-
timization problem is often referred as the mixed-integer programming (MIP), which includes
the integer variables as the optimization variable and contains a discrete feasible set. Solving
MIPs imposes a substantial computational burden on the computing hardware. The problem is
generally non-deterministic polynomial-time hard (NP-hard), of which the solution time grows
exponentially with the number of integer optimization variables [30]. More specifically, the
problem invoked in this work is called mixed-integer quadratic programming (MIQP), which is
necessarily to be introduced here. Besides, it is also a special case of QP. Generally, the MIQP
can be formulated as
1
min §a:TQw+cTzc +d
Lc, Tp
s.t. Gex.+Gyrxy < h
AC .+ Ab x, =b (2.39)
x. € R™ x, € {0,1}"™

x = [z, 7],

where Q > 0 € R(netm)x(netne) -~y and n, are the dimension number of continuous and
integer variable, respectively. The problem is a mixed integer linear program (MILP), if @ = 0.
The constant term d is often omitted, since it has no influence on the optimizer. The most
direct method to solve a MIQP is to enumerate all the possible integer values of the integer
variable x; and solve the corresponding QPs, which aggregates 2™ possibilities. This method
is widely utilized in the direct current control with a short prediction horizon. However, by
using this method, the solving of MIQP becomes NP hard, which means that in worst case the
computational burden grows exponentially with the number of binary variables. In [31], several
efficient algorithms are introduced and applied for solving the MIQP, such as branch-and-bound
method, decomposition method, cutting-plane method and logic-based method.
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2.3.1.2 Lagrangian Duality

Duality is essential for solving the optimization problem. It provides optimality certificates
and has been studied in various directions. In this thesis, the Lagrangian duality is introduced,
which is widely applied for the convex optimization problems [20]. In general, the optimization
problem can be expressed as

min J(x)

s.t.g; (az <0, i=1,....,m (2.40)

where J(x) : R™ — R is the cost function, gz( ) : R™ — R is the inequality constraint func-
tions and h;(z) denotes the equality constraint functions, i.e. h;(z) = a]  — b;. The La-
grangian function of (2.40) is defined as

Lz, \, V) +Z)\ gi(x) + > vihi(x) (2.41)
i=1

where A and v are referred as Lagrange multipliers or dual multiplier vectors. The correlated
Lagrangian dual problem is given as [20]

max d (A, v)
A (2.42)
s.t. A>0,
where
dA, v)=minL(x, A\, V), (2.43)

which gives a lower bound on the optimal value of the primal optimization problem in (2.40).
Since the cost function to be maximized is concave and the constraint is convex, the Lagrangian
dual problem in (2.43) is a convex optimization problem.

2.3.1.3 Karush-Kuhn-Tucker conditions

Assume all equations in the optimization problem (2.40) are differentiable, then the gradient of
L(x, A*, v*) vanishes at & = x*. Therefore, for any optimization problem that strong duality
holds, the triplet (, A, v) can only be optimal if the following set conditions are satisfied,

+Z>\*Vgl +Zu Vhi(z") =0,

gl(m)éov Z:172a'“am7 (244)
hi(x*) =0, 1=1,2,---,n,

)\:(ZO’ 1= y Lyt M,
)\*gl( *) Oa 1= y 4y s, M,

which are also known as Karush-Kuhn-Tucker (KKT) optimality conditions. The KKT con-
ditions are the first order necessary conditions for optimality of the constrained optimization
problem (2.40). They are also the necessary and sufficient optimality conditions for the QPs.
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2.3.1.4 Nonlinear Optimization Problem

If the cost function or some of the constraints are nonlinear, then the optimization problem is
called a nonlinear programming (NLP) problem. The general nonlinear optimization problem
can be difficult to solve, even if the cost functions and the constraints are smooth. However,
with the help of efficient numerical solving techniques, such as multiple shooting, a good local
optima or even the global optimum can be obtained. Depending on the requirement about the
convergent rate and the robustness, the available memory resource, the adequate computing
methods can be determined.

In this work, the NLP is solved with Newton type methods, which use the first- or second-
order derivatives for the solution. The reference [32] has given an elaborate overview for solv-
ing a NLP. The Newton’s methods can be classified into two families: sequential quadratic
programming (SQP) type methods and interior point (IP) type methods. In this thesis, we will
only cover the SQP methods. SQP is a general technique for finding the local optimum of the
original problem by iteratively linearizing the NLP at the current step. It applies in every iter-
ation a Newton step to the KKT system of the NLP. Therefore, it demonstrates a fast rate of
convergence. More details can be found in Section 3.5.4.

2.3.2 Control Strategies

Many control methods have been proposed to realize the precise control of electrical drives. The
most commonly used control methods for the electrical drive systems can be roughly sorted into
the scalar-based control and the vector-based control. The scalar-based control method utilizes
the steady-state model of the PMSM and computes the magnitude as well as the frequency of
the command voltage accordingly. The vector-based control schemes are established based on
the dynamic model of the machine and therefore enable a fast transient during the change of
the reference or the occurrence of the disturbances. They can be further divided into two sub-
categories, i.e. the field oriented control and the predictive control. FOC was developed in the
1970s [34], which decouples the control for the air-gap flux and the electromagnetic torque. As
its name suggests, FOC aligns the reference frame with the flux linkage and decoupled the sys-
tem. However, because of the reference transformation, an encoder or an observer is required
for obtaining the rotor position. The principle of the predictive control is to predict the system
behavior in the future via deploying the model of the system. The predictions are then used to
compute the command signal based on the predefined optimizing criterion. According to differ-
ent optimizing criteria, the predictive control for the electrical drive system can be commonly
classified into deadbeat control, hysteresis-based control, trajectory-based control and model
predictive control [33]. The hysteresis-based control defines the boundaries of the controlled
variables. The trajectory-based control actuates the command in such a way that the controlled
variables follow the predefined trajectory. The deadbeat control minimizes the tracking error
for the next time instant. Thanks to the development of the numerical optimization and ad-
vances in the computational power of microcontrollers, more complex control strategies from
the predictive control category have received more attentions in the recent years. In MPC, a cost
function regarding the predefined criteria is formulated within the prediction horizon NV, which
is then optimized under the consideration of the associating constraints. Therefore, MPC offers
a more flexible framework for the control purpose. It is also worth mentioning that the deadbeat
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control can be considered as a special case of MPC, where the cost function includes only the
reference tracking within one prediction step and the constraints are omitted. The individual
control method is introduced in the following.

2.3.2.1 V/f Control

The V/f control is based on the current dynamics of the machine in the steady state, which is
short for Volts/Hertz. It is the most applied and simplest control scheme for the drive control.
The control scheme is in general a feed-forward controller and has no feedback mechanism.
The current loop of a PMSM in steady state is simplified from (2.13) and omits the differential
term, which can be given by

u’ = Ryif + jw, - O (2.45)

It can be observed from (2.45) that the resistive voltage drop can be ignored, if the speed w, is
high enough. Then the output voltage of the current controller is proportional to the rotor an-
gular speed. At low speed, the voltage drop on the stator resistance is a considerable term and
may become comparable to the back electromotive force in the current dynamics, an additional
voltage is applied to compensate the resistive part. The simpleness of V/f control on the other
hand comes with drawbacks [37]. One of them is the instability of the system after exceeding
a certain frequency. Damper windings are constructed with the rotor to assure the synchro-
nization of the rotor to the electrical frequency, which would limit the design of the PMSM.
Moreover, the control method delivers a relatively poor dynamic performance and further limits
its application. Besides, it provides deficient fault protection mechanism against stall detection
and over-currents.

2.3.2.2 FOC

In this thesis, the term FOC denotes the control realized with the PID control strategy. The
PID controller is widely used in almost all industrial applications. As the name suggests, the
PID control consists of a proportional, an integral and a derivative part, which belongs to linear
control strategy. The overall control output of the PID controller in the continuous-time domain
is given as

u= Kpe+ Kl/edt—i— KD%e, (2.46)
where e denotes the tracking error between the reference y* and the measurement y, i.e. ¢ =
y* — y. However, because of the limitation on the output control value u as well as the anti-
windup strategy, which is normally implemented for the integral term of the PID control to
improve the stability of the closed-loop system, the PID controller may demonstrates nonlinear
effects for the overall control loop. The tuning of the coefficients Kp, K; and Kp is normally
based on the system model of the drive system. Nonetheless, they can also be designed with-
out any knowledge of the system. FOC can deliver high steady state control precision and is
carried out with fixed switching frequency. However, its dynamic performance is in general
unsatisfactory. Furthermore, the control bandwidth of FOC is limited.
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2.3.2.3 Hysteresis-Based Control

The principle of the hysteresis-based control is to constrain the controlled variables within the
boundaries of a hysteresis area. Therefore, the hysteresis control is also called bang-bang con-
troller. No modulator is necessary in the hysteresis-based control. However, the hysteresis-
based controller requires very high sampling rates to avoid the violation of the boundary and
to achieve an acceptable control performance. In [38], the hysteresis-based predictive current
controller was proposed. The block diagram of this proposal is shown in Fig. 2.13 [38]. The
hysteresis area is defined by a circle, which evaluates whether the error between the reference
value and the actual value is acceptable or not. A crossover of the boundary line actives the com-
putation of the next switching state. The switching state vector that minimizes the switching
frequency is selected [38]. Other optimization criteria can be likewise chosen for the hysteresis-
based control, e.g. low current distortion and low electromagnetic inferences [33]. Moreover,
the error boundary rotates with the reference value, as it is shown in Fig. 2.13.

Jm,

Figure 2.13: Principle of the hysteresis-based control.

2.3.2.4 Trajectory-Based Control

The trajectory-based control directly computes the command value to force the controlled vari-
ables to travel along the predefined trajectory. In Fig. 2.14, an example of the trajectory-based
control from [39] is shown, where it is applied to the direct speed control problem. The parabo-
las in Fig. 2.17 are computed by classifying the switching states into three groups, i.e. torque
increasing, slowly torque decreasing and rapidly torque decreasing, and investigating the re-
lationship between e and a with the consideration of the system dynamics, where e denotes
the tracking error of the speed and a represents the acceleration. The initial state is given as
ex/ax. The adjacent state ey, 1 /a1 is reached by choosing the switching state S, which is the
torque increasing voltage vector. Analogously, the states at k£ 4+ 2 and subsequently at k& + 3 are
achieved by choosing the switching states Sy and Sy 2, respectively. Then the tracking error
e is controlled within the hysteresis band defined by —H, and H,,.

Nonetheless, the calculation of the trajectories requires a foreknowledge of the system. More-
over, the switching frequency is limited.
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Figure 2.14: Principle of the trajectory-based control.

2.3.2.5 Deadbeat Control

The deadbeat control proceeds based on the system model and computes the command signals
with the intuition of reaching the reference value at the next time instant. An example of the
deadbeat control is shown in Fig. 2.15. Ideally the controlled value can reach the reference at the
next time instant, which contributes to the advantage of the deadbeat control, i.e. fast dynamic
response. However, because of the model uncertainties and disturbances in the system, the
deadbeat control may exhibit steady-state errors, ripples or even cause instability of the closed-
loop system.

Figure 2.15: Principle of the deadbeat control.

2.3.2.6 Model Predictive Control

Model predictive control (MPC) has been a topic of research and application for several decades.
It was originally introduced in the process industry [40]. MPC has received widespread atten-
tion both in academia and industry because of its capability of satisfying constraints and fast
dynamic response. In [38] the possibility of applying MPC in the domain of power electronics
was presented. The computational issues of solving the MPC problem and the obstacle of con-
structing parametric solutions have restricted the application of MPC in practice, especially for
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complex systems and sophisticated control problems. However, thanks to the vast developments
in numerical optimization and the advances in the computational power of microprocessors,
MPC has been studied and applied as a promising control strategy for various power electron-
ics and electrical drive systems [41,42]. MPC solves a constrained finite time optimal control
(CFTOC) problem at each sampling time instant, i.e. it uses the model of the system to predict
the system behaviour of the controlled system states over NV, steps in the future and computes
the problem based on certain criteria. Moreover, MPC provides the possibility of including the
system constraints into the optimization problem. The optimizing criteria are designed as a cost
function for the optimization. N, is called the prediction horizon for the optimization problem.
Nonetheless, MPC implements only the first element of the solution sequence, i.e. the optimal
control sequence, into the plant. Subsequently, at the next time instant, the CFTOC is computed
with the most recent measurements over the shifted horizon. This control policy is called the
receding horizon policy, which introduces dynamic control input into the system. Its working
methodology is shown in Fig. 2.16, where NV,, denotes the prediction horizon and N, represents
the control horizon.
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Figure 2.16: The principle of the model predictive control with receding horizon policy.

Depending on the optimizer of the control problem, MPC for the power electronics and the
electrical drives can be roughly divided into two groups: continuous-control-set model predic-
tive control (CCS-MPC) and finite-control-set model predictive control (FCS-MPC). CCS-MPC
considers the control voltage as a continuous quantity. Therefore, a modulator is mandatory for
the CCS-MPC to actuate the voltage command and delivers switching signals to the inverter. On
the contrary to that, FCS-MPC directly considers the discrete nature of the power electronics
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and includes it into the control problem. Therefore, the modulator is omitted in the context of
FCS-MPC. Because that FSC-MPC directly computes the switching signals for the converter,
it is also called the direct MPC. Among numerous FCS-MPC variants, the prediction horizon
is commonly set to one [2], because a long prediction horizon is believed to cause explosion of
the number of solutions, which further increases the computational burden.

2.3.3 Control Structure

Fig. 2.17 shows a classical cascaded control structure for the indirect control of the electrical
drive system via the aforementioned vector-based control methods [43]. This structure decom-
poses the stator current of PMSM into the field-generating component and torque-generating
component, which simplifies the control problem to almost identical as the operation with
the DC machine. Firstly, the measurements of the three-phase stator currents are carried out.
Nonetheless, only currents of two phases (normally ¢, and ¢;) are measured in practice, since
the sum of the currents of three phases is zero. By applying the Clarke transformation 7,3
in (2.7), the three-phase currents are transformed into the a3 coordinates. Subsequently, the
Park transformation 7y, in (2.11) is applied to further transform the currents into the dq refer-
ence frame, where the measured (with encoder) or estimated rotor angle is deployed. The outer
loop of the cascaded control is the speed loop, which generates the torque reference 7™ and
subsequently the current references 2*. The current reference generator can be realized with
simple proportional-integral (PI) technique or the efficiency optimizing strategies, e.g. maxi-
mum torque per ampere (MTPA) concept. The current reference is then delivered to the current
controller, where the control task can be accomplished by the control methods introduced in the
former section. The output command voltage from the current controller is then transformed
back into the three-phase reference frame via the pseudo inverse of the Park transformation and
of the Clarke transformation. This continuous-valued voltage command u,. passes through the
modulator, e.g. with the aforementioned PWM and SVM, and are translated into the discrete-
valued switching states S,;., which are then forwarded to the power inverter.

DC
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Controller Generator Controller
A
We . i
g 1 abc
Protec.non - Transform [<
Functions

We QST

Sensor Signal
Processing

<

Figure 2.17: General control structure of vector-based control for PMSM.
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2.3.4 System Model

As it is stated previously, the system model for the current control can be chosen either in the
af reference frame or in the dg reference frame. Depending on the control input, the control
input of the system model can be the continuous-valued voltage command w or the switching
signals of three-phases v. However, they can be generally formulated into the state-space form
and discretized with a selected method.

2.3.4.1 Continuous-Time Model

A linear time-invariant system is characterized by differential equations, which can be com-
pactly reformulated into the state-space form as

d
37 %) = Acx(t) + Beul(t),

y(t)=C.xz(t)+ D, u(t),

(2.47)

where x denotes the state vector, u denotes the input vector and y denote the output vector.
A, is the state or system matrix, B, is the input matrix, C. is the output matrix and D, is the
feedthrough matrix. The state-space formulation exhibits a convenient and compact manner to
model and analyze the system with multiple inputs and outputs.

2.3.4.2 Discrete-Time Model

The continuous system needs to be discretized, in order to realize the implementation of the
control algorithms on digital control systems. For a linear system in (2.47), the general formu-
lation of the discretized state space with a constant sampling time 7 can be written as

Ty = Az, + Buy,

2.48
Y, = Cxp+ Duy, (2:48)

where k denotes the current time step. The discrete-time system (2.48) is restricted to change
its state variables at the sampling instant ¢t = k 7T’.

2.3.4.3 Discretization Methods

The discretization of a continuous system can be realized with many methods, which can be
selected according to the requirements of the discretization accuracy and the available compu-
tational resources.

2.3.4.3.1 Exact Discritization The most accurate discretization method is the so-called ex-
act discretizaion, which is given as

Ts
A=e*" B=( / e<7dr) B, . (2.49)
0

The output matrix C, and the feedthrough matrix D, are given same as the continuous form by

C=C., D=D.. (2.50)
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Although the exact discretization offers an exact solution to the differential equations, the in-
formation of inter-sampling behaviour is still lost by the discretization. Moreover, for nonlinear
system, it is difficult to derive the exact solution.

2.3.4.3.2 Euler Discretization As the simplest discretization method, the Euler’s method
is most commonly applied in practice. Euler’s method is based on a truncated Taylor series
expansion and approximates the ordinary differential equations in a first-order manner. Regard-
ing the computation procedure of the differentiation, Euler’s method can be roughly divided
into two different methods, namely the Euler-forward discretization and the Euler-backward
discretization. The forward Euler discretization approximates the differentiation at t = kT
with

iw(t) - x(k+1)— x(k) .

dt T
The implicit analogue of the forward Euler discretization method is the backward Euler dis-
cretization, which approximates the differentiation with

d _x(k) - z(k-1)

1 tw(t) ~ T : (2.52)
The backward Euler discretization is numerically more stable than the forward Euler discretiza-
tion. But it is more time-consuming and not always available. Therefore, the forward Euler
method is mostly applied, which transforms the continuous-time system in (2.47) into the dis-
crete form via

(2.51)

A=1+ AT, B=B/T;. (2.53)

The output matrix C,. and the feedthrough matrix D. still remain unchanged for deriving the
matrices for the discrete-time system, i.e.

cC=C,, D=D.. (2.54)

2.3.4.3.3 High-Order Discretization Besides the aforementioned discretization methods,
methods such as Heun’s method, Runge-Kutta methods provide higher-order discretization.
Therefore, comparing to the Euler’s method, they can approximate the differentiation more
accurately and correct to a higher-order term in the Taylor series expansion. More details about
the high-order discretization can be found in [44]. Nonetheless, the forward Euler discretization
is sufficient enough for short sampling intervals of up to several tens of microseconds [24].
Therefore, it is deployed for the rest of this work.

2.3.5 System Constraints

A physical system is always limited by certain constraints, which guarantee the safe operation
of the system. The electrical drive system is also no exception. There are many limits need to
be considered in the electrical drive system, e.g. the limitation of the DC-link voltage and the
limitation from the inverter as well as from the machine. However, the most restrictive limits
are imposed by the DC-link voltage, the applied modulation method and the maximum allowed
current of the machine as well as of the inverter [45]. Moreover, for the direct control, the
voltage limitation is not a continuous space, but a set comprised by the discrete values.
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2.3.5.1 Current Limit

The magnitude of the stator current is limited considering that only a restricted amount of heat
can be produced during the operation, which is mainly determined by the maximum operating
temperature and given as the maximum allowed current of the machine [,,x. The maximum
allowed current is then represented in the two-axis reference frame, i.e. o reference frame or
dq reference frame, as a circle centered at the origin and with a radius of ;.. Therefore, the
current vector is constraint by the current limit and can be written as

icl:={icR? ||i|| < Inx} (2.55)

where 7 denotes the current vector in either a3 reference frame or dq reference frame. The tran-
sient violation of the current constraint is actually acceptable, since the thermal time constants
are much larger than the electric ones.

2.3.5.2 Voltage Limit

Another operation limit that needs to be considered is the maximum output voltage provided by
the DC-link. As it is introduced previously, the output voltage of the inverter is a function of the
DC-link voltage U,.. For the indirect control problem, the voltage limit is given in (2.29), i.e.

8 g _v8 _v8 o 1"
s € U= uyps € R*¥! 2 2 Uap

2 2
1 -1 -

Udc
. 2.56
< \/3} (2.56)

For the direct control problem, the control variable is the switching states. Therefore, the voltage
limit becomes integer-valued input constraint as in (2.23), i.e.

N[

1 1 1
2 2 2

Ugpe € V2. (2.57)

The constraints resulted from the physical nature of the system, e.g. U and V, can not be
violated. Therefore, they are called hard constraints. On the contrary, the constraints that are
established to guarantee the safe operation of the system, e.g. the current limit I, can be violated
bearing the risk of failure. Thus, they are denoted as soft constraints.

2.4 Uncertainties and Disturbances in Drive System

The AC machine drive system is complicated and intrinsically nonlinear, as presented previ-
ously. It contains various uncertainties and disturbances, which include both low-frequency
components, such as the back EMF and the parameter variation phenomenon, and the high-
frequency components, for example the disturbances induced by the VSI nonlinearities and flux
harmonics. Thus, one of the essential tasks for realizing the precise control of the drive system
is to reject the various external disturbances and improve the system robustness under the ex-
istence of various uncertainties. In this section, the two main sources of the disturbances and
the uncertainties, i.e. the parameter variation and the VSI nonlinear effects, are explained and
analyzed. Furthermore, the other uncertainties and disturbances are also introduced, such as the
digital delay and the flux harmonics. Their impacts can be concluded as causing a degradation
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of the control performance and invoking instability of the closed-loop system. The deteriora-
tion of the control performance can be denoted by steady-state errors and periodic disturbances.
The static error, which is mainly caused by the parameter variation during the operation or the
other slow varying disturbances in the drive system, affects the control accuracy. The periodic
disturbances degrades the control performance, e.g. fluctuation in the current control loop as
well as in the speed control loop, toque pulsation and more losses. Moreover, authors in [46]
addressed the detection of performance degradation from an incipient stage can substantially
reduce the unscheduled downtime as well as the repairing cost, and further increase the produc-
tion efficiency.

2.4.1 Parameter Variation

A precise knowledge of the machine parameters is required for the control system design
[47,48], condition monitoring and fault detection. As it is indicated in [49], the machine con-
dition variation can cause lower efficiency, worse current regulation performance and disturbed
speed control. Besides, the machine electrical parameters are frequently used as an indicator of
the machine conditions. In the following, the parameter variation problem is comprehensively
analyzed. The factors causing the parameter variation are elaborated.

2.4.1.1 Temperature

The main external affecting factor of the parameter variation is the temperature. It has a great
influence on both electrical and magnetic properties of the material. However, in many drive
systems, the temperature sensor is omitted considering the fact that it will increase the manu-
facturing cost as well as the maintenance expenses. Furthermore, most modern drives apply the
PWM to produce the voltage, which can cause electrical noise and may affect the accuracy of
the dynamically measured temperature. The variation of the thermal condition can be caused by
the external environment and the machine itself. As it is explained in [50], there are many fac-
tors contributing to the increase of the temperature in the PMSM, but the main internal sources
can be concluded as the PM eddy current loss, the PM hysteresis loss, the copper loss and the
aluminium loss. Besides, the mechanical losses on account of the friction in the bearings may
associate the internal sources. The impacts of the temperature on the individual components are
further analyzed in following.

2.4.1.1.1 Stator Resistance The relationship between the stator resistance and the tempera-
ture can be simplified as the thermal behaviour of the copper, since the most electrical machines
are constructed with copper windings. The general formulation of the resistance in conductors
can be given as a function of the temperature in the following

R(T) =Ry (1+ (T -Tp)), (2.58)

where Ry is the resistance at the room temperature 7y and « is the temperature coefficient
of the material. The temperature coefficient « is given as a¢,, = 0.004041°C~" for copper
conductors and ay; = 0.004 308 °C~! for aluminum conductors. Normally, 7} is considered as
20 °C. PMSM usually have an operating temperature range of 100 °C. The resistance consisting
of copper conductors can vary under the thermal effects by 40% (with ac,, = 0.004 041 °C™).
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24.1.1.2 Permanent Magnet Flux Linkage The permanent magnet flux linkage is also
temperature dependent [51]. Its temperature coefficient, which can roughly describe the thermal
characteristics of the magnet, can be provided by the permanent magnet manufacturers. The
function of the permanent magnet flux linkage to the temperature can be written similarly to
(2.58) and given as

Un(T) = U o (14 8(T - Tp)) , (2.59)

where W, ¢ 1s the permanent magnet flux linkage value at the room temperature 7y, 7' is the
rotor temperature and (3 is the thermal coefficient of the permanent magnets. Neodymium Iron
Boron (NdFeB) and Samarium Cobalt (SmCo) magnets are the most popular commercialized
permanent magnet materials for constructing PMSMs. They have a temperature coefficient of
g =—-0.11%/°Cand g = —0.03 %/°C, respectively. Besides, most permanent magnet materi-
als have an approximate Curie temperature, which indicates the temperature causing permanent
demagnetization [9]. Therefore, an operation of PMSMs above the Curie temperature should be
avoided. In general, the influence of the temperature on the permanent magnets can be sorted
into three main categories: the permanent change of the magnetic material, the irreversible
change and the reversible change. They are further explained in following [9]:

* The permanent change: the change persist even if the magnet is fully remagnetized.

» The irreversible change: the change persist even after the cause has been removed. But
the original demagnetization curve can be restored by remagnetizing the magnet.

* The reversible change: the change is reversible. For example, the field weakening, which
enables the motor to run in the high-speed area (above the basic speed area).

2.4.1.1.3 Inductance The temperature changes also influence the inductances of the PMSM,
since the temperature affects characteristics of the magnetic material and further causes a change
of the inductances.

2.4.1.2 Saturation Effect

The saturation effect is considered as the primary affecting factor for the inductances and de-
scribes the characteristic parameters of ferromagnetic as well as ferrimagnetic materials. It
indicates the state, from which the applied external magnetic field increases the magnetiza-
tion of the material slowly and the magnetization remains nearly constant. A typical saturation
curve can be described as a function between the current and the corresponding flux linkage,
which is demonstratively presented in Fig. 2.18, where the points P, and P, are selected as two
representative points for further specification. L; and L, denote their gradient, respectively.

In PMSM machines, the magnetic characteristic of the magnetic paths associated with the
d- and the g-axis are different. The magnetic flux linkage in the d-axis includes the perma-
nent magnet flux linkage. Therefore, a certain level of magnetic field is already built by the
permanent magnet even before the machine is excited, as it is shown at P, in Fig. 2.18. The
corresponding inductance is approximated as the gradient L,. As a result, a zero or negative
current is normally applied in the d-axis. In comparison to the d-axis, the magnetic flux linkage
in g-axis can be considered within the linear region in Fig. 2.18, which is represented with the
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Figure 2.18: Saturation effect of the flux linkage.

point P; and denoted by the gradient ;. Furthermore, because of the saturation effect, the d-
axis inductance of permanent magnet synchronous machines is considered to vary more slowly
than the g-axis inductance.

2.4.1.3 Other Causes

Besides the aforementioned main causes, the parameters of the PMSM drive system can be
furthermore affected by the following factors:

» Aging Effect There are two main types of magnetic aging, namely structural aging and
thermally activated magnetization processes [52]. For example, the permanent magnets
loose a small fraction of their remanence each decade [52].

* Oxidation All types of rare earth magnet are vulnerable to oxidation, dominated by the
corrosion on the surface. The oxidation causes a permanent metallurgical change in their
structure [9]. The oxidized surface layer possesses a lower intrinsic coercivity, which
accelerates demagnetization of this region, especially for the thin magnet.

* Pressure The pressure will cause a undesirable structural change, which will further af-
fects the parameters in the drive system.

2.4.2 Influence from Inverter

In most applications, the command voltage of the current controller is employed as the terminal
voltage of the machine, since the terminal voltage is normally unavailable during the operation.
However, due to the nonlinearities of the VSI, the terminal voltage of the machine differs from
the commanded output voltage. However, the distorted voltage has a great influence on the con-
trol as well as on the estimation performance of the PMSM. In this section, the nonlinear effects
of the VSI are firstly comprehensively analyzed. Then, the nonlinearities are approximated in
order to simplify its inclusion into the estimation model and furthermore the compensation of
the distorted voltage.
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2.4.2.1 Analysis of the Nonlinearities

One of the main problems accompanying the real inverters in the AC machine drive systems
is the error voltage between the command voltage given by the controller and the real output
voltage of the inverter [53,54]. It is affected by several factors, the DC-link voltage, the inserted
dead-time and the nonlinear properties of the power inverter. The nonlinear characteristics of the
inverter consist of the turn-on/-off time of the power switches, the voltage drops on the switches
as well as on the freewheeling diodes and the parasitic effects. One of the several issues caused
by the inverter nonlinearities is the zero-clamping phenomenon, which occurs during the dead
time at the small-current region (normally near zero). However, because of the applied gross
compensation for the distorted voltage in practice, the undercompensation or the overcompen-
sation often occurs, which would further elevate the significance of the current clamping [55].
In order to realize an accurate compensation of the distorted voltage, the sophisticated analysis
is firstly required, which is elaborated in the following.

2.4.2.1.1 Voltage Drops Firstly, the analysis on the voltage drops across the power devices
is carried out. The voltage drops of power devices, including the forward voltage drop of the
active switch U, and the voltage drop of the anti-parallel diode U, , are relatively small but
still not negligible [56]. The current pathway of a phase leg is shown in Fig. 2.8. The current
flows through S; or D, if the current 7, > 0, while the current flows through S, or D; if the
phase current ¢, is negative. The voltage drops are related to the conducting current 7 and can be
approximated as a linear function of 7, as indicated in [57]. The approximation of the voltage
drop is composed of a threshold voltage and an equivalent on-state slope resistance as

Uce = Uce,th + Rce : |Z| ’

, (2.60)
Usg=Ugn+ Ra 1],

where Ue 1, R are the threshold voltage and the equivalent resistance of the active switch,
respectively. Accordingly, U, +, and 12, denote the threshold voltage and equivalent resistance
of the anti-parallel diode, respectively. They are normally available in the data sheets. The
distorted voltage caused by the voltage drops is additionally related to the current direction, i.e.
the voltage drop reduces the output voltage when the current is positive and boosts the output
voltage when the phase current is negative. More specifically, the error voltage induced by the
voltage drops, which is denoted by u. 1 := u,; — u.n, can be approximately given as [57]

Ue 1 = (2.61)

)

Ue-d+Uz- (1 —4d), fori, >0,
U (1—=d)—Uy-d, fori, <0,

where d is the duty cycle.

2.4.2.1.2 Turn-on/-off Times Besides the voltage drops, the power devices demonstrate
non-ideal switching behaviours with the so-called turn-on and turn-off times. The turn-on time
T,y is the actual turn-on time and established as the sum of the turn-on delay and the rising
time. Correspondingly, the turn-off time 7, is the real turn-off time and defined as the amount
of turn-off delay and the falling time. A schematic presentation of the real switching behaviour
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of the active switch is shown in Fig. 2.19. The voltage ugs, denotes the voltage on the switch
S; and the red solid line denotes the gating signal of S;. ¢; denotes the turn-on delay and ¢,
is the rising time. t3 and ¢, represent the turn-off delay and the falling time, respectively. The

Uus, A A Sy

90% |---- 7=\ [-m-mmmmmeemeee 17- A

10%

r t
3

I 4

Ton Tof i
Figure 2.19: Schematic presentation of the switching transient with the consideration of turn-on/-off times.

turn-on and turn-off delay are mostly determined by the threshold voltage and the time constant
regarding the equivalent circuit of the gate-source (MOSFET) or gate-emitter (IGBT) terminal,
while the rising and falling time are associated with the DC-link voltage, the characteristics of
the parasitic elements and the phase current [58,59]. In terms of the effects from the parasitic
elements, we can roughly divided them into the effect from the parasitic capacitance and the
one from the parasitic inductance.

The parasitic capacitance is a capacitor-like behaviour in power devices, which is resulted
from the packaging and the electrical wiring [60]. There are in general two types of parasitic
capacitance, the input capacitance that causes the time delay during the switching, and the
output capacitance, which affects the rising as well as the falling edge of the output voltage
during commutation. They will be charged and discharged during the turn-on and the turn-off
of the switches. In Fig. 2.20, the influence of the output capacitance on the output voltage at
different levels of phase currents are shown. If the time to charge or discharge the equivalent
output capacitance is smaller than the Tj..4, i.. the absolute value of the phase current is
sufficiently large, the commutation will be finished within the dead time, which is shown in
Fig. 2.20a. On the contrary, if the absolute value of the phase current is too small to fully
charge/discharge the parasitic capacitance, the commutation will be forced to conduct after the
switching, as presented in Fig. 2.20b.

Analogously to the parasitic capacitances, the output voltage of the inverter is also affected
by the parasitic inductances. The switching transient can be simplified and approximated as
a resistor-inductor-capacitor (RLC) circuit, which is a second-order switching circuit and nor-
mally underdamped. Therefore, hard switching may cause a voltage overshoot or even the
oscillation. In order to tackle this problem, a snubber circuit is typically deployed to convert the
output equivalent circuit into a third-order circuit, i.e. from underdamped to critically damped
or overdamped [59]. A simulation is carried out to demonstrate the effectiveness of the snubber
circuit. The simulation results of the step response of the equivalent output circuits are shown
in Fig. 2.21. The red solid line and the blue solid line denote the step response of the transfer
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Figure 2.20: The output voltage at different current level with ¢, < 0. The red solid line illustrates the real
transition of u, . (a) represents the scenario, where the absolute value of 7, is relatively large and (b) denotes the
situation, at which the absolute value of ¢, is relatively small.

function without and with snubber circuit, respectively. As it is shown in Fig. 2.21, the snubber

Figure 2.21: Demonstration of the comparison of the voltage on the switches during the turning off with and
without snubber circuit, where the red solid line and the blue solid line denote the step response of the transfer
function without and with snubber circuit, respectively.

circuit has suppressed the oscillation phenomenon with a significant reduction of the voltage
overshoot. However, an overshoot of the phase voltage can still be observed based on the RLC
model, which needs to be considered as part of the distorted voltage. The error voltage evoked
by the turn-on/-off time can be approximately written as
U o To - Ton .
_Td.ffT, for i, >0, oo

Ue,2 = .
, U c To - Ton .
Td . ffT s for g < 0.
2.4.2.1.3 Dead-Time Effect As it is explained previously, the switching behaviour of the
VSI in practice is non-ideal and actuates a gate signal with turn-on/-off times. Thus, a time
delay is required, which is called the dead-time or interlock time and denoted by 7,4 in this
thesis. The insertion of this time delay can prevent the simultaneous conduction of two power
devices on the same phase leg (e.g. S; and S;) and ensure a reliable current switchover. During
the dead time, both switches on the same leg are switched off and the current flows through the
corresponding diode, as shown in Fig. 2.8. The voltage error caused by the dead-time can be
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approximated as

U C T ea .
2d . ; d , fori, >0,
U3 = ‘ (2.63)
Y Tdead for i, < 0
2 Tc ) a .

Even though the dead time is in general very short and essential to guarantee a safe operation
of the inverter, it deteriorates the output voltage and degrades the motor performance, especially
at the low-current region. If the current is crossing the zero during the dead time, it will clamp
to zero and stay there for the rest of the dead time [61].

2.4.2.1.4 Summary The aforementioned factors compose the voltage distortion of the VSI
output voltage. They are summarized and shown in Fig. 2.22, where the switching transients
including the nonlinear effects are shown in two cases, i.e. with the positive and the negative
current. The voltage distortion caused by the dead-time and the voltage drops has the opposite
phase with the phase current, while the distortion caused by the switching time, the parasitic
effects is in phase with the current.

In Fig. 2.22, T, denotes the switching period. Furthermore, the practical behaviour of the
switches is investigated with the experiments. The experimental measurements of ug, were
conducted with various current levels and the turn-off signal is given to the gate at t = 0s. The
experimental results are shown in Fig. 2.23.

In Fig. 2.23, the turn-off behaviour of .S; in practice is shown, which also represents the
falling edge of the output voltage for the phase a. The turn-off signal is commanded to the
switch S at t = 0's. It can be concluded from Fig. 2.23 that the current level has a great impact
on the switching behaviour. More explicitly, a higher phase current can significantly reduce the
switching time. The voltage at i, = 0 A stays low until around ¢ = 2.4 s, which denotes the
turn-on of the lower switch S;.

2.4.2.2 Approximation of the Nonlinearities

The nonlinear effects are complicated for their inclusion into the design of the controller or the
compensation, since they are time variant and depend on the working points. In order to tackle
this problem, the nonlinear effects are simplified and approximated in the following. Firstly,
the error caused by the dead time, the turn-on time and the turn-off time can be approximately
calculated as

¢ Positive current:
T}, =Ty =T} = Tucaa + Ton — Togs - (2.64)

a,e

* Negative current:
Ta_,e = T; - Ta_ - _(Tdead + Ton - Toff) . (265)

T and T, , denote the active time of the ideal switch and of the real switch, respectively. Taf .
and 7, -, represent the time difference between the active time and the ideal time at the positive
current and the negative current, respectively. The error active time from (2.64) and (2.65) can
be concluded into a function and is given as

Ta,e - T: - Ta,r - Sgn(i(z)(Tdead + Ton - TOff) ) (266)
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Figure 2.22: Illustration for the nonlinearities of the switch S;. (a) represents the ideal gating pulse signals. (b)
shows the insertion of the dead time into the ideal gating pulse signals. (c) demonstrates the actual output voltage
with the positive current, i.e. i, > 0. (d) demonstrates the actual output voltage with the negative current, i.e.
1q < 0.

—i,=0A4
i.=1A
—i, =2 A
—i, =4 A
—i, =8 A
—i, =16 A
0 0.5 1 1.5 2 2.5 3 3.5 4

Time (us)

Figure 2.23: Experimental measurements of ug, at various current levels.
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where sgn(i,) is the sign function and defined as:

1, 1, >0,
sgn(i,) = 1 L0 (2.67)

It can be observed from the Fig. 2.22 that the average terminal voltage including VSI nonlin-
earties over one PWM step can be given as follows [62]

T, 1 1
T %3
Substitute the approximation of the voltage drops in (2.60) into the terminal voltage formulation
in (2.68), it can be obtained that

UaN = (Udc - Uce + Ud)(

(Uce + Uq)sgn(iy) - (2.68)

T(I T 1 1 . 1 .
T; - 5) - §(Uce,th + Ud,th)sgn(la) - Q(Rce + Rd) lq - (269)
Similar results can be derived for u,y and u.. With the relationship in (2.27), u, can be further

derived as

UgN = (Udc - Uce + Ud)(

2Ta,r - Tb,r - Tc,r

Ugq :(Udc - Uce + Ud) 3T

1 . . . 1 .
_ E(Um th + Ug n) [2sgn(iq) — sgn(iy) — sgn(ic)] — §(Rce + Ry) i -
On the other hand, the ideal phase voltage u; is computed with
2T — Ty —T*
* U . a b c
te = Y 37,

Subtract (2.70) from (2.71) the distorted voltage caused by the VSI nonlinearities is then given
by

*
Au, = u,, — u,

(2.70)

(2.71)

2T* — Ty —T* Re+ Ry,

= Aq [2sgn(ia) — sgn(ip) — sgn(ic)| + (Uee — Uy) 5T 5 la
(2.72)
where the intermediate parameter A, is defined as
Ay = (U — Ui + U) Thead + Ton — Tofs n Uce,tn + Uq, tn . (2.73)
3T, 6
As a result, the distorted voltage of u,;. can be given as
Au, (2 —1 —1] [sen(i,)] (2 —1 —1] [Tr
Auy| =Ag |=1 2 =1 [sgn(i)| + % —1 2 —1| |17]| + w
Au, —1 —1 2| |sgn(i) o= -1 2 |1
) - ] ) (2.74)
(2 —1 —1] [sgn(i,)] [ iq
=A; |-1 2 -1 sgn(ip) | + % up | + w n
-1 —1 2| |sen(i)] “ | i

b

lc
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where v, u; and v denote the commanded voltage of the phase a, b and c, respectively. Fur-
thermore, (2.74) can be transformed into the dq reference frame with the aid of the Park trans-
formation T, and its pseudo inverse TC;q1 as [63]

Au,
Aud
:qu AUb
Auy,
Au (2.75)
_ Z‘d Uce - Ud U:; Rce + Rd /id
=3A,4T, T! -= < _ee T4

In (2.75), the second and the third term are straightforward. The first term can be explicitly
explained by the Table 2.1, which shows the relationship between the signs of the phase currents
as well as the electrical angle and the distorted voltage of VSI. In the Table 2.1, A/, := 44, and

State | 6.+ 0; | sgn(i,) | sgn(ip) | sgn(i.) Augy Aug

1 (—%> & 1 -1 -1 Al cos(6,) — Al sin(6.)

2 (% 3 1 1 -1 Ajycos(0, — 3) | —Aysin(f, — %)
3 (%, 2] -1 1 -1 Alycos(b. — 3F) | —A,sin(f, — &)
4 (5, =] -1 1 1 Alcos(f, —m) | —ALsin(f, — )
5 (&, 2] -1 -1 1 Alycos(b. — 4F) | —A,sin(f, — )
6 (3, &7 1 -1 1 Lcos(f — 2F) | —Alsin(0, — )

Table 2.1: The distorted voltage of the VSI Aw in (2.75) as a function of electrical angle 6., where Aug ; and
Awuyg 1 denote the first term of (2.75).

6; denotes the angle of the current in dq reference frame. It can be concluded from the Table 2.1
that the first term of distorted voltage [Aug, Au,] rotates discontinuously with electrical angle
0. and its trajectory is a hexagon [64].

In order to illustrate the waveform of the error voltage Aw, a simulation has been carried
out and the corresponding results are shown in Fig. 2.24, which demonstrates the waveform of
the Awu and its relationship with the electrical angle . under the iq = 0 control, i.e. 0; = 7.
Fig. 2.24 shows that the distorted voltage caused by the VSI is periodic and related to the
electrical angle as well as the present current vector. Furthermore, in the simplified model in
(2.74) and (2.75), the amplitude of the distorted voltage A, is considered as a constant, which

varies in practice depending on the operating points and environmental conditions.

2.4.3 Other Uncertainties and Disturbances

Besides the aforementioned two sources of uncertainties and disturbances, i.e. the parameter
variation and the nonlinearities of the VSI, there are many other uncertainties and disturbances
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0. (rad)

Time

Figure 2.24: Ideal distorted voltages with a constant Ug..4 in the rotor reference frame, where the red solid line
represents the distorted voltage in d-axis, the blue solid line denotes the distorted voltage in g-axis and the green
dotted line is 6, .

in the PMSM drive system, which also affect the control performance as well as the motor
condition.

2.4.3.1 Digital Delay

The modern control approaches are commonly implemented on a digital control platform, where
the controller computes the command signals based on the measurements from the most recent
time instant. Particularly for the sophisticated control methods, such as MPC, a large number
of computations need to be completed. It may lead to a considerable time delay between the
acquisition of the measurement at the sampling instant and the actuation of the manipulated
command value to the drive system. Moreover, the assumption of a constant reference value
can also cause a delay effect for the predictive control. In general, the references are assumed
to be constant within the prediction horizon, which is valid under the circumstances that the
real reference is constant or the sampling time is relatively small. However, for some control
scenarios, e.g. the current control in o reference frame, as well as the control during the
transitions, the delay effects are emphasized.

Compensation of the digital delay has been covered in several works, such as [65, 66]. For
the digital-delay effect resulted from the discrete nature of the digital platform, a prediction
based on the current measurements need to be carried out, which is then employed for the
computation of the manipulated command values. On the other hand, the digital delay effects
from the varying reference value can be compensated by extrapolating the references.

2.4.3.2 Cogging Torque

The cogging torque is produced by the magnetic interaction between the permanent magnets and
the stator slots. It refers to the circumferential component of the attractive force that attempts
to maintain the alignment between the stator teeth and the permanent magnets [67]. Therefore,
the cogging torque depends on the position, the number of magnetic poles and the number of
teeth on the stator. Its impact is especially prominent in the low-speed region and even exists
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in a from power source disconnected system [68]. As it is given in [69], the resultant cogging
torque 7., can be written as a Fourier series as

Z Tm sin(i Ny 0,.) (2.76)

1=1,2,3,--

where V,,, denotes the least common multiples between the slots number and the pole pairs, 6.
denotes the electrical angle and 7, ; is the amplitude of the ¢-th harmonic.

2.4.3.3 Flux Harmonics

In the real PMSMs, a perfect sinusoidal flux density distribution is difficult to be built in the air
gap. The developed flux linkage between the permanent magnet and the stator currents consists
of the harmonics of the order 5, 7, 11 and higher [70]. In the dq reference frame, they appear as
6-th, 12-th and the multiples of 6-th harmonic, which can then be denoted as [70, 71]

v, = Z W gp,; cos(6i 6,) Z U, i cos(6i6,) , (2.77)

=0 i=1

where Wy, ; and Wy, ; are the amplitudes of the Gi-th order harmonic flux in d- and g-axis,
respectively. The flux harmonics further affect the control performance of the electrical drive
system. For example, they can generate 6i-th periodic ripples on the electromagnetic torque
as well as on the speed. Moreover, in the current control loop, the flux harmonics induce the
harmonics in the back EMF and further influence the current quality.

2.4.3.4 Measurement Errors

Measurement errors can be referred to as current measurement errors and position measurement
errors. The current measurement error is analyzed firstly. Normally the current measurement
procedure includes a sampling mechanism, a low-pass filter and an A/D converter, where the
sampling is finished by the current sensors, the low-pass filter and the A/D converter transform
the transduced voltage signals into the digital values. The error that exists in the current mea-
surement procedure can be classified into the offset error and the scaling error [72]. The offset
error is resulted from an unbalanced supply voltage of the current sensor and the analogue de-
vices in the measurement path. Another error is the scaling error, which is generated during the
process of the scaling from the current sensor to the A/D converter and the calibration from the
A/D converter to the current controller [72]. Without loss of generality, the acquired current
value neglecting the nonideal factors in the filter and the A/D converter can be given as [71]

- Rsr . Uoy — UoN
| — 2.78
' RSN ' r RSN 7 ( )

where 7 and i denotes the measured value and the real value of the current, respectively. R is
the sampling resistance. wu,, is the offset voltage applied for the polarity conversion. Ry and oy
denote the nominal value of the sample resistance and the offset voltage, respectively. r is the
transducer ratio of the current sensor. It can be observed from (2.78), the current measurement
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error 1s mainly affected by two factors, the deviation of u,, — u~ and the varying sampling
resistance Ry,.. As aresult, the offset error causes a current ripple oscillating at the fundamental
frequency and the scaling error induces a current ripple oscillating at the frequency of twice of
the fundamental frequency [71].

Analogously, the position measurement can also be erroneous and further affect the perfor-
mance of the drive system. The most applied position sensors are resolver, absolute encoder
and incremental encoder, which can be selected regarding different requirements, for example,
robustness, price and accuracy. Similar to the current measurement error, the position measure-
ment error can be categorized into the offset error, the harmonic error and the phase shift error.
More details can be found in works such as [73].

2.4.3.5 Phase Unbalancing

In a three-phase motor, the phase characteristics, e.g. the resistances, should be as balanced as
possible. However, due to the corrosion, contamination or other problems mentioned in 2.4.1,
the phase unbalancing occurs frequently during the operation of the PMSM. It generates the
negative sequence voltages and currents that may impair the motor efficiency and deteriorates
its performance. Furthermore, it can result in an unbalancing heating of the stator, which may
further cause the excessive thermal stress and increase the impedance unbalance.

2.4.3.6 Noise

In most applications, the process as well as the measurement noise is assumed to be white.
However, in reality the most encountered noise is the coloured noise. The coloured pro-
cess/measurement noise is denoted as w* and v, respectively. Their propagation can be given
as

wi,, = Ayw;, + Bywy, (2.79)

v = Ayv, + By, '
where wy and v;, are the zero-mean white noise with the covariance matrices (Q and R, re-
spectively. They are uncorrelated. The colored noise can be comprised into the state space and
modelled as a new state as

Elw, wi'] = AwBlwpwi’]

. . . . (2.80)
E[vk:-i-lva] = AvE[’UkUkT] :

2.4.3.7 External Disturbances

In addition to the aforementioned uncertainties and disturbances in the PMSM drive system,
the system is also affected by the external disturbances, such as the load torque and the friction
torque. The load torque is considered as one of the most severe external disturbances of the drive
system, since the coupling of the load motor and the drive motor is a nonideal rigid body and
the add of a load torque may cause the mechanical resonance [74]. Other mechanical factors,
such as the friction torque [75] and torsional vibrations [76], are also unavoidable in the servo
systems.
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2.4.4 Impacts

The uncertainties and the disturbances of the electrical drive system have multiple impacts on
the system. On the one hand, they can impinge on the control performance of the control meth-
ods. On the other hand, they may affect the motor condition. The impacts from the parameter
mismatch are investigated and presented in details as follows.

2.4.4.1 Impacts on the Control Performance

Different control methods can be applied to the current control of the PMSM drive system.
However, the uncertainties as well as the disturbances influence the control performance in
various way and to different extent. For example, the parameter mismatch has less effects on
the FOC than on the model-based methods. It changes the dynamic behaviour of the FOC
method, while it can result in a steady-state error or even instability for the model-based control
methods. The impacts of the parameter mismatches are analyzed in the following.

2.4.4.1.1 Impactson the Reference Generator Based on the torque reference and the mea-
surement of the rotor speed, the current reference vector ¢* is generated in the reference gen-
erator. The current reference is then delivered into the current controller. The reference is
generated based on several criteria. Firstly, the measurements are checked to determine the
existence of a suitable reference, e.g. the speed is restricted by the maximum speed. Then, the
operation strategy is determined, namely MTPA, maximum current, field weakening and max-
imum torque per voltage (MTPV). The algorithm to generate the reference current is shown in
Algorithm 2.1 [77].

Algorithm 2.1 MTPX
Input 7%, w,
Output *
if w, < wy then
MTPA
else
if w. < wy then
if T < Ty then
Ey = {i € R?| [lu(d)|® < UZ,}
else
B, = {i € R?| ||3[|* < I2,}
end if
else
if T < Ty then
Ey
else
MTPV
end if
end if
end if
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The sets [E;; and [E; are the voltage and the current limitation, respectively. Moreover, w4
is the maximally feasible MTPA angular velocity for the given torque reference and wy is the
constant MTPV cut-in angular velocity, which is computed from the maximum current and the
maximum voltage. 7;; denotes the maximally feasible field weakening torque and 77, denotes
the MTPV cut-in torque. They are determined by the electrical angular velocity, as given in [77].
Firstly, the measurements and the torque reference are delivered as input into the algorithm
MTPX in Algorithm 2.1. The feasibility of the current reference will be examined based on the
input. Then the rotor speed w, is compared with the two offline determined speeds w4 and wy,
and the torque reference 7™ is compared with the 7y, and 7y. The mechanism to generate the
current reference ¢ is then selected accordingly.

A simulation about the impact of the parameter variation on the reference generator, more
specifically on the MTPX stated in the Algorithm 2.1, has been carried out. The corresponding
results are shown in Fig. 2.25, where the isotorque loci based on the constant inductance value
and the inductance as a nonlinear function of the currents are compared.

—1 = T T— a1 B — T 0g — <
— e T
H—Y — I | 0g

-1 -0.5 0 0.5 1

Figure 2.25: PMSM characteristics in the state-space with isotorque loci. The MTPA trajectory, which is offline
computed with the constant inductance values, is denoted by the blue. It is derived from the isotorque loci in
green. The isotorque loci computed from the real inductance map, which is nonlinear and a function of currents,
are presented in red. The yellow circle presents the current limit E;.

The Fig. 2.25 shows that the parameter mismatch of the inductances can cause an obvious de-
viation from the real isotorque loci, i.e. the difference between the read solid line and the green
solid line. In some applications, the model based on the offline parameters, i.e. the constant in-
ductances, can be improved by deploying correcting factors, which provides an approximation
for the global nonlinear model and improves the model accuracy locally [78].

2.4.4.1.2 Impacts on the FOC The most applied control method for the PMSM electrical
drive system is the FOC (with PI technique). Although FOC is less sensitive to the param-
eter variation problem than MPC, its performance can also be affected. The PI technique is
implemented in the dq reference frame, of which the transfer function can be generally given as

1
Gpr =K, +Ki . (2.81)
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Depending on the design criterion, the magnitude optimum (to obtain a largest possible band-
width) or the symmetric optimum technique (examine both the input and disturbance trans-
fer function) [79] can be deployed to determine the coefficients of the FOC. Particularly, the
closed-loop control system designed with the magnitude optimum technique only optimizes the
closed-loop transfer function between the reference input and the controlled variable. The exis-
tence of disturbances may change the system behaviour. The coefficients of FOC are designed
based on the parameters and via the pole-zero cancellation principle, which no longer holds.
Therefore, the disturbances may deteriorate the control performance. Since the controller is
designed based on the classical linear control theory, the impacts of the parameter mismatch
can be evaluated with the localization of the system poles.

The pole-zero maps showing the influence of the parameter mismatches, i.e. from the vari-
ation of the stator resistance and of the inductances, are illustrated in Fig. 2.26, where the
closed-loop stability under the parameter variation is furthermore denoted. The transfer func-

1 : 1
0.5} 0.5
OF « ® ) 0F « R > ®
-0.5+¢ -0.5 X
-1 -1
-1 0 1 -1 0 -1 0 1 -1 0

(a) (b)

Figure 2.26: Discrete pole-zero map of the FOC current controller at a sampling frequency of 10 kHz. (a) Simula-
tion results of the resistance value variation, where r, = 50% is denoted in blue, rp = 100% is denoted in red and
rp = 150% is denoted in yellow. (b) Simulation results of the inductance value variation.

tion for the open loop of the current control in the d-axis can be simplified by eliminating the
interdependent term relating to the g-axis current and is given as

1
Gia= sSL R (2.82)
where the coupling term of the current loop is excluded from the transfer function and assumed
that it can be compensated afterwards. The transfer function of the current control in g-axis can
be analogously formulated. Therefore, the analysis focuses on the d-axis. Besides the PMSM
current loop of d-axis, a digital delay is furthermore included into the open loop function, which
is selected as two sampling time period and given as a first order time lag system. The param-
eter mismatch is simulated by changing the parameter values of the PMSM current model and
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quantified by a ratio r,, , which is defined by

Ty = p—m x 100% y (2'83)

pC

where p,, is the parameter value deployed in the current model of PMSM and p. is the value
of the parameter employed in the controller. As it is presented in Fig. 2.26, the variation of the
inductance may have a great impact on the closed-loop stability, which can be explained by the
position of the inductance in the transfer function in (2.82). However, the pole-zero maps reveal
that the poles remains within the unit circle. Thus, the FOC stabilizes the system even under the
parameter mismatches. The variation of the inductance shifts the poles away or closer to the real
axis, which indicates that the damping behaviour of the PI controller is changed. The variation
of the resistance, as it is shown in Fig. 2.26a, has slight influence on the pole placement.

2.4.4.1.3 Impacts on the Predictive Control In this work, two predictive control methods
are investigated, i.e. CCS-MPC and FCS-MPC. The deadbeat control is also included and
regarded as a special case of the CCS-MPC. The predictive current control methods are all
set up based on the system model and have proven to be effective as well as powerful for
the control of systems with accurate models and small disturbances. However, if the model
uncertainties and the external disturbances are not ignorable, the performance of the predictive
control can deteriorate or even the system may exhibit instability. MPC gains robustness from a
long prediction horizon, but the obvious error can still be noted for the reference tracking under
the impact of the model uncertainties and the disturbances. In order to analyze the impacts of
the parameter-mismatch phenomenon, let us recall the simplified nominal current prediction
model in dq reference frame, which is given as

d .
R, —w.L ' Ly 0] | g7k 0
Yaf | s TWe g ftd) dt 7| | (2.84)
Ug we Ly R iq 0 L, d . we U,
at'

The current prediction model of the real PMSM including the parameter variation effect is given

by
d .
iq L; 0 di
+ +
ZJ [ 0 Lq] d

at'

ug — Aub R, —w.L,

We Ld Rs

2.85
o | (2.85)

— AuP
ug — Aub

where Aul; and Aul denote the error voltage caused by the parameter variation and can be
represented as

d
Aus = AR iqg+ AL, Eid —ALgweiq ,
(2.86)

d
Au§ = AR iy + AL, Ez‘q + ALgweig+ AV, we .

The simulation results as well as the experimental results to quantify the impacts of the param-
eter mismatch are given in details in the Chapter 4 and the Chapter 5.
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2.4.4.2 Impacts on the Motor Condition

The PMSM has been moreover applied in mission- and safety-critical systems, such as military
and medical systems. A reliable operation and timely maintenance is essential for these appli-
cation domains. Therefore, a novel condition monitoring method is necessary for identifying
the degradation at its incipient stage, which can substantially reduce the maintenance cost as
well as the machine downtime [46]. The impacts of the uncertainties and disturbances on the
motor condition are shown in the following.

2.4.4.2.1 Magnetic Faults The permanent magnet is the most critical component in the
PMSM. As explained in Section 2.4.1, various reasons can cause the irreversible demagneti-
zation of the permanent magnet, e.g. the thermal stress [51], the oxidation and the unbalanced
load. The demagnetization can further lead to a reduction of the efficiency, poor performance
and even a motor fault [46]. On the one hand, the demagnetization causes higher copper losses
for the motor operated at a given torque, which heats the motor, reduces the efficiency and sta-
bility. On the other hand, the demagnetization disturbs the air-gap flux distribution. It further
causes magnetic pull and current harmonics. They are responsible for bearing erosion, rotor
bending as well as vibration and acoustic noise, respectively.

2.4.4.2.2 Electrical Faults The disturbances and uncertainties in the electrical drive sys-
tems can cause the stator winding insulation failures. The materials used for the insulation in
electric machines are related to the deterioration from a combination of thermal overloading and
cycling, voltage stresses on the insulating material and mechanical stresses, etc. Nonetheless,
the thermal stresses account for the main reason for the degradation of the stator winding insu-
lation. The disturbances and uncertainties induce more losses and increase the thermal stresses
on the stator windings. Moreover, the implementation of the VSI introduces transient voltages
with a high slope rate, which further adds the electrical stresses at the machine terminals. It is
the main reason of the electrical stresses and provokes the insulation degradation.

2.5 Summary

In this chapter, the basic concepts of the permanent magnet synchronous machine drive sys-
tem are introduced, including the main components of the permanent magnet synchronous ma-
chine, the inverter as well as its operating principle and the control of the drive system. The
drive system in practice is much more complex and contains many nonlinear effects, which can
be simplified and approximated under several assumptions. The mathematical models of the
PMSM in the continuous-time domain are furthermore presented, both in the stationary refer-
ence frame and the rotating reference frame. They are further discretized with the preselected
discretization methods, which is determined based on the requirement for the model accuracy
and the availability of the computational resources. The working principle of the inverter as
well as the relevant actuation schemes are presented. The switching commands for the inverter
can be directly computed by the control algorithm or modulated through the corresponding
modulator, where the PWM, the SVM and the OPP are introduced. Furthermore, the control
of the electrical drive system is systematically established. The fundamental concepts of the
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optimization problem are given, which are followed by the classical control approaches of the
electric drive system. Subsequently, the control structure of the most applied cascaded control
is illustrated and introduced. The system model and the constraints involved in the electric drive
system are furthermore presented. In the end, the uncertainties and the disturbances that exist in
the electrical drive system are explicitly introduced, especially the parameter variations and the
nonlinear effects of the VSI. Their impacts on the control performance and the motor conditions
are further investigated and analyzed. These foundations play an essential role for the further
studies and development of this thesis.
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Part 11
PARAMETER IDENTIFICATION
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CHAPTER 3

Parameter Determination and Estimation

In this chapter, the observability of the PMSM is firstly examined, where the persistent ex-
citement is absent. Then, the offline determination procedures regarding the parameters of the
simplified model and those of the general model for the PMSM are investigated. The VSI non-
linearities are furthermore quantified via the measurements, where two methods for the offline
determination of the error voltage that is resulted from the nonlinear effects are introduced. As it
is mentioned in the previous chapter, the nonlinear effects are affected by several factors. There-
fore, their impacts are validated through the experiments. However, the offline determination
of the parameters may require extra hardware and sophisticated determination procedure. The
online identification can be regarded as an alternative for obtaining the parameters in real time,
which can be realized with or without current injection. The current injection can be expected as
a persistent excitement and overcomes the rank deficient problem of the PMSM parameter iden-
tification. Thus, the associated methods are capable to simultaneously identify all the electrical
parameters of the simplified model, while the methods without current injection can estimate up
to two electrical parameters at the same time. Moreover, several online identification methods
are studied and compared via the experimental results. Conclusions about the advantages as
well as the disadvantages can be drawn in terms of various criteria, which can be further served
as a reference for choosing a proper observer under different circumstances. Furthermore, the
influence of the VSI nonlinearities on the identification results is shown. A promising method
based on the dual extended Kalman filter (DEKF) is proposed, in which the nonlinear effects of
the VSI is included and identified. Its effectiveness is verified via experimental investigations.

3.1 Introduction

The parameters of a system can be directly solved from sufficient equations. Ignoring the dis-
turbance, the parameter estimation problem is an inverse problem, which can be directly solved
in the linear system and requires solving approaches in the nonlinear system. The parameters
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can also be treated as the system states, which transforms the parameter estimation problem into
a state estimation problem. As it is analyzed in the previous chapter, there exist multiple distur-
bances and noises in practice. Different from the discrete linear system presented in (2.48), a
more general and practical system model includes moreover the state or the process disturbance
w(k) and the measurement, output disturbance v(k), which can be then given as

Ty = Az, + Bup +wy, G.1)
yr = Cxp + vy, '

where w(k) denotes the unmodelled uncertainties, modeling errors and process variations and
v(k) represents sensor errors, disturbances and modeling errors of the outputs. The matrix
D in the general formulation (2.48) is omitted. The parameter estimation as well as the state
estimation problem can be defined in different representations regarding the deployment of the
available measurements.

Definition 3.1 (State Estimation [80])

Given a sequence of measurements Y, = [yl, yi, -+, yL|" for the system in (3.1), the
state estimation problem describes a retrieving procedure of state xj, from Y,,. The estimation
problem is called a filtering problem if k = m, a prediction problem if k > m and a smoothing
problem if k < m.

In general, the parameter estimation methods can be roughly classified into two categories,
i.e. offline and online parameter estimation. The offline estimation methods, as its name sug-
gests, are carried out offline before the operation of the motor or at the start-up. There are
several variants. The first one is to compute the parameters from the motor construction data,
which is the most straightforward way to obtain the motor parameters. The motor construction
data can be the geometrical and material data. It is relatively accurate, since the parameters are
acquired from the physical data. However, it is computationally expensive, since the compu-
tation is based on field calculation methods, e.g. the finite element method [81]. The second
option is to conduct the standstill frequency response (SSFR) test, where the response on a
test signal with a certain signal frequency is evaluated. It has become a standard method for
identifying synchronous machines [16]. Extensions and improvements of SSFR are moreover
given in [82], [83], to name but a few. The last variant is to perform the time-domain mo-
tor measurements and adjust the parameters to reconstruct the measurements, which requires
a simplification of the motor models [84]. However, the electrical drive system is complex,
nonlinear and time-variant. The parameters may vary during the operation, as it is clarified in
Chapter 2, and solely the accurate motor parameters can not guarantee a satisfactory control
performance. Moreover, an accurate offline determination of the motor parameters may require
sophisticated measuring procedures. Even though the self-commissioning procedure can be de-
ployed for automatically determining the parameters, additional instruments may be required
and the implementation complexity is increased. Thus, the online parameter estimation method
is a more proper solution for identifying the actual parameters in real time. In this chapter, five
online estimation methods are covered, namely the recursive least squares, the model reference
adaptive system, the extended Kalman filter, the unscented Kalman filter and the moving hori-
zon estimator. They are implemented and compared for the parameter estimation problem of
the PMSM. The corresponding analysis and the subsequent experimental results are compared
in terms of different metrics.
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However, most of the previous studies ignore the influence of the voltage source inverter
nonlinearities, which has been introduced in Chapter 2. To compensate the VSI nonlinearities,
several methods have been proposed. Authors in [62] suggested to compensate the nonlineari-
ties with the results from offline experimental measurements. Nonetheless, the switching times
and the voltage drops vary with operating conditions. Authors in [85] proposed an online aver-
aging technique including a feedforward and a feedback loop to adjust the compensation. But
this method still needs offline measurements to set up a look-up table. Authors in [86] applied
a disturbance observer to observe the output voltage errors and fed the error back to voltage
references in order to compensate the dead-time effects. Reference [87] also used a disturbance
observer to identify the disturbance voltage in g-axis, which was further applied to compensate
the error voltage caused by the dead time. Reference [88] utilized a simple vector operator,
which consists of the inner and outer products of the rotor flux linkage increment and the unit
back electromotive force, to estimate the disturbance voltage. In [89], the reference voltage in
d-axis and low pass filters are used to calculate the distorted voltage for the i; = 0 control of
the PMSM. In this chapter, the VSI nonlinearity is included into the system model of the esti-
mation problem and regarded as a system state of PMSM. EKF and DEKEF are investigated for
the online estimation problem of the PMSM electrical parameters and the VSI nonlinearities.
Comparisons between the proposed methods and EKF without VSI nonlinearity compensation
have been furthermore carried out on an industrial embedded system with various scenarios.

3.2 Observability Analysis

The observability is concerned with the feasibility of reconstructing system states from the
measurements of the previous times, which are constrained within a finite period of time. The
most straightforward methodology for the observability analysis is to algebraically evaluate the
estimated quantities from the machine model equations [90]. However, the results obtained can
not be easily adopted for the similar problems, e.g. for other types of machines. Moreover, the
to be estimated values, for example the electrical parameters and the rotor speed, vary much
more slowly than the currents and are normally regarded as a constant during one sampling
period. Under this assumption, the to be estimated parameters can be considered as the system
states and then included into the system model, which furthermore transforms the underlying
linear time-variant (LTV) system into a nonlinear time-invariant (NTI) system. The global
observability analysis for NTI system is difficult to carry out [91]. One possible approach is to
linearise the system model in a certain subspace, where a linear system observability analysis
can be conducted accordingly [92]. Nonetheless, this approach is therefore localized in the
certain subspace and loses the general observability for the entire state trajectories. Another
possibility is to apply a local observability analysis to the nonlinear system [93]. The main
advantage of this concept is that the observability analysis becomes a relatively simple algebraic
problem.

3.2.1 Observability for Nonlinear System

The local observability for a nonlinear system is briefly introduced as follows.
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Definition 3.2 (Lie Derivative [93])
Let f : R" — R" be a vector field in R™, and h : R™ — R be a smooth scalar function. Then,
the Lie derivative of h with respect to f is

oh ", Oh
Lih=Vpf = 8_azf = ; a—mifi : (3.2)
where f = [f1, fo, -+, [o]T andx = |21, 2o, -+, )T,

Theorem 3.1 (Local Observability [93])

For a nonlinear system described by the system equation & = f(x, u) and the measurement
equation y = h(x), if n linearly independent vectors can be found within O at a state x, € X,
then the system is locally observable at state x,, where O is the Jacobian of O at x, and O
denotes the Lie derivative vector of h with respect to f, i.e.

OL
O=-"= 33
833 =0 ) ( )
with L = [L$h, Lyh, -, L3h], where L% h denotes the k-th order Lie derivative.

By applying the local observability theorem in Theorem 3.1, the examination of observability
for nonlinear system is transformed into a rank examination problem of the observability matrix

0.

3.2.2 Observability of PMSM

The to be estimated parameters are the stator resistance R, inductances of d- as well as of
g-axis and the permanent magnet flux linkage W, . Revisit the analysis about the parameter
variations in Section 2.4.1, it can be concluded that the variations of the stator resistance and
the permanent magnet flux linkage are much slower than the current dynamics, since they are
mainly affected by the temperature. The inductances of d- and g-axis are related to the currents,
and we assume that they can be regarded as constant within one sampling period, in order to
simplify the analysis. Moreover, a state is most likely observable for fast variation if a slow
variation is observable [91]. Thus, the observability matrix O for examining the nonlinear
system with © = [i4, iy, Rs, La, Ly, Y] is derived from O = g—’;, where

RS . Lq . ud
-E%h- —L—dld+L_d'we'lq+L_d
LR Re. Li . u, Uy
f ——lg— = *We gt — — W,
Eth Ly* L Ly L4 iq
I 0 g
Lih
f
C3h 0
L~ "% 0
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More specifically, the observability matrix O € R'?*6 can be expanded regarding to x as

[OLShy  0LYhy 0Ly LY OLGhy  OLYh T
Dig Dig IR, OLq 0L, ER7.
0LShy  OLYhy  OLGhs  OLGhy  OLYhy  OLGhs
Dig Dig IR, OLq oL, OV
OLLhy  OCLLhy  OLLhy  OLhh  OLLhy  OLLh
Dia Dig IR, OLq OLq OV
o OLLhy  OCLkhy  0LYhs  OLhhy  OLLha  OLLhy
Dig Dig IR, OLq OLq EX7N
0Ly OLYh  OLShy  OL3h OLGha  OLGh
Dig Dig IR, OLq oL, OV
0LShy  OL3hy 0Ly OL3hy  OL%ha  OLGhs
| "9iq Dig IR, OLq 0L, NV |

(3.5)

According to the Theorem 3.1, the system is weakly locally observable, if rank{O} = 6. This
condition can be examined with a matrix constructed by any six rows of O [94]. We choose the
first six rows of the matrix O and define it as O; € R®*® for verification, which can be given as

[ 1 0 0 0 0 0 7
0 1 0 0 0 0
Rs Lq id 1 We .
_s 9, 4 = Ze 0
Ly La” L, L I
Ld Rg 1 We . 1 We
Or=1| —7w - - =iy ——fr —=|, (36
1 Qqu L, L, L, ld L, f2 Lg (3.6)
R& Ry Rywe Q, Q, Rwe . we
L2 N L? L, L2 1 Ly
RiLq ~ Rywe Rsz 2 Rywe . Rw,
‘ . — — Q - Q
I, £z e o ! L2 |
with
2R, . L Ug — We . 2R L w?
Q= 2l ey, ot e Oy Hbp Lo, o we
1 2 (¥ L?zw iq 12 Ldzq , 9 Iz fi L?iw fa Ldzd ,
2R; . We . Ly . u We 2R, Ly w? .
O3 = — — Wy — — 4+ =W, Oy =— —wf1 — =%
3 Lg zq—l—qud—l—ng 14 L§+Lg 4 L3 fg-l-ng fi quq

There are several predefined conditions for the identification problem of PMSM. On the one
hand, no additional sensor is required, which means only the available measurements can be
used, i.e. the currents of d-, ¢- axis and the rotor position. On the other hand, the conclusions
of the observability should be globally applicable, i.e. valid for both at the steady state and dur-
ing the transitions. For the identification problem, the steady state is the worst-case scenario.
Therefore, the rank of O; at steady state will be assessed. It can be obtained that the rank of O,
at steady state is four, which means that up to two parameters can be identified simultaneously
without a persistent excitement. In order to find out the observable parameter combinations, the
sub-matrices of O regarding various parameter combinations are evaluated. The observability
matrix of the parameter combination [R,, L4] is defined as O; ;. Analogously, the observ-
ability matrices of parameter combinations of [Rs, Lg|, [Rs, Ly, [Rs, Ym]s [La; Lg)s [La; Wi,
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[L,, U] are defined as Oy, - - -, Oy ¢, respectively. Their determinant is calculated and can
be given as
9 . Ry w,
|O11] = weiyg —ig f1, |01,2|=?2d1q O we tq
d
Ry w, . Row? . . Q
013 = — id 014 = =% lqiqg+ — fo, (3.7)
Lg L2 L, 1 L,
R w? w?
|O15] =0, |016] = ————ig+ —= Q4 .
L?l Lg L,

Based on the results in (3.7), several conclusions can be drawn.
* L4 and ¥, can not be simultaneously identified at the steady state.

* For many applications of PMSM, the direct current ¢, is fixed to zero with the aim of
minimizing the machine loss. However, this control method furthermore restricts the
observability of copious parameter combinations, i.e. [Rs, Lg|, [Rs, Y] and [Lg, L.

* The operating points of PMSM have also great influence on the observability. More
specifically, the motor speed w, can determine the observability. All parameter combina-
tions become unobservable at w, = 0.

However, the conclusions drawn above are based on two conditions: no additional sensors and
no persistent excitement. The four electrical parameters can be simultaneously observable, as
long as the persistent transition takes place.

3.3 Offline Determination of Parameters

The offline approaches follow the measuring procedure and compute the corresponding param-
eters with the measurements. Normally, look-up tables or interpolating functions are built to
serve the online application of the estimates. They are easy to implement, but the determination
procedure is time consuming, since the whole working area needs to be covered. However,
the measuring and determining procedures can also be completed by the self-commissioning
process, where the procedures run automatically and the computational results are then saved
as a look-up table or interpolated as a function. Traditionally, short-circuit and/or low-voltage
tests are carried out to capture the machine characteristics, such as the transient as well as sub-
transient reactances and time constants. However, the SSFR test has become an alternative to
the aforementioned tests [16]. It can be performed at a relatively modest expense, poses a low
probability of the risk to the motor and requires low effort for the test setup. In the follow-
ing, the offline procedures regarding determining individual electrical parameters as well as the
distorted voltage caused by the VSI nonlinearities are introduced.

3.3.1 Stator Resistance

The stator resistance F; is a relevant quantity for the operation of the electrical machines. For
example, in traction applications, despite the torque control is required, the torque at the motor
shaft is often not measured, which not only is for the purpose of cost savings in the purchase, but
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also denotes a significant reduction for maintenance and a lower susceptibility to faults. Thus, in
order to realize highly precise control, the torque needs to be derived from the available signals,
which is then given by the equation in (2.21). The flux map that is considered as a function
of the currents can be obtained by the introduced procedure or deploying the substitution of
the inductance-like functions, i.e. the explicit nonlinear function in (2.15) or the approximated
linear function in (2.18). The details about the determination procedure are shown in Section
3.3.2. Moreover, the stator resistance is relevant for the determination of the flux maps. Further-
more, the precise acquisition of the stator resistance is also important for the sensorless control
methods, especially for the low-speed region [95]. A lower rotor speed of the PMSM results in
a smaller value of the induced voltage, which furthermore increases the relevance of the stator
resistance accuracy.

In general, the stator resistance R can be identified with various methods. The most straight-
forward method is to directly measure the resistance of each phase and compute the average
value of the measurements. However, the to be identified motor is normally implemented in the
electrical drive system and connected to other components of the drive system, which impedes
the direct measurements of the stator resistance. Another option for identifying the stator resis-
tance is to inject testing signals in d- and g-axis and evaluate the voltage as well as the current
response [96]. Normally, a DC current is injected, either into the terminal or into the neutral
point of the star-connected machine with a capacitor bank. In this thesis, the former method is
implemented for the offline stator resistance determination. To obtain an accurate value, several
voltage values are applied in d-axis and the computational results are averaged. To take the
possible asymmetries of the motor into account, different angle points are evaluated. It is worth
mentioning that because of the nonlinearities of the inverter, the voltage command of the cur-
rent controller is not equivalent to the terminal voltage of the motor. The distorted voltage can
be either compensated by the offline measured values of VSI nonlinearities or approximated as
a linear function under the assumption that the error voltage resulted from the VSI nonlinear
effects increase linearly with the current. If the distorted voltage can be directly compensated,
the value of the command voltage is applied. Otherwise, the stator resistance is computed via

Ud 1 — Ud,2
R

s = —————, (3.8)

14,1 — 14,2

where u4 1 and 74 ; denote the average voltage and current in the d-axis at the steady state of
the first operating point, respectively. Analogously, u4 2 and ¢4 » denote the average voltage and
current of the d-axis of the second operating point. The identification results for the PMSMs in

Section B.1.3 are shown in Table 3.1.
Table 3.1: Identification results of the stator resistance for the PMSMs

| Description || PMSMI || PMSM I |

Data Sheet Value 4.2 Q 6.5Q
Measured Value 4.35 Q) 6.25
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3.3.2 Inductances

As mentioned in Section 2.1.2.4, various inductances can be defined in the context of differ-
ent machine models. They can be applied for different usages, e.g. the absolute inductances
is important for the FOC to calculate the command voltage [10], the absolute as well as the
differential inductances are both necessary for the sensorless control [14] and the reference
generator [97]. Since the most applications employ the inductance in the dq reference frame,
the identification of the inductances is carried out in this reference.

3.3.2.1 Interpolation Methods

The flux maps V,(iq4, iy), Vy(iq4, 7,) and the further derived inductances are computed from
the measurements of limited working points. It may cause problems at the intermediate points
between two measured working points. Therefore, the interpolation methods significantly affect
the computational results. They determine the way of generating the intermediate values. The
most applied interpolation methods are the linear interpolation, the polynomial interpolation
and the spline interpolation. In order to explain the principle of each method, an example with
random points is employed, which is shown in Fig. 3.1a.

3.3.2.1.1 Piecewise Constant Interpolation The most straightforward and simplest way is
to deploy the value from the nearest points, which is called piecewise constant interpolation and
shown in Fig. 3.1b. Thanks to its simpleness, it can be used for high dimensional interpolation.
However, a step is generated between two points, which introduces discontinuous derivatives
and furthermore causes problem in the control applications.

3.3.2.1.2 Linear Interpolation One of the simplest interpolation methods is the linear in-
terpolation, which is shown in Fig. 3.1c. It can be generally formulated as follows

=ayp+ a;- T, (3.9

where a; is the slope of two adjacent points. The linear interpolation reduces the discontinuity
provoked in piecewise constant interpolation and constrains it within a certain range. It is also
simple and quick, but it has limited precision.

3.3.2.1.3 Polynomial Interpolation The polynomial interpolation is a more general form
of the linear interpolation, which can be given as

y:ao_i_al.x'_i_..._i_an.xn, (310)

where n € Z denotes the degree of the polynomial function. It is worth mentioning that the
degree of the polynomial function n is always smaller than the number of the available data
points. In Fig. 3.1d and Fig. 3.1e, a third degree polynomial and a sixth degree polynomial
are employed for the interpolation, respectively. The third degree polynomial interpolation is
much more accurate than the linear interpolation function. Nonetheless, the inaccuracy can be
observed at several points. On the contrary, the sixth degree polynomial function adequately
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describes the raw data and provides more precise results than the third degree polynomial in-
terpolation. Moreover, since the interpolation is a polynomial, it is infinitely differentiable.
However, a higher accuracy on the other hand means higher computational burden. Another
disadvantage associating with the high-degree polynomial interpolation is that it tends to oscil-
late, especially when the points are not in a smooth sequence [98].

3.3.2.1.4 Spline Interpolation Another relatively precise interpolation method is the spline
interpolation, where low-degree function (higher than first-degree) polynomials are formulated
between each two adjacent points and the polynomial functions with smooth conjunctions are
chosen. Normally, a third degree polynomial is employed. As it is shown in Fig. 3.1f, a high
accuracy can be achieved through the spline interpolation.
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Figure 3.1: Demonstrations of the various interpolation methods. (a) represents the raw data points. (b) denotes
the simple piecewise constant interpolation. (c) gives the results of the linear interpolation. (d) and (e) are the
interpolation results via the polynomial interpolation methods of a third degree polynomial and a sixth degree
polynomial, respectively. (f) demonstrates the interpolation results with the spline interpolation method.

However, besides the accuracy, the computational burden needs to be considered during the
interpolating process. The piecewise constant interpolation requires least computational ex-
penses, since only the interval of present value needs to be determined. A higher precision
brings higher computational burdens as well as higher memory requirements. Therefore, the
choice of the interpolation methods depends on the available computational resource and the
requirement of the accuracy. The interpolated measurement results are afterwards implemented
for the control system synthesis. It is usually helpful if the interpolated curves can omit any
discontinuities in the function itself or even in the derivatives, since the discontinuities may
deteriorate the control performance [99]. Thus, the cubic spline interpolation (third order) is
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implemented in this thesis to approximate the intervals between two adjacent points.

3.3.2.2 Flux Linkage

Recall the voltage equation in (2.14), the flux can be computed at the steady state with U =0.
Then the flux linkage ¥, and W, can be obtained with the equation given in the following

ug(la, iq) — Rs iy

\Dd(idv iq) = )
[09)
Y . (3.11)
U (i N Ud(lda Zq) - Rs ()
Q<Zd7 ZQ) - W :

The individual operating points over the space of (i4, i,) is measured to obtain the flux map.
An adequate rotor speed is chosen, in order to guarantee the feasibility of (3.11). For each op-
erating points, the corresponding voltages u4, u, and the real rotor speed w, are recorded. As it
is indicated in (3.11), the stator resistance is essential for the identification of the inductances.
However, as revealed in Section 2.4.1, the resistance is mainly influenced by the temperature.
During the flux determination procedure, the current is injected for a short time, which mean-
while is long enough to reach the steady state. Furthermore, a temperature sensor is mounted
on the motor and monitors the motor temperature, which is used for the adjustment of the stator
resistance by deploying (2.58) with the temperature coefficient ac,, = 0.004 041 °C~* for the
copper conductors. The measuring procedure is introduced as follows.

Procedure 3.1 (Flux Map Determination)
1. The current control loop of the to be identified motor need to be tuned so that any working
points (i4, i,) can be reached. The load motor is controlled under constant speed and

robust against various load conditions.

2. The motor rotates within mid-speed region, in order to avoid the dominance of the VSI
nonlinear effects at the low-speed area and the speed-related effects, e.g. the iron loss, at
high speed.

3. The measurements, i.e. the rotor speed w,, and the current of d- as well as q-axis, voltage
commands v}, u; and the motor temperature T', are collected and saved.

4. After the measurements are completed, they are evaluated. The flux map is furthermore
computed via (3.11).

The aforementioned determining procedure are carried out for the determination of the flux
maps for the two PMSMs described by the Table B.2 and the Table B.3. The stator resistances
Ry are obtained through the method described in previous section. The test benches for the flux
map determination share the same basic structure. The to be identified motor is connected to
an inverter and coupled with a PMSM as the load motor. Both motors as well as the inverters
are controlled by the IndraDrive Cs (from Bosch Rexroth AG), which is an industrial embed-
ded system equipped with a microprocessor from Renesas (SH7750R). At the beginning of the
measurement, a constant speed is selected and realized by the load machine. The choice of the
rotor speed affects the accuracy of the identified flux map and furthermore the inductances. If a
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relatively low speed is chosen, the nonlinear effects of the inverter can have a great impact on
the measurement. The compensation of the nonlinearities can be performed with sophisticated
measurements introduced in Section 3.3.4 or online compensated method proposed in Section
3.6. If a high speed is chosen, the electro-motive force (EMF) term of the voltage equation
is relatively large, while the nonlinear effect of the VSI has less contribution to the terminal
voltage and is less relevant for the identification accuracy. Regarding this perspective, the high-
est possible speed for the measuring is desirable. However, a high speed test can have some
speed-dependent disturbances, e.g. the iron losses, for the identification. Therefore, a speed of
approximately half the rated speed is selected for the determination procedure. The experimen-
tal results of two PMSMs, i.e. PMSM I in Table B.2 and PMSM 1I in Table B.3, are shown in
Fig. 3.2 and Fig. 3.3, respectively. Once the determination of the flux map is completed, the
determination procedure of the inductances can be further carried out.
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Figure 3.3: The flux linkage maps ¥, and W, as functions of 74, i, for the PMSM II in Table B.3.

3.3.2.3 Absolute Inductance

The inductance can be correspondingly derived on the basis of the flux maps. The flux maps in
Fig. 3.2 and Fig. 3.3 is obtained via the procedure described in Procedure 3.1. Therefore, the
steady-state equation is investigated. The absolute inductance can be then computed with the
determination results of the flux linkage and via the following formulations:

Vai—Yao

24

L, = Yai = Va0

g

Lg=

’ (3.12)

Y



68 CHAPTER 3. PARAMETER DETERMINATION AND ESTIMATION

where U, ; and ¥, ; denote an arbitrary measurement point on the flux map W,(i4, i,) and
U, (iq, i4), respectively. W, represent the values of the flux map ¥, with i; = 0. Analogously,
W, o represent the values of the flux map ¥, with ¢, = 0.

Procedure 3.2 (Absolute Inductance Determination)
1. Compute the absolute inductances Lg as well as L, by means of the formulas in (3.12).

2. The computational results from the previous step are smoothed via the methods men-
tioned in Section 3.3.2.1.

The computational results after the step 1 in Procedure 3.2 derived from the flux maps presented
in Fig. 3.2 is shown in Fig. 3.4. It can be observed from Fig. 3.4 that the discontinuity mostly

o
E2
=
0 o o5 !
S
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Figure 3.4: The computational results after the step 1 in Procedure 3.2 derived from the flux map shown in Fig. 3.2
for the PMSM 1.

appears around the iy = 0 and 7, = 0, as well as at the edge of the flux map. Thus, the
interpolation is necessary for the derivation of the absolute inductance from the flux maps. The
results of the PMSM 1 after the interpolation with the spline interpolation method is shown in
Fig. 3.5. It can be concluded from the Fig. 3.5 that the absolute inductance in the d-axis, i.e.

(b)

Figure 3.5: The derived and interpolated absolute inductance map from the flux map shown in Fig. 3.2 for the
PMSM 1.

Lgq, of PMSM 1 is always smaller than L, and decreases further with positive field current ¢,.
The derived and interpolated results of the PMSM II after the absolute inductance determination
procedure in Procedure 3.2 is shown in Fig. 3.6. The analogous conclusion can be drawn from
the results presented in Fig. 3.6.
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(b)

Figure 3.6: The determined absolute inductance map from the flux map shown in Fig. 3.3 for the PMSM IL.

3.3.2.4 Differential Inductance

The differential inductance, defined in (2.17), is solely relevant for the operation of PMSM if
the current is changing, i.e. during the transient. Therefore, the determination of the differ-
ential inductance requires a dynamic operation to create transitions for the measurement. A
promising approach is to inject an additional high frequency test current into the PMSM at an
arbitrary working point [100, 101]. The differential inductance can be computed from the volt-
age and current values of the corresponding frequency. As previously mentioned, the voltage
equation can be written with the differential inductance as (2.16). The identification procedure
is conducted at standstill of the PMSM, i.e. w. = 0, and the permanent magnet flux linkage is
regarded as a constant during the identification procedure, i.e. ¥y, = 0. Therefore, the voltage
equation can be simplifies during the identification procedure as

—1

Uq
:
de’
In order to obtain the differential inductance map for all working points, the identification pro-
cedure on individual working point consisting of ¢4 and 7, is conducted. Subsequently, the high

frequency signal with a relatively small amplitude is injected into the constant currents. The
voltage equation in (3.13) is then rewritten as [101]

— R, |" (3.13)

d .
Laa Lag| |q¢™
d

g

d . d .
Ug + Ud, hf| iq + d, hy Laa Lag| |qi™ + qgldns i
Uq + Ug, hf iq + g nf Ly Lyl | d.  d ’ ‘

alq + aiq, hf

where the subscript A f denotes the component of the high frequency. Moreover, it can be
given that %i = 0 for the steady state. In order to obtain the differential inductances, the high
frequency signal is firstly injected into the d-axis current. Therefore, it can be given that

S d .
Ug + U hf = R, (Zd—i-Zd,hf)—Fde EZd’hf . (3.15)

The aforementioned equation (3.15) can be divided into the constant and high-frequency part. In
order to achieve this goal, an adequate filter is implemented, e.g. the Goertzel algorithm [102],
the band-pass filter [103] and the neural network [104], to separate the DC part and high-
frequency part of the signals. In this thesis, the Goertzel algorithm is employed, of which the
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functions are similar to the fast Fourier transform (FFT) but analyze only the selected frequency.
In contrast to FFT, which is computationally expensive and difficult for the real-time compu-
tation, the Goetzel algorithm has relatively lower computational cost. However, the Goetzel
algorithm also has disadvantages. On the one hand, it can only be applied to the steady state
problem and causes a phase shift if the amplitude or the phase of the to be filtered signal varies.
Nonetheless, the phase and amplitude of the determination process are constant. Therefore,
there is no phase shift for the determination process. On the other hand, the ratio between the
sampling frequency and the frequency of the to be filtered signal needs to be an integer [105].
As a result, the selected frequency of the injected signal should satisfy this requirement. In
latter chapter, the filter for fractional ratio is introduced.
The voltage equation of d-axis can be further separated as

uqg = Ryiq,
(3.16)
Ug hf = Rsig nf + Lad Eid,hf -
The high-frequency component is generated as a sinusoidal signal. Therefore, the high-
frequency component of (3.16) can be rewritten as

Ug,nf = Retany + Jwny Ladta, ny (3.17)

where wy, ¢ denotes the frequency of the injected high frequency current. As a result, the differ-
ential inductance L4, can be derived from (3.17) by

1 [u?
Lig= —— | —tL _ R (3.18)
Whi | Y4 ny

Subsequently, the similar procedure is applied in g-axis, i.e. the high frequency current is
injected in 7, and the voltage equation of u, is reformulated. The differential equation of L,
can be computed with
2
1 Ug, hf

Ly =—=——R?. (3.19)
e\ iy 5
For the cross-coupling differential inductance L4, a current of g-axis is given and the voltage

equation of w4 is applied. The high frequency term is then given as

d .
Ud, hf = qu EZ(L hf - (320)

Analogously to the aforementioned computation procedure, the cross-coupling inductance Lg,
can be given as

Loy = —2hf (3.21)
Whi lg, hf

In the similar manner, the cross-coupling inductance L,; can be computed by

Lyg= —aht (3.22)
Why ld, hf
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In principle, it is also possible to inject a testing voltage instead of a testing current for the
evaluation process. The corresponding voltage equation consists of the DC term and the high-
frequency term. If a testing voltage is injected, the voltage equation for the high-frequency part

is then given as
Ud,hf
Ug,hf

Even though it is assumed that L,, = L4, there are still three variables remained for solving
out of two equations in (3.23). Therefore, the injection of the testing current provokes more
accurate results. The desired characteristics of the differential inductances are determined at
each operating point within the operation range. The identification procedure is summarized in
the following.

d
j Ly L T ldnf
tdhs ] + [ dd dq] de (3.23)

Procedure 3.3 (Differential Inductance Determination)
1. The current control loop of the to be identified motor need to be so tuned that any working
point consisting of arbitrary current pair (i4, i,) can be reached. The load motor stays at
standstill and is firmly locked.

2. A high frequency signal with a relatively small amplitude and the predetermined fre-
quency is injected into the d-axis current i.

3. The measurements, i.e. currents of d- as well as q-axis, the voltage commands and the
motor temperature T, are collected and saved.

4. A high frequency signal with a relatively small amplitude and the predetermined fre-
quency is injected into the g-axis current i,,.

5. The measurements, i.e. currents of d- as well as g-axis, the voltage commands and the
motor temperature T, are collected and saved.

6. The differential inductance can be computed via (3.18), (3.19), (3.21) and (3.22).

During the identification procedure, the temperature of the motor should be kept constant, so
that the impact from the variation of the resistance can be ignored. Otherwise, the temperature
model of the stator resistance and the actual temperature need to be considered. The aforemen-
tioned determination procedure is applied to both PMSM I and PMSM II. The experimental
results of self differential inductances L4 and L, as well as the cross-coupling differential
inductances L4, and L4 for the PMSM I are shown in Fig. 3.7 and Fig. 3.8, respectively.

It can be observed from the figures that the absolute inductances L, , L, have similar surface
development to the differential inductances Lg4, Lq,. The cross-coupling differential induc-
tances L4, and L, are much smaller than them. Moreover, L4, and L,; are symmetric and can
hardly differ from each other. In the context of different control requirements and computational
resources, the corresponding inductance map can be deployed.
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(a) (b)

() (b)

Figure 3.8: The determined cross-coupling differential inductance maps, i.e. Lqq and Lyq, for the PMSM 1.

(b)

Figure 3.9: The determined self differential inductance maps, i.e. Lgq and L, for the PMSM 1L
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Figure 3.10: The determined cross-coupling differential inductance maps, i.e. Lq, and Lyq, for the PMSM I1.
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3.3.3 Permanent Magnet Flux Linkage

The permanent magnet flux linkage V., as the name suggests, relates to the flux linkage excited
by the permanent magnet. Depends on the machine type, different operating strategies for the
PMSM are implemented. For example, it is possible that the flux of the permanent magnets in
the surface-inserted PMSM is completely absorbed by the surrounding iron and therefore the
machine can be operated under the field weakening, while the surface-mounted PMSM faces a
much higher danger of an irreversible demagnetization at a comparable field-weakening opera-
tion. For identifying the permanent magnet flux linkage W, , the linearised voltage equation in
(2.19), more specifically the equation of g-axis, is deployed, since the permanent magnet flux
linkage W, only related to the quantities in g-axis. Conventionally, a no-load test is carried out
to determine the EMF. The to be identified motor is driven under a constant speed. The effective
value of the terminal voltage and the motor speed are measured and then used for calculation of
the permanent magnet flux linkage V., by

2
Un=1/- ﬂ , (3.24)
3 We

where U; denotes the effective value of the line voltage. The coefficient v/2/1/3 is derived
under the assumption that the terminal voltage is sinusoidal. Another possibility is to identify
the permanent magnet flux linkage W, with a procedure that is analogously to the identification
procedure of the stator resistance R in Section 3.3.1. The principle of the stator resistance
identification is to create two current states and compute the difference of the voltages as well
as the currents to alleviate the influence of the disturbances. This intuition can also be applied
to identify the permanent magnet flux linkage W,,. For some applications, for example the
traction applications, the identification can be realized online, since the variation of ¢, may
happen during the operation. It is worth mentioning that different from the identification of R,
W, can not be determined at the standstill, which can be simply concluded from the voltage
equation of u, that the zero speed excludes the term WV, from the equation. The permanent
magnet flux linkage W, can be computed from two different working points by [105]

L fug1 +ug0 1tige 7 otd1 Fido

v
o RS q,

v, = — e L , 2
e P 2 We b T (3.25)
where
we, 1 + we, 2
We = — 5
PRy (3:26)

We 14,1 — %, 2

The computational method presented in (3.25) corresponds to the averaging of the two alter-
nated operating points, which are generated by injecting a predetermined test signal. The afore-
mentioned procedure is subsequently applied for the PMSM I and PMSM II. The identification
results are accordingly listed in Table 3.2.

It is worth mentioning that the flux maps from the former section can be directly deployed
for obtaining the values of the permanent magnet flux linkage.
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Table 3.2: Identification results of the permanent magnet flux linkage for the PMSMs

Description || PMSMI || PMSMII |

Data Sheet Value || 0.1108 Wb || 0.212 Wb
Measured Value 0.114Wb || 0.212Wb

3.3.4 VSI Nonlinearities

Besides the parameters of the motors, the inverter of the drive system also requires identifi-
cation, since the voltage command is distorted by the nonlinear effects of the inverter and the
terminal voltage of the motor is normally not directly measurable. The most simple way to in-
clude the VSI nonlinearities is to carry out an approximation from the values of the data sheet.
However, the data from manufacturer is difficult to approximate. On the one hand, multiple seg-
ments are required for accurately interpreting the characteristics of the VSI. On the other hand,
a complex function for the deployment will increase the computational cost of the compensa-
tion mechanism. Nonetheless, the simplified approximation, as it is shown previously, can not
guarantee the accuracy of the compensation. Furthermore, the variability during the production
is also noteworthy and the characteristics of the inverter are not always available. Therefore,
the offline determination of the VSI nonlinearities is still desired for the precise control of the
PMSM drive system.
In general, the most applied offline methods for determining the nonlinearities of VSI are:

1. Direct measuring the terminal voltage and computing the voltage error as a function of
the phase current. The function is then implemented into the drive system as a look-up
table.

2. Deriving the nonlinearities with the aid of the motor parameters.

3. Approximating the nonlinearities via identifying the individual components (characteris-
tics of semiconductors) [59].

Considering the complexity of the engaged experimental facilities, the direct measuring method
and the derivation with the help of the motor parameters are preferred. Many developers of the
drive system conduct offline measurements and feed the results back into the system to com-
pensate the distorted voltage. The choice of the method normally depends on the budget as well
as the available experimental facilities. The first engaged method is determining the nonlinear
effect with the help of the motor parameters. The determination procedure is described in the
following.

Procedure 3.4 (VSI Nonlinearities Determination Method I)
* Define the maximum value and the rising as well as the falling slope of the test voltage.

* Gradually deliver the command voltage in the d-axis, of which the step voltage is deter-
mined by the slope and the maximum voltage. The voltage of the q-axis keeps constant
at zero.

* Measure the current and save the measurements as well as the voltage commands.
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* Compute the error voltage.

The procedure is conducted at standstill. After obtaining the current i, and the voltage u,4, the
error voltage can be computed as

Au = Ux,z’ — [x,i RS s (327)
where U, ; denotes the phase voltage at the measuring point i of the phase z and I, ; represents
the averaged phase current at the measuring point ¢ of the phase x. I, ; is computed as the mean

value of the currents from both the rising and falling slope, where the same voltage command
is applied. The experimental as well as the computational results are shown in Fig. 3.11.
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Figure 3.11: The measurement and computational results of implementing the VSI nonlinearities determination
method I. (a) shows the measured phase current in solid blue and the command phase voltage in solid red. (b)
denotes the computational results of the VSI nonlinearities via the determination method I.

Another method is the direct measuring method, which substrates the output voltage from
the real measured voltage. The output voltage u, can be measured by applying a resistor-
capacitor (RC) circuit or computed by the multiplication of the corresponding duty cycle and
the DC-link voltage. In this work, the output voltage is measured by deploying a RC circuit,
where R = 20k(2 and C' = 10 nF. Its cutoff frequency is therefore 795 Hz. The determination
method II is stated in the following.

Procedure 3.5 (VSI Nonlinearities Determination Method II)
* Define the maximum value and the rising as well as the falling slope of the test voltage.

* Gradually deliver the command voltage to the d-axis, which is determined by the slope
and the maximum voltage. The voltage of the q-axis keeps constant at zero.

* Measure the current and the voltage.

* Compute the error voltage.

With the aforementioned procedure, the measurements are conducted accordingly. The corre-
sponding experimental and computational results are shown in Fig. 3.12. It can be concluded
from Fig. 3.11 and Fig. 3.12 that the identified error voltage Au from both methods are similar,
although small differences can be observed. The error voltage increases with the rise of the
phase current. However, the rate of the growing decreases as the phase current increases. The
identification of the VSI nonlinearities is important for the control and normally conducted once
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Figure 3.12: The measurement and computation results of implementing the VSI nonlinearities determination
method II. (a) shows the measured phase current in solid blue and the measured phase voltage in solid red. (b)
denotes the computational results of the VSI nonlinearities determination method II.

before the operation of the PMSM. But the nonlinear effects can be affected by multiple fac-
tors. In the following, the possible affecting factors are elaborated. The related measurements
are carried out to present their relationships.

3.3.4.1 Affecting Factors

3.3.4.1.1 Output Parasitic Capacitance As introduced in Section 2.4.2, the VSI introduces
nonlinear effects at the machine terminal and causes voltage distortions. The nonlinear phe-
nomenon is complex and difficult to quantify. Even though the offline identification methods
can be applied to determine the distorted voltage, it can be influenced by many factors. In this
section, several experiments have been carried out to study the affecting factors for the nonlin-
earities. Fig. 3.13 demonstrates the influence of the equivalent output parasitic capacitance on
the error voltage, which further affects the switching behaviour of the inverter. As presented
in Fig. 3.13, the increase of the equivalent output parasitic capacitance would decelerate the
development of the error voltage [60].
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Figure 3.13: Influence of the equivalent output parasitic capacitance on distorted voltage.

3.3.4.1.2 Phase Current Measurements have been conducted to investigate the influence
of the current level on the switching behaviour. The corresponding experimental results at
the room temperature (around 25 °C) are shown in Fig. 3.14, where the turn-on and turn-off
behaviour are separately established. T}; denotes the delay time at turn-on or turn-off, 7;. denotes
the rising time and 77, represents the sum of the turn-on delay and rising time. 7’ denotes the
falling time and 7; ¢ is defined as the sum of turn-off delay and the falling time. As it is justified
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in Section 2.4.2, the turn-on and turn-off delay are associated with the threshold voltage and the
time constant of the gate-emitter (gate-source) terminal. The rising and falling time are mostly
affected by the bus voltage, the parasitic-element effects and the phase current [106].
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Figure 3.14: Influence of the current level on the switching behaviour. (a) represents the influence of the current
on the turn-on behaviour and (b) demonstrates the impact of the current on the turn-off behaviour.

It can be noted from Fig. 3.14 that in comparison to the turn-off time, the turn-on time is less
affected by the current level. However, an increase of the turn-on time can still be observed
as the current grows. The turn-off time is heavily influenced by the current value, where the
turn-off delay and the falling time both show a significant change at i = 2 A. Afterwards, the
falling time continuously decreases as the current increases, while the turn-off delay is relatively
steady. It can be explained by the fact that the falling time is caused by the parasitic-element
and therefore more sensitive to the current.

3.3.4.1.3 Cable Length Besides the influence from the current level, the effect of the cable
length is also investigated. In practice, a power cable of an arbitrary length is utilized to connect
the inverter and the motor. However, because of the impedance of the cable, which is normally
related to its characteristics, e.g. length and diameter, the terminal voltage is also affected by the
cable. It is in general difficult to quantify its effects [107]. Normally, the connector between the
inverter and the motor is already determined and the choice of the cable is also limited. Thus,
the most relevant factor is the cable length. In Fig. 3.15, two cable lengths of 75m and 5m are
compared at different switching frequency, namely 4 kHz and 8 kHz.
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Figure 3.15: Influence of the cable length on the error voltage Aw. (a) represents the error voltage with a switching
frequency of 4 kHz and (b) represents the error voltage with a switching frequency of 8 kHz.

The measurement results in Fig. 3.15 show that a longer cable (i.e. 75m in our case) can
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cause a nonlinear behaviour at the low current level, while a shorter cable inherits the identified
approximation in Section 3.3.4. At a switching frequency of 4 kHz, the crossing point of the
error voltage of the 75 m cable and the 5 m cable appears at around 7 = 15 A, while at a higher
switching frequency (8 kHz) the crossing point shifts and appears at a larger current (around
t = 23 A). The crossing points denote that the longer cable causes larger error voltage at a
higher current level beyond the crossing point. It can be moreover concluded that the switching
frequency can also have influence on the error voltage, which is discussed thereafter.

3.3.4.1.4 Switching Frequency The cable resistance is precalculated and denoted as .. . In
Fig. 3.16, three different switching frequencies are compared, namely 4 kHz, 8 kHz and 16 kHz.

25 25
20 20
> 15 ] > 15 ]
3 3
< 10 —4 kHz || < 10 —4 kHz ||
5 —8 kHz || 5 —38 kHz ||
16 kHz 16 kHz
0 . : : : 0 : . .
0 10 20 30 40 50 0 50 100 150 200
i (A) i(A)
(a) (b)

Figure 3.16: Influence of the switching frequency on the error voltage Au. The cable resistance is precalculated and
denotes as R.. (a) shows the error voltage with a DC-link voltage of 750V and R. = 36 {2 and (b) demonstrates
the error voltage with a DC-link voltage of 750 V and R, = 280 (2.

It can be concluded from Fig. 3.16 that a higher switching frequency induces a larger error
voltage. Moreover, an increase of the cable resistance will benefit the voltage realization, i.e. a
larger cable resistance results in a smaller error voltage at the same current level and the same
DC-link voltage.

3.3.4.1.5 DC-Link Voltage Furthermore, the impact from the DC-linkage voltage is inves-
tigated. In Fig. 3.17, measurement results of the distorted voltage under two different DC-link

voltage, i.e. 560 V and 750 V, are compared.
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Figure 3.17: Influence of the DC-link voltage on the error voltage Awu. (a) represents the error voltage with a

switching frequency of 4 kHz, (b) represents the error voltage with a switching frequency of 8 kHz, (c) shows the
error voltage with a switching frequency of 16 kHz.
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At a relatively lower switching frequency, i.e. 4kHz in Fig. 3.17a, the difference of the
distorted voltage resulted from the DC-linkage voltage is smaller than that at a higher switching
frequency, which means the DC-link voltage has more significant impact on the error voltage
at the high switching frequency. At the same current and the same switching frequency, an
increase of the DC-link voltage will cause an increment of the distorted voltage Auw.

3.3.4.1.6 Temperature The characteristics of the inverter are also affected by the tempera-
ture. Manufactures normally provide the data sheet of the switching characteristics at various
temperatures. The measurements of the error voltage at different temperatures, namely the room
temperature, 50 °C and 60 °C, have been carried out. The results are presented in Fig. 3.18.
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Figure 3.18: Influence of the temperature on the error voltage Au. The legend Room denotes a room temperature
around 25 °C.

It can be observed from Fig. 3.18 that at low current level (smaller than 20 A), a lower tem-
perature induces a larger error voltage, while at high current level a higher temperature causes
a larger error voltage.

3.4 Parameter Estimation with Current Injection

The aforementioned offline determination methods are simple and have lower computational
burden. But the offline results have limited capability to capture the real-time behaviour of
the electrical parameters, such as the variation caused by the temperature. Moreover, the ex-
plicit realization of the offline determination procedures may increase the cost for experimental
facilities. Even though the measuring and determining procedures can be completed by the self-
commissioning method, which significantly reduces the complexity and the consumed time of
the proceedings, extra hardware may still be required and the higher level control mechanism
is mandatory. Therefore, the online estimation methods are more suitable for identifying the
PMSM in real time and applying the identified results for the precise control. In Section 3.2,
the rank deficient problem of the parameter estimation for PMSM is described. In order to
achieve the goal of simultaneously estimating all the electrical parameters, a persistent exci-
tation is requested, which can be realized by injecting a varying current. In this section, two
methods associating with the current injection are presented, i.e. the square-wave current in-
jection and the sinusoidal current injection. The current is injected on the d-axis, since it has
less impact on the torque production, especially for the PMSM with low reluctance, e.g. the
surface-mounted PMSM [49].
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3.4.1 Current Injection with Square Wave Form

The principle of the square-wave current injection is shown in Fig. 3.19, where the reference of
the current and the real trajectory of the current are illustratively presented. The quantities of
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Figure 3.19: The principle of the square-wave injection method. The reference current is shown in red solid line
and the real current trajectory is represented in blue solid line.

the PMSM at different operating points, e.g. in Fig. 3.19 at t = t; and t = t,, are measured
and applied to computation of the electrical parameters for the PMSM. The measurements are
collected once after the PMSM reaches the steady state, which is defined by that the d-current
stays around a new value beyond a certain time period. Therefore, the excitation frequency is
chosen to be much lower than the electrical dynamics of the machine in order that the current
can reach the steady state at the individual current value. The averaged values of the measure-
ments are subsequently utilized to estimate the electrical parameters. Substitute the available
quantities into the linearised voltage equation in the dq reference frame, which is given in (2.19),
the corresponding equation set for computing the electrical parameters are shown as

ug(t) = Ryia(t) — we(t1)ig(ts) Ly

ua(tz) = Ryta(tz) — we(ta) ig(t2) Ly

wy(t1) = Raig(t1) + we(ty) ia(tr) La + welty) U | (3-28)
uq<t2) = RS ’lq(t2> + we(t2) Zd<t2) Ld + we(tg) \I/m s

where the differential term of the current is omitted, since the steady state of the PMSM is
investigated. It can be noticed from (3.28) that the g-axis inductance L, can only be estimated
from the voltage equation of the d-axis. Analogously, the permanent magnet flux linkage W,
and the d-axis inductance L, can solely be derived from the voltage equation of the g-axis. The
stator resistance is required in all equations. The most straightforward strategy to solve (3.28)
is to group the two equations of u, for solving I, L, and the two equations of u, for solving
Ly, V. However, if the changing rate of the parameters is taken into consideration, i.e. the
inductances vary with the currents, while the stator resistance as well as the permanent magnet
flux linkage varies at a much slower rate (variation dominated by the temperature), an approach
to separate different updating rate is preferable. A separation of the estimation for different
changing rates may reduce the computational burden, since the estimation for parameters of
a slower updating rate can be deactivated after their steady state is achieved. However, the
computational burden is higher during the transient and the stability can not be guaranteed.
Therefore, in this thesis, the computation strategy for estimating the parameter combinations
[Rs, Ly)" and [Lg4, ¥,p]" is chosen. A flow chart to demonstrate the identification strategy is
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shown in Fig. 3.20.
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Figure 3.20: The computation mechanism of the current injection method with the square-wave current.

The injected current is defined by the predetermined frequency and amplitude. The injected
perturbation is a compromise between the effectiveness of the injected current and the current
quality of the PMSM. On the one hand, the injected current has to be as small as possible to
minimize the resulted ripples for the motor current as well as for the torque. On the other hand,
the injected current has to be large enough to provoke different operating points of the machine.
Besides, the frequency of the injected current should satisfy two contradictory requirements,
i.e. the frequency should be low enough for the real current to reach the steady state and be high
enough to track the parameter variation.

3.4.2 Current Injection with Sinusoidal Wave Form

The square-wave current injection method is simple and has low computational burden. How-
ever, as indicated in [108], the square-wave current injection method is infeasible during the
transient. Besides, it converges slowly, since only one value set is collected at each current
value. Therefore, the sinusoidal current injection was proposed to overcome these drawbacks.
A schematic presentation of the sinusoidal current injection method is shown in Fig. 3.21.

Current (A)

Time (s)

Figure 3.21: The principle of the sinusoidal wave injection method. The reference current is shown in red solid line
and the sampled current value at each time instant is represented in blue solid line. The yellow solid line denotes
the gradient at the sampling instant ¢ = ¢; and the green solid line represents the numerically computed gradient
via the forward Euler discretization.
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Instead of collecting the information from the steady state, this method creates transients,
from which the to be identified parameters are derived accordingly. The equation set for the
computation of the identification are given as

. d . ,
ud(tl) = Rs Zd(tl) + Ld ald(tl) - we(tl) Zq(tl) Lq s

d
ud(tg) = RS id(tg) + Ld Eld(tg) — we(tg) ’iq(t2> Lq s
(3.29)

L (1) + woltr) ialty) La + welty) Ui

uy(h) = Ryig(ty) + Ly 7

d . .
azq(1t2) + we(ta) 14(ta) La + we(ta) ¥y

uq(t1) = Ryig(ts) + Lg
Moreover, different from the square-wave current injection method, the electrical parameters
are coupled in (3.29), which is resulted from the differential terms. The computation of the to
be identified parameters need to be carried out with the four equations in (3.29) simultaneously.
Because that the equations in (3.29) are valid as an approximation for any time instant, a dis-
tortion of the sinusoidal current may have little influence on the identification results. However,
the computation of the derivatives becomes critical. As it is shown in Fig. 3.21, the gradient
at the time instant ¢; can be computed in a digital control system with the aforementioned for-
ward Euler approximation and represented by ss, which differs from the real gradient at the
time instant ¢; denoted by s;. Moreover, the computation of the derivatives is sensitive to the
measurement noise. In order to tackle these problems, a moving average filter is applied, which
integrates the both sides of equations in (3.29) within half period of the sinusoidal signal [108].
As aresult, we can have

d(tl) = Rs d(tl) + Z;l(tl) — We iq(tl) I’q )

Ug(tz) = ]? fd(t2) +1L :i(tz) — We 1q(12) %q ) ) (3.30)
Ug(t1) = Ryig(t1) + Lgiq(ty) + weta(t1) La + @e(t1) Un |
Tg(t2) = Ryig(ts) + Lyig(ts) + wetalts) La + @u(ts) U ,

where the overline in equation (3.30) denotes the output of the moving average filter for each
individual term. The moving average filter for the discrete sequential signal can be given as

where /N is the ratio between the half period of the injected sinusoidal signal and the sampling
period T5; of the estimator. Analogously to the square-wave current injection method, the am-
plitude as well as the frequency of the injected current has a great impact on the estimation
results and the control performance. The design parameters are then determined with the help
of simulations.
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3.4.3 Simulation Results

The aforementioned equations are solved with the recursive least squares method. The details
about the RLS are given in Section 3.5.2. In order to find the adequate parameters for the
injected current, several simulations are carried out considering various design parameter com-
binations. The description of the parameter combinations is given in Table 3.3. The injected
current is determined by the amplitude A;, and the frequency f;,. The sinusoidal wave cur-
rent has one more tuning parameter, i.e. the sampling rate N;, which is defined as the ratio
between the sampling frequency of the estimator and the frequency of the injected current. It
is worth mentioning that the sampling frequency of the estimator f,; is lower than the sam-
pling frequency of the digital control system f, through which the computational burden can
be significantly reduced. Moreover, the sampling of the estimator can be regarded as a down-
sampling of the system with the sampling time 7. The motor parameters of the PMSM II in
Table B.3 is employed for the simulations.

Case Ne We By | A Square Sinusoidal

rad/s (rpm) Ain (A) | fin Hz) | Ain (A) | fin(Hz) | Ny
1 200(1910) | 1 | 0.9 | 0.072 10 0.072 10 40
2 200(1910) | 1 | 0.7 | 0.072 10 0.072 10 40
3 200(1910) | 1 | 0.5 | 0.072 10 0.072 10 40
4 200 (1910) | 0.1 | 0.9 | 0.072 10 0.072 10 40
5 200 (1910) | 10 | 0.9 | 0.072 10 0.072 10 40
6 100 (955) 1 09| 0.072 10 0.072 10 40
7 50 (477) 1 109 0.072 10 0.072 10 40
8 200(1910) | 1 | 09| 0.144 10 0.144 10 40
9 200(1910) | 1 | 09| 0.288 10 0.288 10 40
10 200(1910) | 1 | 0.9 0.72 10 0.72 10 40
11 200 (1910) | 1 | 09| 0.072 5 0.072 5 40
12 200 (1910) | 1 | 09| 0.072 20 0.072 20 40
13 200 (1910) | 1 | 0.9 - - 0.072 10 20
14 200(1910) | 1 | 0.9 - - 0.072 10 80
15 200(1910) | 1 | 0.9 - - 0.072 10 120

Table 3.3: Description of the cases designed to determine the parameters of the injected current and the solving
method.

The tuning parameters in Table 3.3 are explained in the following. F, is the initial matrix
of the RLS (selected as diagonal matrix) and A denotes the forgetting factor for the recursive
mechanism. The initial value for all testing cases is set to zero. The motor speed for estimation
is chosen within the middle-speed range. The simulation of the Case N¢ 1 described in Table
3.3 is conducted for both methods. The simulation results are shown in Fig. 3.22. It can be ob-
served from Fig. 3.22 that the sinusoidal wave current injection method delivers more accurate
identification results. Moreover, it converges much faster than the square-wave current injection
method. For the purpose of compactness, the rest of the simulation results are summarized as
two extracted metrics, i.e. the accuracy and the rate of convergence. The accuracy is evalu-
ated by the absolute error between the estimations and the real values, which is then presented
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Figure 3.22: Simulation results of the Case N¢ 1 described in Table 3.3, where the reference values are denoted in
red and the estimated values are shown in solid blue. (a) shows the simulation results with the square-wave current
injection method. (b) represents the simulation results with the sinusoidal wave current injection method.

as a percentage of the corresponding real value. The rate of convergence is given as the time
duration from the start of the estimation until the achievement of the end value. The extracted
information is summarized and demonstrated in Fig. 3.23 for the square-wave current injection
method and in Fig. 3.24 for the sinusoidal wave current injection method.

Several conclusions can be drawn from the simulation results in Fig. 3.23 and Fig. 3.24. First
of all, it can be observed that the convergent speed of the sinusoidal wave current injection
method is overall much faster than that of the square wave current injection method, which can
be explained by the fact that more computations are carried out within one period of the injected
sinusoidal current. However, the sinusoidal wave current injection method establishes the esti-
mation problem on a four-dimensional variable basis, while the square wave current injection
method handles two two-dimensional variable systems. Therefore, the sinusoidal wave current
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injection method expects more computational cost. The first three cases focus on evaluating
the influence of the forgetting factor A on the estimation results. It has impacts on the rate of
convergence of the square-wave current injection method and affects the accuracy as well as the
rate of convergence of the sinusoidal wave current injection method. The initial matrix F, has
no impact on the accuracy, but affects the rate of convergence for both methods, i.e. a higher
value of F, will reduce the convergent time. The choice of the motor speed has slight influence
on the estimation accuracy of both methods. From the comparison among cases 8-10, it can be
concluded that a larger amplitude of the injected current can accelerate the convergent speed.
However, more fluctuation can be observed if a larger current is injected. An increase of the
injected current frequency can significantly improve the rate of convergence, which can be clar-
ified by that the increase of the injected current frequency indicates a growth of the updating

rate for the estimation.
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Figure 3.23: Simulation results of various test cases for the square-wave current injection method. (a) shows the
absolute error between the estimated value and the real value, which is shown as a percentage of the real value. (b)
denotes the time of convergence.
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Figure 3.24: Simulation results of various test cases for the sinusoidal wave current injection method. (a) shows
the absolute error between the estimated value and the real value, which is shown as a percentage of the real value.
(b) denotes the time of convergence.
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3.4.4 Experimental Evaluation

Based on the simulation results, the parameters for the injected current as well as for the RLS are
determined. The injected current is then selected with f;, = 10 Hz and A;,, = 0.144 A for both
the sinusoidal current and the square-wave current. These two methods are then implemented
on the test bench described in Appendix B.1. In order to demonstrate the influence of the
error voltage induced by the VSI nonlinearities, a comparison between the identification results
with and without the compensation of the VSI nonlinearities is conducted. The identification
method including the compensation of the VSI nonlinearities is denoted in yellow and the one
without the compensation is denoted in blue in the following figures. The experimental results
for PMSM I are shown in Fig. 3.25 - Fig. 3.28.
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Figure 3.25: Experimental results of estimating W, by applying the square wave and the sinusoidal wave current
injection methods for PMSM 1. The identification method including the compensation of the VSI nonlinearities is
denoted in yellow and the one without the compensation is denoted in blue. The reference value is represented by
red. (a) denotes the identification results of the sinusoidal wave current injection method and (b) shows the results
of the square-wave current injection method.
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Figure 3.26: Experimental results of estimating R by applying the square wave and the sinusoidal wave current
injection methods for PMSM 1. (a) denotes the identification results of the sinusoidal wave current injection method
and (b) shows the results of the square-wave current injection method.

It can be observed from the estimation results that the VSI nonlinearities have a great impact
on the estimation of almost all the electrical parameters, i.e. R, ¥y, and L,. More specifically,
the error of estimating \W,,, with the sinusoidal current injection method and compensation of the
distorted voltage is around 2% of the real value, while it is around 7% without compensation.
Analogously, if the VSI nonlinear effects are taken into consideration, the estimation error of
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Figure 3.27: Experimental results of estimating L4 by applying the square wave and the sinusoidal wave current
injection methods for PMSM 1. (a) denotes the identification results of the sinusoidal wave current injection method
and (b) shows the results of the square wave current injection method.
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Figure 3.28: Experimental results of estimating L, by applying the square wave and the sinusoidal wave current
injection methods for PMSM 1. (a) denotes the identification results of the sinusoidal wave current injection method
and (b) shows the results of the square wave current injection method.

R, and L, is around 10% and 12%, respectively, while the errors without compensation are
more than 50% and 60%, respectively. Moreover, it is worth mentioning that the estimation
results with the square-wave current injection method is in general more accurate than that of
sinusoidal current injection method, i.e. the results are less fluctuated and demonstrate smaller
errors. Nonetheless, this conclusion is in contrast to the conclusions from the simulation results,
which may result from that higher noise content and disturbances are expected in the practical
implementation. However, the converging speed of the sinusoidal current injection method is
much faster than that of the square-wave current injection method, which can be also noticed
from the simulation results.

The parameter estimations for the PMSM II with the two current injection methods are fur-
thermore conducted. The corresponding results are shown in Fig. 3.29 - Fig. 3.32.

Similar conclusions to the experimental results of the PMSM I can be drawn from the esti-
mation results of the PMSM II. On the one hand, the square-wave current injection method can
provide more accurate identification results. On the other hand, the sinusoidal current injection
method reaches the end value faster than the other one. Regarding the impacts of the inverter,
the error of estimating V., with the sinusoidal current injection method and the compensation
of the distorted voltage is limited by 1%, while it is around 5% without compensation. The
estimation error of R considering the VSI is around 10%, which increases to more than 50%
of the nominal value when the compensation is omitted. The results of estimating L, with the
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Figure 3.29: Experimental results of estimating W, by applying the square wave and the sinusoidal wave current
injection methods for PMSM 1II. (a) denotes the identification results of the sinusoidal wave current injection
method and (b) shows the results of the square wave current injection method.
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Figure 3.30: Experimental results of estimating Ry by applying the square wave and the sinusoidal wave current
injection methods for PMSM II. (a) denotes the identification results of the sinusoidal wave current injection
method and (b) shows the results of the square wave current injection method.

100% 100}

3 i

o PO N e A A ] I i S S R—

~ ~

0 : 0 :
0 1 2 3 4 5 0 1 2 3 4 5

Time (s) Time (s)
(@) (b)

Figure 3.31: Experimental results of estimating L, by applying the square wave and the sinusoidal wave current
injection methods for PMSM II. (a) denotes the identification results of the sinusoidal wave current injection
method and (b) shows the results of the square wave current injection method.
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Figure 3.32: Experimental results of estimating L, by applying the square wave and the sinusoidal wave current
injection methods for PMSM II. (a) denotes the identification results of the sinusoidal wave current injection
method and (b) shows the results of the square wave current injection method.

compensation is still erroneous, which is around 50%. However, the estimation results of L,
without compensation is even more inaccurate, i.e. with an error of more than 110% of the
nominal value.

In order to better analyze the experimental results shown above, the estimation of the param-
eters is derived from the simplified PMSM model and the values of the estimated parameters
are determined such that a set of equations in (3.28) and in (3.29) is satisfied. During the current
injection estimation procedure, it is assumed that the injected current has slight impact on the
working points, i.e. the inductances L, and L, are constant. They can be given as

~ A

Ug — Rytg — we ¥y

La= _ : (3.32)
We 14
where u, = u; — Au,. The superscript & denotes the estimated quantities.
. R
L,=——d— Bl (3.33)

We 1g

where ug = uy — Aug . Furthermore, the small signal analysis is applied for further investiga-
tion. Then, the formulation of L; in (3.32) can be further derived as

. 9Ly . 0Ly . 0L
ALy = =2 dR+ —2dUp + —2 du, . (3.34)
IR, OV, duy

The equation for L, can be similarly obtained. Substitute (3.32) into (3.34), it can be given that

~ ) ~ 1 ~
dly = ——% 4R, — —d,, +

We Ug (%) We g

du, . (3.35)

Analogously, the sensitivity equation of flq can be derived from (3.33) as

1

ld. dRs -

We Uqg We Uqg

dL, = dug . (3.36)

The inductances L, and L, can be affected by the estimation error of fis. L, is moreover
affected by the estimation of W,, and the accuracy of the compensation, while L, is influenced
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by the accuracy of the compensation. For the conventional FOC of SPMSM, a ¢, = 0 control
is deployed. The amplitude of the injected current is also small. Thus, the term related to
the estimation results of the permanent magnet flux linkage V., in (3.35) may have significant
impact on the estimation of L;. Similar to that, the impact of the estimation of R as well as the
compensation of the distorted voltage becomes more significant as the iy approaches 0 A. On
the contrary, the term related to R, in (3.36) may have relatively small impact on the estimation
of L.

Several conclusions can be drawn from the experimental results above. Firstly, because of the
deployed machine model for the estimation, the square-wave current injection provides more
stable and accurate results at the steady operation of the PMSM. The sinusoidal current injection
method is more severely disturbed by the measurement noise as well as the voltage distortion.
The results from the square-wave current injection method can be regarded as a filtered results
of the sinusoidal current injection method, if the injected currents have a comparable amplitude
and frequency. Furthermore, it can be observed from the experimental results that the L is not
really affected by the distorted voltage, which contradicts the analysis above that the distorted
voltage will also affect the estimation of L;. However, it may be resulted from that the impact
of the distorted voltage is projected onto R, and U,,. The estimated parameter values show
difference to the nominal parameter values, which can be explained by that the measurement of
the speed and the currents may contain noises and bias. Especially the noises, as demonstrated
in Section 2.4, may appear coloured in real applications and therefore affect the estimation
results. Moreover, even though the injected current has small amplitudes, it can still affect
the actual inductance values, since the inductance is sensitive to the current value, as shown
in Section 3.3.2. Besides, it can be noted that the influence from the VSI nonlinear effect is
significant. The compensation of the VSI nonlinearities effectively improves the accuracy of
the estimation results.

3.5 Online Parameter Estimation

It has been presented previously that the current injection methods can solve the rank deficient
problem of the parameter identification for PMSM. However, the current injection, both the
square-wave current injection and the sinusoidal-wave current injection, will cause the pulsation
in the current loop as well as in the speed control loop. Furthermore, in many applications
only the parameters of interest are required for the estimation. Therefore, the online parameter
estimation methods are proposed and deployed for online estimating the parameters. They
are based on the current dynamics and require no persistent excitement. As analyzed at the
beginning of this chapter, up to two electrical parameters can be identified simultaneously, if no
persistent excitement is applied. The two parameters can be chosen arbitrarily. However, the
conditions for the feasibility need to be satisfied, which are studied in Section 3.2.

The following works are regarded as classifiers for the most used online estimators. Re-
cursive least squares (RLS) is one of the most popular online parameter estimators and has
been widely applied because of its simpleness for implementation and the low computational
cost. RLS is designed to minimize the weighted linear least square function. As it is indicated
in [109], the main drawbacks of RLS are the slow tracking capability and the high prediction
error. In [110], a RLS-based online parameter identification method was proposed to improve
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the performance of sensorless control of PMSMs. However, the identified parameters differ
from the actual values, which may result from the fact that the nonlinearities in PMSM are
excluded. Reference [111] applied RLS as an online resistance estimator and employed the
offline identified g-axis inductance, in order to improve the accuracy of the position estimation
of the interior PMSM at low speed. Model reference adaptive system (MRAS) is also one of
the attractive methods for the online estimation problem. In MRAS, the ideal system model
is deployed as the adjustable model, where the identified parameters from an adaptive mech-
anism are fed back to the adjustable model. The adaptive mechanism is so designed that the
error between the most recent measurement and the output of the adjustable model is elimi-
nated. Owing to the straightforward implementation and the low computational burden, MRAS
is widely applied for the sensorless control of machines, which can be regarded as a variant of
the online parameter estimation problem. Reference [112] utilized an improved MRAS for sen-
sorless control of induction motor drives. Authors in [113] implemented MRAS for sensorless
control of PMSM and deployed an extended Kalman filter to eliminate the effect from the vari-
ation of the permanent magnet flux linkage. Reference [114] applied a novel MRAS approach
for the identification of inductances in PMSMs. [115] proposed a MRAS-based estimator to
simultaneously estimate the stator resistance and the speed of an induction motor. Thanks
to the increasing computational power of the embedded control hardware, more complex al-
gorithms, such as methods from the Kalman-filter family and the moving horizon estimator
(MHE), have gained more attentions for the online parameter estimation problem. Extended
Kalman filter (EKF) is an extension of the Kalman filter to the nonlinear systems, which lin-
earises the nonlinear propagation function at the current step to predict the system states as well
as the covariance and applies the newest measurement to correct the predictions. It has been
deployed in many domains. Reference [116] applied EKF to identify the rotor flux linkage of
the PMSM in real time. Authors in [117] proposed a symmetric strong tracking EKF to improve
the performance of the sensorless control for induction motors. Reference [118] applied EKF
for estimating the rotor speed, the rotor/stator flux and the stator currents to improve the per-
formance of the sensorless finite-state predictive torque control. Another promising estimator
belonging to the Kalman-filter family is the unscented Kalman filter (UKF), which was pro-
posed in [119] to deal with the drawbacks of EKF, e.g. instability due to the linearisation and
biased estimates [120]. Instead of linearising the nonlinear model of the system, UKF uses a set
of deterministic samples to approximate the nonlinearity of the system, which can better capture
the true mean and the real covariance than EKF [121]. Reference [122] proposed a square-root
UKEF for the sensorless control of induction motor drives, which aims to improve the low-speed
performance and to reduce the computational errors of the UKF. Authors in [123] applied UKF
for the nonlinear state estimation and concluded that the UKF is better than EKF considering
both robustness and the speed of convergence. It is worth mentioning that EKF and UKF have
also been used in electrical systems as a diagnosing mechanism as mentioned in [124—126].
Besides the aforementioned methods, the optimization-problem based method, MHE, has been
recently widely utilized in various applications, such as the towed cable system [127], the state
of charge estimation for Li-Ion batteries [128] and the sensorless control [129, 130], because of
its high dynamic performance and the ability to handle constraints. MHE was firstly proposed
in [131] and generally formulated in [132]. Reference [129] has concluded from simulations
that MHE has superior performance than MRAS and EKF in the sensorless control applica-
tion and demonstrated the real-time feasibility on an industrial digital signal processor (DSP).
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Some authors moreover proposed data-driven estimators to solve the estimation problem, such
as partial swarm optimization [133] and neural network [134]. They will not be discussed in
this thesis.

In the following, the estimation of the parameter combination comprising the stator resistance
R and the permanent magnet flux linkage W, is selected as an example to investigate the online
estimation methods and conduct the corresponding comparisons, since the offline measurement
results of them are comparably accurate. The other parameter combinations can be estimated
by adjusting the system model accordingly, as long as the related identifiability matrix has full
rank, as shown in Section 3.2.

3.5.1 Model Reference Adaptive System

3.5.1.1 Introduction

MRAS implemented for the parameter estimation of PMSM is firstly proposed by [135], where
the stator resistance and the magnitude of the flux linkage are simultaneously estimated un-
der the assumption of the constant stator inductance. The general concept behind MRAS is to
compare the output of two models that both describe the dynamics of the same variables but in
different manners. The error of the outputs is then computed and fed into the adaptive mecha-
nism, which adjusts the model to minimize this error. The block diagram of the MRAS is shown
in Fig. 3.33.
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Figure 3.33: Block diagram of the model reference adaptive system.

The adaptive system is so designed that the variations in the operating conditions can be
compensated with the basic structure and the explicit measurement, which can further improve
the system performance. As shown in Fig. 3.33, the desired performance of the system is
represented by the mathematical model of the adjustable model, while the real behaviour of the
system is measured. The adjustable model is then modified if its behaviour differs from the
real plant. The modification can be finished either by adjusting the parameters of the adjustable
model or by generating an additional compensation signal. In the domain of the parameter
estimation problem, the first solution is employed.
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3.5.1.2 System Analysis

Recall the current dynamic of PMSM in the dq reference frame, which can be compactly written
as

d
i=AitBu+tE, (3.37)
where . .
-7 —%L ! Li 0 0
d d B J B
A=l v, R B- o Ll E=| Upwe| . (3.38)
L, L, L L,
q q q

The corresponding adjustable estimator can be given as

d. .. . .
gi:Ai+Bu+E—I—G(i—i), (3.39)
where " denotes the observed varaibles and G is the observer gain. G is selected in order to
assign poles of the current observer at the specified locations on the complex plane [135]. An
convincing gain is chosen as

R wd,
_ L Lq

G=ko| 4 . (3.40)
L L

where kg = k — 1 such that the poles of the closed-loop observer are k-times (k > 0) of those
from the PMSM. Moreover, the error dynamic guarantees the stability of the adaptive system.

3.5.1.3 Design of Adaptive Mechanism

As aforementioned, MRAS comprises an adjustable model and an adaptive mechanism. In
order to estimate R and W, the adjustable model is selected as (3.39) and the reference model
is given as (3.37). The corresponding error dynamic is given by subtracting (3.39) from (3.37)
and can be written as

e (A+G)e+(A—A)i+ (E—E)

dt (3.41)
=(A+Ge+(,

where e denotes the error between measurements and the predicted currents. ( is a nonlinear
time-varying term and defined as ¢ := (A—A) i+ (E—E) . Therefore, the error system consists
of a linear time invariant forward term and a nonlinear feedback term [135]. In general, two
main theories can be applied for the design of the adaptive mechanism, i.e. the hyperstability of
a system by employing the Popov’s integral inequality [136] and the Lyapunov stability theory
[115,136]. In this work, the adaptive mechanism is designed to guarantee the hyperstability.
The hyperstability is guaranteed under two conditions:

* The linear time invariant forward block is strictly positive real.
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* The nonlinear feedback block satisfies Popov’s hyperstability criterion.

Based on these two conditions, the adaptive mechanism can be designed. The first condition is
satisfied, since the diagonal element of the matrix A + G is negative and the forward transfer
matrix is strictly positive real. The Popov’s hyperstability inequality is given as [137]

t1
/ el¢dt <62 Wt >0, (3.42)
0

where 62 denotes a finite positive constant. Furthermore, the term e” ¢ can be expanded as

_Rs — R, 0 0

La N I . (3.43)
RS - RS _u we

Lq Lq

eTC — eT

0 —_

Furthermore, (3.43) is equivalent to the equation set as

_RS — R, 0
t1 L 0 “ t1
/ e’ d | edt <67, / L I M dt <62, (3.44)
0 Rs - Rs 0 —uw
0 S 7 e

q q

where 67 and 43 are finite positive constants. As a result, the stator resistance R and the
permanent magnet flux linkage W, are estimated by integrating the error-related functions with

t t
R, = / Trle)dr + R(0), U, = / Ty(e)dr + U, (0), (3.45)
0 0

where T(e) is an adaptive function of the error e. R,(0) and ¥,(0) denote the initial guess of
the estimated R, and V. R and V., can be estimated by integrating the corresponding terms
given in (3.44). Furthermore, in order to improve the estimation performance, the adaptive
mechanisms are designed as a PI-form estimator [135], which are shown in the following

. k i i : k
Rs = - (kPR + %) <€d L_c; + €q L_qq> ) ‘I/m = - <kP\II + %) (ed we) : (346)

It is worth mentioning that in practice a stochastic environment is normally involved. There-
fore, high gains in the adaptive loop may exacerbate the influence of the noises.

3.5.1.4 System Stability

The design of the adaptive mechanism is introduced in the former section. The stability of the
closed-loop system is studied in the following. The necessary condition of a stable system in
the state-space formulation is that the eigenvalues of the system matrix are stable [86]. The
error dynamic is given in (3.41). The corresponding system matrix is then given as

A.=kA. (3.47)
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The corresponding eigenvalues \; o are calculated from the equation

1 k*R?
SN+

\? + kR,
* (Ld L, " LaL,

+Kkw?=0. (3.48)

After solving the (3.48), the eigenvalues are given as

—kR( + 1) £ PR + £)2 - 408 1 k)

Lq LaLq
A2 = (3.49)
2
One of the eigenvalues is obviously negative, the other one satisfies
11 1\? k2R
—k R, — ER2(++—) —4 SR W?
A <Ld+Lq) +\/ (Ld+Lq) (Lqu e
‘e 2 (3.50)
1 1 1 1
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< 4~ 5 4l <.

Therefore, the closed-loop system is stable.

3.5.2 Recursive Least Squares

3.5.2.1 Introduction

The method of least squares (LS) was the first method of formulating an optimal estimation from
noisy measurements [138]. The RLS method is developed from the LS method. The principle
of them is to minimize the squared error between the measured data and their predictions. The
main difference between LS and RLS algorithm is that the former one collects a sequence of
measurements from the output and the input for the execution of the algorithm, contrarily the
latter one executes the algorithm recursively. Therefore, the RLS method allocates less memory
comparing to LS. Because of its simplicity, RLS algorithm is pertinent for the online parameter
identification and has been applied to the parameter estimation problem in enormous areas.
References [110, 111, 139] employed RLS as an efficient method for the parameter estimation
of motors. In [140], RLS was implemented as the estimator for the Lithium-Ion batteries.
Furthermore, it was utilised for the underwater robotic vehicles in [141]. The LS and RLS
share the same characteristic that they compromise the convergence speed of the estimations
and the filtering effect.

3.5.2.2 Principles
The LS algorithm is firstly introduced. It is set up for a system defined as
y=9p' 0+v, (3.51)

where vy, ¢ and 0 denote the system output, the system matrix and the parameters to be esti-
mated, respectively. v denotes the measurement noise. LS method proceeds for the purpose of
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minimizing the objective function .J over a certain time horizon [k — N.+1, k—N.+2, ..., k],
where N, denotes the estimation horizon. The objective function J is defined by

J::i‘

i=k—Nc+1

2

: (3.52)

Yi — ‘PiTé

where the subscript ¢ denotes the measurement and the system matrix at the time step ¢ within
the estimation horizon, i.e. i = k — N, + 1, k — N, + 2, ..., k. The estimated parameters 0
are the minimizing arguments of .J and formulated as [138]

A

0 = arg ngn J. (3.53)

The solution of (3.53) is given according to [138] as

O = (B[ 21) ' BLY; (3.54)
where @4 := (Pr_n.+1, Pr-No+2, -+ )" and Yy i= (Yi_n 1, Yionogzr - Yn)' - AP-
parently, ®; and Y}, can be derived from the sequences of the last step ®;_; and Y;_; by

b, Y.
&= | S, =", (3.55)
Pk Yk

By substituting (3.55) into (3.54), ék can be expressed as a function of ék_l, which can be given
as

0, =0, + (®T &) Loy (yk _—— ék_l) . (3.56)

Since the inversion of matrix ®; ®; has a high computational cost, the solution from 6),_, with
(3.56) has to be further simplified. Firstly, we define a new matrix as Py, := (®] ®;)~!. Then
Py, can be derived from P,_; as

P.= (P +prel) . (3.57)
Furthermore, it can be given that
-1
Po=P,1— P 1o (pp Piorpr + 1) pp Py (3.58)
Therefore, the RLS algorithm can be written as solving the following matrices [142]
0 = 01 + K (yk - ¢;}Fék—1> ;

K. =P 1oi (pF Papp + 1) (3.59)
P, = (I - Kypp) Py .

As a result of the aforementioned computation sequence, the measurements of different time
steps have the same impacts on the estimation results. However, considering the variation of the



3.5. ONLINE PARAMETER ESTIMATION 97

estimated parameters, the algorithm needs to be modified aiming to encompass more informa-
tion from the more recent measurements, i.e. to reduce the influence from the past information.
The modified RLS algorithm introduces a factor A into the objective function J as

k
J= 3 Ny - ele| (3.60)

i=k—Ne+1

The factor A is called the forgetting factor or the weighting factor that satisfies 0 < A < 1. Then
the modified RLS algorithm can be formulated as

0, = 0, + K, (yk — <P;;Fék—1> :
K = Po_1oi (1 Poortpr + )\I)_1 , (3.61)
1

Py 3

(I - K )Py -

3.5.2.3 Reformulation of RLS for PMSM

With the introduction to the RLS algorithm, the parameter identification problem of PMSM
can be formulated accordingly. However, considering different machine states, the steady-state
formulation as well as the transient formulation can be both presented.

3.5.2.3.1 Steady State The formulation of RLS for PMSM at the steady state, i.e. %i =0,
is firstly shown, which is given in the following

Ug, ; + LgWe kg 1k T tg,r 0O R
;P =1 , 0=
Ly k. We,k

Wi

Ug k — Lawe i a,k

3.5.2.3.2 Transient Subsequently, the matrices of RLS algorithm for the PMSM during the
transient are adjusted. They are given as

Ug g+ Lgwe 11 La (i Qd. k)
d, k kg k — 7 (M, k+1 — U,k :
B q-re q Ts T Zd,k 0 9_ Rs
Y= L R i w ’ U
. q /- . k k m
Ug ke — LqWe, i 1a,x — T (Gg,k+1 — g k) / ‘

s

As mentioned before, the steady-state formulation is simpler and more robust at noisy condi-
tions, which however is not valid during the transient.

3.5.3 Kalman Filter

3.5.3.1 Introduction

KF was firstly proposed in [143] and served as a method utilising the state-space formulation of
a linear system to calculate the recursive solution of the linear optimal filtering problem [144].
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Analogously to the RLS, the estimation via Kalman filter is derived in an optimum manner,
where a cost function is defined for incorrect estimates. The cost function should satisfy two
requirements, i.e. it is non-negative and is a non-decreasing function of the estimation error
[144]. Kalman filter (KF) provides satisfactory solutions due to the recursive nature and the
effective use of the Riccati equation. Moreover, it conducts optimization for achieving the
minimum variance of the estimation error and is asymptotically stable [145]. KF has been
applied to diverse areas, for example the space- and aircraft domain, the automotive industry,
the chemical process industry and the communication networks. The principle of the Kalman
filter is to find the optimum estimation 2 of the state variable & according to the cost function ./,
which is defined as the mean squared error at the current time step k. However, its cost function
J is more general than that of the least squares method, where the uncertainty of the initial state
and the error of the model are furthermore considered. The principle of the Kalman filter is
conceptually introduced in the following.

Recall the system representation in (3.1) and assume the process noise w; as well as the
measurement noise v;, to be additive, white and Gaussian, i.e.

Q;, forn==Fk, Ry, forn=Fk,
Elw,wj] = Elv,vf] = (3.62)
0, forn#k, 0, forn#k.
The cost function at the time step £ is given as
Ji = El(xi, — @) (mp — &) (3.63)

The corresponding solution is derived from (3.63) with the following theorems [146, 147].

Theorem 3.2 (Principle of Orthogonality)
Let the stochastic processes x;, and yy, be of zero means, that is

Elx] = Ely) =0, Vk.
Then:

* the stochastic processes x; and vy, are jointly Gaussian; or if the optimal estimate xj, is
restricted to be a linear function of the observables and the cost function is the mean-
squared error,

* then the optimum estimate &, given the observables Y1, Y, ..., Yy, is the orthogonal pro-
Jjection of x;. on the space spanned by these observables.

Theorem 3.3 (Conditioned Mean Estimator)
If the stochastic processes xj and vy, are jointly Gaussian, then the optimum estimate & that
minimizes the mean-squared error Jj, is the conditional mean estimator with

T = E[wk| Y1, Y2, -~-7yk] .

With the aforementioned theorems, the optimal solution regarding the cost function in (3.63) is
given by [146, 148, 149]

Z, = Tpp—1 + K (Yo — Cr Tpjp—1) (3.64)
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where &y ;_; is a priori estimate of the state, which is available by means of the system model
at the time step k. K, is the so called Kalman gain and can be formulated as

K, =P, Cl R, +C,P.C[]™", (3.65)

where
P, =A.P, Al +Q. - K,C, P, A{ . (3.66)

It can be observed from (3.65) and (3.66) that the computation of K and P, depends solely on
the matrices A, C' and noise covariance matrices R, Q. Therefore, K and P can be calculated
offline, if the noise covariance matrices R, ) can be regarded as constant. For a linear time-
invariant (LTT) system, the covariance P converges to a steady-state value, i.e. P, = Pyy;.
Substitute (3.65) into (3.66) with a defined steady-state value P for P, we can have the so-
called discrete algebraic Riccati equation as

P=APA" —-APC"R+CPC"I'CPA" +Q. (3.67)
The conditions for uniqueness of the discrete algebraic Riccati equation in (3.67) are [150]:
e A is stable,
* (A, C) is observable,
* R and Q@ are positive definite matrices.

As it is indicated in [151] that the Kalman filter shares similarities with the RLS, i.e. x; 1 =
0.1 = 0, and y = 0 + v. However, the Kalman filter shows advantage over RLS consid-
ering that the parameter changes can be easily incorporated and interpreted as the covariance
matrix with the Kalman filter.

3.5.3.2 State Augmentation

In general, there are two groups of methods addressing the Kalman filtering with model uncer-
tainties, i. e. the robust Kalman filtering and the adaptive Kalman filtering. The robust Kalman
filtering is so designed that a range of model parameters are taken into account. The Kalman
gain is computed to minimize the bound on the trace of the state error covariance instead of
the trace [152]. The adaptive Kalman filtering can be realized by the bootstrap method as well
as the augmentation method. The bootstrap method firstly estimates the parameters based on
the nominal values and the estimated parameter from the previous step is applied for estimating
the states with the stochastic approximation [153]. The augmentation method combines the to
be estimated parameters and the system states as the augmented system vector and derives the
estimation for the augmented system based on the measurements [154]. The augmented system
is normally nonlinear, even though the nominal system is a linear system. The nonlinear filter-
ing techniques, such as the extended Kalman filter, the unscented Kalman filter and the particle
filter, can be applied for such a nonlinear system and simultaneously estimate the states, pa-
rameters. Many works have studied the problem of estimating the parameters and the states by
augmenting the system state vector, e.g. [80, 155-157], to name but a few. In this thesis, the
state augmentation method is deployed. The intuition of the state augmentation is to include
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the to be estimated parameters into the state vector. The augmented state vector is denoted by a
new state vector z, which is given as

z =

T
] ) (3.68)
p

The to be estimated parameters are modelled as stochastic variables with

d
—p=v 3.69
g P~ v (3.69)
where v, is the zero mean Gaussian noise with a covariance defined as @Q,,. The system process

noise covariance matrix is accordingly augmented as

Q o
Q. = [O Q,,] . (3.70)

It is worth mentioning that the augmented system is normally nonlinear, even though the origi-
nal system is linear, since the to be estimated parameters may be coupled with the system states
T.

3.5.3.3 Extended Kalman Filter

Since the most systems in practice are nonlinear, the Kalman filter has been further developed
to adapt to the nonlinearity. Given the nonlinear system dynamics and the measurement data,
the EKF is used to compute the minimum variance estimate of the system state . The principle
of the extended Kalman filter is to linearise the nonlinear equations by using the Taylor series
expansion around the Kalman filter estimates and conducting the Kalman filter estimates based
on the linearised system. Because of its capability to handle the system nonlinearity and the
acceptable computational cost, EKF has been used as the standard technique for the recursive
nonlinear estimations [144], in works such as [158—-160].

EKF extends the Kalman filter through the linearisation around the most recent estimations
of the nonlinear dynamical system. It is moreover assumed that the process noise and the
measurement noise are mutually uncorrelated. Consider the nonlinear system in the discrete-
time domain represented in a general formulation as follows

Tir1 = Flxg, ui) + wy

(3.71)
yr = H(xk) + v,

where w;, and vy are zero mean white Gaussian noises with covariance Q and R, respectively.
By deploying EKF, the original system stated in (3.71) is then approximated with a first-order
Taylor approximation by

F(xg, ur) = F(xp-1,up—1) + (&r — 1) F(21-1) ,

H(zy) ~ H(x1) + (T — Tp-1) H (Th-1) G.72)

Q

where F' := V,,_ Fand H :
function f with respect to .

Ve, . H. The calculation V. f denotes the Jacobian of the

Tr—1
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The recursive computation of the EKF is in general same as that of the linear Kalman filter
and consists of two steps, i.e. the prediction and the update. The prediction conducts a prop-
agation by using the linear approximation of the nonlinear system. In the update procedure of
the EKF, the predictions are corrected based on the most recent measurement. However, for the
linear Kalman filter, the matrix P is equivalent to the covariance of the estimation error, which
is not valid for the extended Kalman filter, since only the first-order terms are included during
the linearisation. Therefore, P is approximately equal to the covariance of the estimation error,
if the errors caused by the linearisation are relatively small. Moreover, the state error covariance
and the Kalman gain are computed as a closed form in the linear Kalman filter, which can not
be realized with EKF. The explicit description of the EKF algorithm is shown below in Algo-
rithm 3.1. The state transition function Fj,_; is the Jacobian matrix of F' (:i:k,l‘ k—1,U_1) Over

Algorithm 3.1 Extended Kalman Filter
Input: x,_1, P._1, wp_1, Ys
Output: i‘k, Pk

Initialization:

xy = Elx] ,

Py = Ef(xo — Zo)(x0 — iﬁo)T} )
Prediction:

:%k\k—l = F(@k—uk—h Uk;—1) )

Pypr = F 1P FIL L+ Qi
Update:

Ur = Yr — h(Zrp-1)

S, = Hy, Py H! + Ry,

K, =Py H! S; ',

Tk = Tpjp—1 + K Yr

Py, = (I — Kj, Hy) Py

Tj—1|k—1, which is then written as
F,_, = V@F(C@kfukfl, ukfl) . (3.73)

Analogously, H}, is defined as
H), = V;H(Zyp-1) - (3.74)

However, according to [161], EKF has several drawbacks in spite of its simplicity:
* Instability due to the linearisation around operating points and erroneous parameters.
» Expensive computation of the Jacobian matrices.
* Biased estimates.

* Difficulty of proper selection of the model covariance.
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As it is indicated in [144], the EKF-based parameter estimation may lead to satisfying results,
but is not robust to large uncertainties in initial parameter estimate and the error covariance
matrix if the to be estimated parameter vector has a large dimension. Moreover, the estimation
results depend on the initial estimation error covariance matrix and the initial value of the to be
estimated parameters.

3.5.3.4 Unscented Kalman Filter

Since EKF contains only the first order information of the Taylor series expansions, the esti-
mations of EKF for highly nonlinear system may converge to erroneous values or even cause
instability. Furthermore, the derivation of the Jacobian matrix is nontrivial in many applica-
tions. Therefore, estimators such as the UKF and the ensemble KF containing higher order
information of Taylor series are proposed. We will just talk about the unscented Kalman filter
in this thesis. UKF was firstly proposed in [162], in which it is furthermore compared with
the extended Kalman filter for a navigation application and has shown better results than EKF.
Further studies, such as [163—165], presented a better performance of UKF over EKF in various
applications. The main superiority of UKF over EKF is that UKF has no linearisation proce-
dure for computing the covariance and the estimations. Instead of applying linearisation for
the nonlinear function, UKF uses a deterministic sampling approach and propagates through
the original nonlinear system. Therefore, UKF can deliver more accurate results than EKF.
Moreover, no explicit Jacobian or Hessian calculations are required for the UKF. It is worth
mentioning that the computational burden of the UKF is of the same order as the EKF.

The unscented Kalman filter is developed based on the so-called unscented transformation
(UT), which is a method for calculating the statics of a small set of specially selected samples
through a nonlinear transformation [163]. UT utilizes the instinct that the approximation of a
probability distribution is much easier than that of the propagation for a nonlinear system [166].
Let us assume that the mean and the covariance of the system state x are & and P, respectively.
UT forms a matrix X consisting of 2N, +1 sigma vectors X; with predefined weights W, , where
N, denotes the dimension of the state vector. They are computed through

— (VN +AXP?2)in,, i=N,+1,N,+2,....2N, ,
A
mo_ (3.75)
W§ PN
A
W = 1—a?
1
W= Wf=—— i=1,2..2N,,
K3 (2 2(Nx+)\), 7 Y 9 ?

where \ := o?(N, + k) — N, is a scaling parameter. The coefficient o determines the spread
of the sigma points around the mean value and is commonly set to a small positive value. The
coefficient « is also a scaling parameter, which provides one more degree of freedom to tune
the higher order moments of the approximation [163]. Furthermore, « has the function of re-
ducing the overall prediction errors. [3 is the parameter incorporating the prior knowledge of the
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distribution of x. As given in [121], 5 has the optimal value S = 2 for Gaussian distributions.

1
(VN + X P?); is the i-th row of the matrix square root. The sigma points are propagated
through the output function and construct a new output vector ); by

V,=H(X), i=0,1, .. 2N,. (3.76)

Furthermore, the mean and the covariance of the output y are approximated with a weighted
sample mean and covariance. The mean is computed with the weighted average of the trans-
formed points. Numerically efficient and stable methods, such as Cholesky decomposition, can
be used for the square root computation. The covariance is the weighted outer product of the
transformed points. The mean and the covariance of the new output vector are given as

2N, ON,
y= Z Wi"Yi, Pyy= Z Wi —9) Vi —9)" . (3.77)
=0 =0

Analogously to the extended Kalman filter, the algorithm of UKF consists of two main parts, i.e.
the prediction and the correction. The explicit description of the algorithm is given in Algorithm
3.2.

3.5.4 Moving Horizon Estimator

3.5.4.1 Introduction

The moving horizon estimator was firstly presented in [167] as the limited memory filter. How-
ever, the exact recursive solutions for a general nonlinear system are intractable in the real-time
application, since the problem becomes infinite [168]. Therefore, approximations are required
for the nonlinear filters. Authors in [169] proposed a nonlinear unconstrained MHE in 1986.
The study in [170] extended this work and provided a systematic formulation of an optimization
problem to estimate the system states and the parameters of a nonlinear system. The optimiza-
tion problem is formulated with the past /N, measurements and aims to minimize the error
between the predicted system dynamics and the real measurements. The estimation horizon
N, provides also a compromise between the computational burden and the estimation accuracy.
However, as author in [171] has mentioned, the moving horizon estimator is equivalent to the
extended Kalman filter as long as solely the most recent measurement is used. The stability
problem of MHE has also been intensively investigated, e.g. in [172, 173] for the linear system,
in [174,175] for the nonlinear system and in [176] for the hybrid system.

A general formulation of the MHE optimization problem at the time instant k = n + N, — 1
is given in the following [171]

k k-1
3 k 2 2
xr;upnw Jo (T, Pn) + Z ly; — H(zy, Zgij)HVj + Z ”ijWj
Jj=n j=n
S. t. LTjr1 = F(wj, Zi,Dj, Uj) + wj , (378)

g(z;j, z, pj,u;) =0,
aszXj, ZjEZj, ’lUjGWj, ijIP),
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Algorithm 3.2 Unscented Kalman Filter

Input: ) 1, Py 1, up_1, Y
Output: z;, P,

Initialization:

Ty = Bz ,

P, o = E[(zo — &) (zo — &0)"] .
Prediction:

Xijp—1 = F(Xjp1, up—1)

2Ny

- m
Thjk—1 = g W™ X kg1
=0

2N,
P, jjp—1 = Z Wi (X ki1 — Brjp—1) (X ki1 — Brp-1)” + Q.
=0

Vi1 = H(X pj—1)

2N,

A m
Ykjk—1 = E W Vi kjp—1 -
=0

Correction:

2N,

pP,, = Z WEVi kk—1 — G- Vi kip—1 — Grp1)” + R,
i=0
2N

P, = Z WEX: kk—1 — rp—1) [ Vi ki1 — Grp—1)”
i=0

-1

Ky, = Py Py,

Lk = -1 + Ki(Yr — Yrje—1)

Pa:,k = Pac,k|kfl - Kkukyng :

where NV, is the estimation horizon, x is the state vector, z is the algebraic state vector, p is
the parameter vector. X, Z, P and W are constraints on the individual vector. |§]|3, denotes
the squared weighted euclidean norms with the positive definite weighting matrix V' and is
computed by 6" VTV 5. Weighting matrices V; and W are the square root of R and Q,
respectively. They specify the relative contribution of each term in the cost function. For some
applications, instead of the /5 norm, the /; norm or the Huber penalty function is employed to
improve the robustness of the estimation problem, if outliers and parameter jumps are expected.
On the one hand, the constraints is originated from the specific definitions of the variables.
On the other hand, the physical as well as the practical limitations can also contribute to the
constraints. Particularly, the constraints may increase the estimation performance by excluding
the non-physical optima in the nonlinear optimization problem, which is normally non-convex
and has several local optima [177]. Moreover, the constraints can also simplify the model. In
Fig. 3.34, the principle of the MHE is illustrated, where the estimation is carried out over the
estimation window with a finite length and formulated as an optimization problem penalizing
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Past information Estimation window

Figure 3.34: Demonstration of the principle of the moving horizon estimation method.

the measurement disturbance and the process disturbance. An additional arrival cost is also
included to summarize the accumulated past information, which is denoted by the yellow point
in the Fig. 3.34. The underlying optimization problem is solved afterwards with efficient solving
methods. Subsequently, the estimation window is shifted at next time step. Meanwhile, the
arrival cost is updated. The arrival cost J*(x,,, p,) represent the accumulated past knowledge,
which is exactly computed via

n n—1
T, pa) = min 37 ly; = Hwy 2, p)lI3 + D Jwilly, . (379
j=—o j=—o0

The arrival cost J* is essential for the MHE, since it provides the possibility to summarize
the past information and transform an unbounded estimation problem into a fixed-size prob-
lem. Moreover, the arrival cost strongly affects the stability of MHE [171]. However, the exact
computation of arrival cost is intractable. Therefore, a proper choice of the arrival cost approx-
imation is essential for the computational efficiency.

It can be concluded from the formulation in (3.78), MHE is a typical constrained NLP, which
can be generally formulated as

min J(x)
s.t. g(x)=0, (3.80)
h(z) <0.

A Lagrangian function is an essential tool to solve a optimization problem with constraints,
which provides an equivalent statement of the stationary points from the original optimization
problem (3.80) [178], as shown in Section 2.3. It can be given by [179]

L(x, Ag, Ap) = J(x) +Agg(x) + Ap h(x), (3.81)
where Ay and A, are the Lagrange multipliers. Since the application discussed in this thesis

includes only the equalities as constraints, we focus on a special case of NLP, the so-called
equality constrained nonlinear programming (ENLP).
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3.5.4.2 Solving Methods

The general MHE problem is presented in (3.78), which is an optimization-based estimation
problem, more specifically a constrained NLP problem, and strongly depends on the underlying
numerical solving schemes. As it is stated in the former chapter, a MHE problem can be solved
with SQP methods. In this section, a brief introduction to the SQP is given firstly. Then, the
real-time iteration method, which has a relatively low computational cost, is explained to solve
the MHE problem in real time. Furthermore, an efficient method is shown to approximately
update the arrival cost.

The variants of SQP are introduced in the following, namely the exact Hessian variant, the
Newton-Lagrange method and the Quasi-Newton method. Moreover, a special case of Quasi-
Newton method called constrained Gauss-Newton method is also presented here, which is suit-
able for the ENLP problem.

3.5.4.2.1 Exact Hessian Variant Exact Hessian variant denotes the method calculating the
Hessian matrix of the Lagrangian function (3.81), which is represented by VZ£. The cost
function is approximated up to second order Taylor series at the current iterate (xy, Ag x, An k)
and given as [32]

1
J(a}) ~ va(wk)T.’B + 5(5(3 — .’L‘k)T Viﬁ(wk, )\g,ka )\h,k> (.’B — wk) . (382)

Moreover, the constraints are also linearised with the first order Taylor series around the current
iterate as

g(x) = g(xr) + Vag(zi) (T — 1) |

h(z) =~ h(xy) + Vih(zg)(x — ) .
As a result, all nonlinear functions in (3.80) are linearised and can be interpreted as KKT con-
ditions of a QP [32]

(3.83)

1
n;in va(iL‘k)TiB + 5(.’[5 — wk)T Viﬁ(xk, Ag,k; Ah,k) (33 — CL‘k)

s.t. g(xg) + Veg(x)(x —xp) =0, (3.84)

h(xy) + Voh(xg)(x — ;) <0

By solving the QP in (3.84), we can get the next iterate (L1, Ag, k+1, An, k+1), Where &y =
xy, + Axy,. This method is expedient for a system, if the computation of its Hessian matrices is
cheap [180]. However, the Hessian matrices tend to be approximated with the inexact Hessian
or the Jacobian matrices, since the calculation of the Hessian matrices can be problematic.

3.5.4.2.2 Newton-Lagrange Method Newton-Lagrange method is normally applied for the
ENLP. According to [178], a local optimum of the ENLP can be found by solving the equalities

VaL(x, Ay)

=0. (3.85)
g(x)

Therefore, the Lagrangian function includes only the equality constraint g(x) is given as

L(x, Ag) =J(x) — Agg(x) . (3.86)
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By approximating the term V,L(x, Ay) around the current iterate (xx, Ag k., An k), the equal-
ities in (3.85) can be linearised as

(ViJ(mk)(m — il?k) + ij(mk) - vmg<mk)T(>‘g - }‘g,k)) —-0. (3.87)

g(xr) + Vag(xp)(x — 1)

Furthermore, the equations in (3.87) can be reformulated as the KKT system as

Vch(a:k) _GZ T— T\ —VaJ (k) (3.88)
Gy 0 A= Xg —g(xzy) |’ '
where G}, := Vg(x};). The system in (3.88) can be solved with a linear solver.

3.5.4.2.3 Quasi-Newton Method Different from the aforementioned methods, the Quasi-
Newton method approximates the Hessian matrix and calculates the exact Jacobian matrix of
the Lagrangian function in (3.81), which is inspired by the work in [181]. This procedure avoids
the computation of the second derivatives and denotes low computational cost.

The Quasi-Newton method calculates the approximation of the Hessian matrix, denoted by
H , satisfying the secant equation H jAx = ~, where

¥ = Val(Tpi1, Ag ki1 Ankt1) — Val(Tr, Ag ks Ankr1) -
Furthermore, H ; is updated utilising the BFGS method, which is given by [182]

" HjAzAz'Hyy

~yTAx Ax"H;  Ax (3.89)

Hj, . =Hj +

3.54.24 Constrained (Generalized) Gauss-Newton Method As a special case of the
Quasi-Newton method, the constrained Gauss-Newton method is applied for the problem with
a cost function consisting of the sum of squares. It can be written in a general form as

I@) = 5 F@)3 (3.90)

The Hessian matrix can be approximated by the product of the Jacobian matrices at the current
iterate as
V2J(x) = Ve f(xe) Ve f () . (3.91)

As aresult, (3.87) is then approximated as
F{ i — ) + L T ~ GEO = o)) _ 59)
g(xi) + Gi(x — )

where
Fk = me(:ck) s

The corresponding KKT system can be as

F'F, -G\ [z -z, B —FT f(x)
(o 0)GR)-(08) e

Since the constrained Gauss-Newton method is a special case of the Quasi-Newton method, it
shows moreover computational advantage.
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3.5.4.3 Real-Time Solution

Authors in [183] summarized the methods for solving the generic NLP. In this paper, the in-
equality constraints are omitted, since they are not really hit during the optimization and can
heavily increase the computational burden. Therefore, the optimization problem in (3.78) is
then simplified as an equality constrained NLP and solved with the generalized Gauss-Newton
method. Redefine all variables of (3.78) into a new variable z;, which is can be written as

T
Zp = ("L‘n, Wn, Lpt1, W1, -0 Li-1, Wk-1, fL‘k) . (3.94)
As a result, the optimization problem in (3.78) can be written in a compact form as

rl’;in ()15 (3.95)
s.t. F(zp)=0. |

The solution of (3.95) can be transformed into solving the root finding problem of

VE(Z]% A)
( F(z) ) =0, (3.96)

where L is the Lagrangian function and given by
Lz, A) = ||J(zi)||3 = AT F(z) - (3.97)

The cost function and the equality constraint in (3.96) can be linearised using the generalized
Gaussian-Newton method around the current iteration value zj. It is then rewritten as

(VD)IV.T —(VoF)(z) (Azp\ ([~ (V2)TJT
( (V=F)" 0 )(M;) —< _F ) : (3.98)

The solution to equations in (3.98) denotes the increment of the next iterate, which is com-
puted with z;"' = zi + Az;. The problem in (3.95) is then solved with (3.98) recursively
until a pre-specified convergence criterion is satisfied. However, the conventional generalized
Gaussian-Newton method is not suitable for the real-time implementation. Instead of solving
the QP problem in (3.98) repeatedly, the real-time iteration (RTI) approach reduces the compu-
tational burden of solving the optimization problem to one single generalized Gaussian-Newton
iteration [171]. The convergence of this approach was guaranteed with an appropriate initial-

ization [184].

3.5.4.4 Approximation of the Arrival Cost

As described afore, the arrival cost includes all the prior information and plays an important
role for stabilizing the MHE. It works analogously to the terminal cost in the MPC problem,
which limits the MHE problem to a fixed-size problem [185]. However, an exact computation
of the arrival cost is intractable. There are several techniques to approximate the arrival cost.
One alternative is to use the first-order Taylor expansion around the past estimations. The other
possibility is to use a particle filter and the MHE smoothing to update the arrival cost [186].



3.5. ONLINE PARAMETER ESTIMATION 109

In this thesis, we approximate the arrival cost as a quadratic term by implementing the method
presented in [171]. The arrival cost is then transformed into a recursive procedure. Consider
the arrival cost over the increased interval [n — 1, n] and assume that the solution Z,, from the
last interval is already obtained. Then it can be seen that

2

Ty — Ty

_ , (3.99)
Pn — DPn

J¥(x,,, pn) ~ const +

P,

where &,,, p,, denotes the initial state of the MHE problem and P, is the weighting matrix of
the arrival cost. They are derived by shifting the horizon from n — 1 to n and summarizing the
information within this one step. Apparently, the constant part of J*(x,,, p,) has no impact
on the optimization. Then, the arrival cost over the estimation window [n + 1, k + 1] can be
calculated from the solution of MHE problem of the previous interval [n, k] by substituting the
linearised system dynamic and the linearised output function into the new quadratic function as

2

T -
k41 ~ n+1 n+1
JTH (@ps1, Pny1) & const +

Pn+1 — Pn+1
P,

2
p T, — I,
n P, — Py (3.100)

~~ const + W(yn —h—-H,x, — prn) )

W, Tyt — T — Xy, — X,y
" pn+1 _pn 2
where
dH 1;x* *
H, — (n+ ) L (n)7 p ) ’ T = F(n—|— 1;1'*(71), p*) — Xa;ili*(n) — pr* )
da:(n)
dH 1;x* * 7
Hp — (TL+ (,133 (n)vp) 7 b= H(n—i—l,x*(n),p*)—Hzm*(m_pr*
P
X - dF(n—l—l;af:(n),p)? X, — dF(n—l—l;a:(n),p).
dz(n) dp

The arrival cost in (3.100) is thereby transformed into an analytically solvable optimization
problem P, , which can be written as
2
Ly — jn
P, )

pn _ﬁn
P, = min | Vi(y, —h— H,x, — H,p,) . (3.101)

In, Pn
W, Ty — T — Xpx, — Xppy
Pn+1 — Pn
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It can be solved by using QR-factorization [171]. As a result, the optimization problem P, can
be compactly written as

2

m’I’L
P1 R, Ry p - 2
. n 2 n+1
'Pa = min p2 | + 0 R22 = H03H2 + || p2 +R22 ( * >
Tn,Pn L1 Pn+1
P3 0 0 2
Pn+1 2
(3.102)
The solution of (3.101) is then obtained by comparing (3.101) with (3.102) and given as
Ty _
P,.i = Ry , ( “) =Ry ps. (3.103)
Pn+1

It is worth mentioning that the reference [132] established the relationship between the MHE
and the Kalman filter for the nonlinear system in (3.1) as follows.

Theorem 3.4

Let the initial value of the system state x, and the disturbances w;, v; be uncorrelated Gaussian
sequences. Their mean value and covariance are given as xg ~ N (&g, Pp), w; ~ N (0, Q)
and v; ~ N (0, R). If the arrival cost is chosen as the approximation

2
P7L ’

(3.104)

T(0) = ||on — o

where Z,, denotes the optimal MHE estimate at step n given the measurement sequence ¥ =
[yl .-+, yl ] and the covariance matrix P, is updated by the Riccati equation

P..=Q+ F,P.Al - F,P.H (H,P,H + R)"'H, P, F!,

then the estimation results obtained by the MHE is for k — n = 1 equivalent to the estimation
results derived by an EKF.

It is worth mentioning that the Theorem 3.4 is also valid for all K — n > 1 of the linear system.

3.5.5 Data-based Approaches

Besides the recursive nonlinear estimators, data-based approaches have been applied as the
estimators. Reference [187] presented a clustering technique to realize the online identifica-
tion of electric vehicle (EV) and hybrid electric vehicle (HEV). The author claims that this
technique can identify all electrical parameters simultaneously with a low computational com-
plexity. In [188], a neural network (NN) approach was implemented to online estimate the
electrical parameters of the nonsalient-pole PMSM. Furthermore, authors in [134] used the
same NN method to estimate the rotor flux linkage and the stator winding resistance of PMSM
with the consideration of the VSI nonlinearity. This approach was validated on several motors
and showed good performance. Reference [189] implemented NN for estimating parameters of
PMSM at the steady state. Besides aforementioned methods, the particle swarm optimization
(PSO) has been likewise widely implemented for the parameter estimations. Reference [190]
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used PSO for evaluating parameters as well as tuning the controller for the electrical motor
drives. The VSI nonlinearity was included by [191], which also simultaneously estimated all
electrical parameters. Furthermore, authors in [191] compared various PSO algorithms and
claimed that a dynamic particle swarm optimization with learning strategy has the best perfor-
mance. However, the data-based approaches are out of the scope of this work. More details can
be found in corresponding references.

3.5.6 Experimental Evaluation

In this section, the experimental results for evaluating the previously introduced methods are
presented. The Test Bench B.1 is utilized for validating the estimation methods. The compari-
son is conducted with following tests: the steady-state performance test, the speed-step test and
the load-step test. Moreover, the accuracy of the estimation results is evaluated with the abso-
lute value of the mean error and the root mean squared error (RMSE). They are represented as
the percentage of the nominal values. The tracking ability of the methods is also investigated.
The variation of the estimated parameters, i.e. the permanent magnet flux linkage ¥, and the
stator resistance R, is approximated by their individual temperature model. The temperature
models are introduced in Chapter 2.4, where the temperature is measured with the temperature
sensor. The PMSMs are controlled with FOC, where the coefficients of the controller are tuned
before the tests and remain unchanged during the experimental evaluation.

3.5.6.1 Steady-State Performance

The steady state performance is evaluated with the constant speed test. Two PMSMs, i.e.
PMSM I and PMSM 11, were tested with various speed values. But because of the limita-
tion of space, only the results of one operating point are shown. The experimental results of the
steady-state performance are shown in Fig. 3.35 and Fig. 3.36. The initial value of all estima-
tions are set to zero. The parameters of the estimators are so tuned that the estimation results
are stable and comparatively satisfying.
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Figure 3.35: Experimental results of the PMSM I: the constant-speed profile. The PMSM run at 1000 rpm. (a)
shows the estimated permanent flux linkage Uy (b) presents the estimated stator resistance R.

Fig. 3.35 shows the experimental results of the PMSM 1. It can be noted that the RLS is
the fastest one converging from zero to the end value. EKF, UKF and MHE have almost the
same rate of convergence. At identifying the resistance, RLS shows conspicuous overshoot
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at the beginning of the identification procedure, but converges very fast, while MRAS is the
slowest one. Moreover, a nonlinear trajectory of the estimated resistance can be observed from
MRAS, which is probably caused by the nonlinearity of the adaptive mechanism. A noticeable
steady-state offset can be observed from RLS. The estimation results of RLS and MRAS are
more disturbed than the other three methods. On the contrary, RLS has the least noisy results at
identifying the permanent magnet flux linkage. At the beginning of estimating W, , MRAS has
an overshoot of about 20% of the nominal value, while the other four methods steadily converge
to the end value.
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Figure 3.36: Experimental results of the PMSM II: the constant-speed profile. The PMSM run at 1000 rpm. (a)
shows the estimated permanent flux linkage \I/m (b) demonstrates the estimated stator resistance R

Another steady-state performance test was conducted with the PMSM I1I. The corresponding
results are shown in Fig. 3.36. Similar to the previous test, RLS converges the fastest. However,
at identifying R, RLS shows no overshoot anymore, but its steady-state offset is more evident
than the result of PMSM I, which amounts up to 4.6 % of the nominal value. EKF, UKF and
MHE have similar performance. The results of them nearly overlap with each other. Nonethe-
less, the convergent rate of UKF is slightly faster than the other two methods. At identifying
the permanent magnet flux linkage, RLS outperforms the other four methods in terms of the
rate of convergence and the accuracy. MRAS is apparently more disturbed than the other four
methods.

3.5.6.2 Performance under Speed Step

The dynamic performance under the speed changing is a criterion to evaluate the performance of
the estimator, since the speed of the PMSM may change during the operation. The performance
is assessed by applying a speed step from 500 rpm to 1000 rpm on the PMSM II at ¢ = Os.
Because of the limitation of experimental facilities as well as of the space, the speed step test
was conducted only with the PMSM II, while the load step test was conducted only with the
PMSM I. The experimental results of the speed-step test are shown in Fig. 3.37, where the
transient behaviour is furthermore zoomed in and demonstrated in the figures.

It can be noted from Fig. 3.37 that for estimating V,,, the results of MRAS are heavily
disturbed and show a conspicuous overshoot during the transient. analogous to the steady-state
test, RLS exceeds the other four estimators by showing less overshoot after the step and less
noisy result. Regarding the estimation results of R, , MRAS, EKF, UKF and MHE reach the new
steady state within 20 ms after the speed step, while RLS needs more than 50 ms to converge.
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Figure 3.37: Experimental results of the PMSM II under the test of a speed-step profile. (a) shows the estimated
permanent flux linkage W,,. (b) presents the estimated stator resistance Ry.

MRAS surpasses EKF, UKF and MHE in terms of the stability during the transient. Moreover,
a conspicuous strike can be observed from RLS at ¢ = 0.25 s, when the speed step was applied.
Its steady-state offset can still be noticed after the speed step. It is worth mentioning that all
estimators obtained more accurate estimations after the speed step, which can be explained by
the fact that the steady state of PMSM is the worst scenario for the parameter estimation problem
and the speed step creates a transient for the PMSM, which can be regarded as an excitement
for the current loop and provides more information of the dynamic behaviour. Particularly, the
steady-state offset of the estimated value of RLS has reduced by 50 % of the nominal value.

3.5.6.3 Performance under Torque Step

Furthermore, the algorithms are tested with a load step on PMSM 1, since the addition of a
load torque occurs often during the operation of the PMSM. 50% of the rated torque was added
to the PMSM I at ¢ = 0.25s through the load machine that is identical to the PMSM I. The
corresponding estimation results are shown in Fig. 3.38.
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Figure 3.38: Experimental results of the PMSM I under the test with a load step profile. (a) presents the estimated
results of the permanent flux linkage ¥,. (b) shows the estimated results of the stator resistance Rj.

At estimating V., , RLS performs still the best in terms of the ripple of the results and the
transient performance. MRAS, EKF, UKF and MHE perform almost the same. At estimating
the stator resistance, the results of RLS is most disturbed and a strike can be observed from
RLS at the step occurrence. Similar to the speed-step test, RLS converges more slowly than the
other four methods. MRAS gives more overshoot and is more noisy than EKF, UKF and MHE.
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EKF outperforms slightly UKF and MHE in terms of the rate of convergence.

3.5.6.4 Evaluation of the Accuracy

The evaluation of the estimation accuracy is carried out by computing the absolute value of
the mean error and the RMSE, of which the computing formulations are given in (3.105) and
(3.106), respectively. They are presented as a percentage of the nominal values.

Ny N —
Mean:‘w-— - 100% (3.105)
N, 4
Mn(h—p)2 1
RMSE = %#-5-100% (3.106)

where p denotes the nominal value of the to be estimated parameters and p is the estimation
results. [V, represents the number of the collected measurements. The computation results are
shown in Fig. 3.39 and Fig. 3.40, where the label 7est I denotes the PMSM I with the constant
speed, the label 7est 2 denotes the PMSM I with the load step test, the label Test 3 denotes the
PMSM II with constant speed and the label 7est 4 denotes the PMSM II with the speed step
profile. The measurements are collected at the steady state after the step, if a step is applied.

RMSE (%)

|

0
Test 1 Test 2 Test 3 Test 4 Test 1 Test 2 Test 3 Test 4
(a) (b)

Figure 3.39: Estimation errors of the permanent magnet flux linkage ¥,,. (a) presents the absolute value of the
mean error that is defined in (3.105). (b) shows the RMSE computed via (3.106).

The estimation results in Fig. 3.39 provides several conclusions. At identifying V,,, RLS
delivers as good results as EKF, UKF and MHE in most tests, except in Test 2. MRAS has the
most disturbed results fir PMSM 11, while the ripple of its results for PMSM I is even smaller
than that of MHE. However, EKF, UKF and MHE still perform the best. Minor differences can
be observed among them that MHE is slightly more accurate and more robust to the noises than
the other two methods. Moreover, from Fig. 3.40, it can be concluded that RLS delivers results
with an obvious steady-state offset, nearly 3% in Test 1, over 4% in the other three test cases.
Moreover, it has the noisiest result in all tests. MRAS performs much worse than EKF, UKF
and MHE for the PMSM 1, but it gives similar results regarding the ripple and the end value
accuracy to the three methods in some test cases. EKF, UKF and MHE have almost the same
performance. They can deliver the results with an error below 2.5%.
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Figure 3.40: Estimation errors of the stator resistance Rs. (a) shows the absolute value of the mean error that is
defined in (3.105). (b) demonstrates the value of RMSE that is defined in (3.106).

3.5.6.5 Tracking Ability

The performance of the individual estimation method is furthermore evaluated for the tracking
ability. Asitis introduced in Chapter 2.4, the to be estimated parameters, i.e. W, and R, change
mainly because of the temperature. Their variations can be simplified as a linear function of the
temperature with the corresponding temperature coefficients, which are shown in (2.58) and
(2.59). Therefore, the tracking ability test is conducted by changing the machine temperature,
which rose from the room temperature, i.e. 25 °C, to around 45 °C. The reference value of the
to be estimated parameters are computed using the simplified linear temperature models of R
and V,,. The experimental results are shown in Fig. 3.41.
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Figure 3.41: Experimental results of the PMSM II under temperature variation. (a) demonstrates the estimated
stator resistance ;. (b) presents the estimated permanent flux linkage W.,.

As it is shown in Fig. 3.41, all estimators have tracked the parameter variations. Their per-
formance is similar to the steady state performance in terms of the accuracy and the robustness
against noise.

3.5.6.6 Influence of Working Points

The working points can also have impacts on the estimation performance. Therefore, further
experiments to study the influence of the rotor speed on the estimators were conducted. The
PMSM II was engaged and controlled under various speed values ranging from 100 rpm to
2000 rpm. The measurements were collected at the steady state of diverse speed values. The
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corresponding errors regarding the evaluation criteria are computed and presented in Fig. 3.42
and Fig. 3.43 for ¥, and R;, respectively.
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Figure 3.42: Experimental results of \ilm in relation to the machine rotor speed. (a) presents the absolute value of
the mean error defined in (3.105). (b) shows the RMSE value defined in (3.106).
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Figure 3.43: Experimental results of Ry in relation to the machine rotor speed. (a) shows the absolute value of the
mean error defined in (3.105). (b) demonstrates the RMSE defined in (3.106).

These results show that MHE outperforms the other estimators especially in the low-speed
region. EKF and UKF have analogous performance, while UKF is slightly better than EKF
in terms of the accuracy as well as the robustness against noise. The performance of MRAS
deteriorates at the low-speed area, which may result from the sensitivity of MRAS to noises.
Analogous to the former tests, RLS has delivered the biased results. In general, the speed has a
great impact on the estimation results. The estimators perform worse at the low-speed region.
This is an expected conclusion mainly because of the fact that in the low-speed region the signal-
to-noise ratio is higher and the voltage distortions caused by the converters are more evident.
Even though the error voltage caused by the nonlinear effects of the VSI is compensated, the
accuracy of the compensation is limited and other uncertainties also exists in the drive system.

3.5.6.7 Computational Effort

The computational effort is evaluated by the metric of the execution time on the Renesas micro-
processor. The execution time of each online estimation method is collected and summarized
in Table 3.4.

As it is shown in Table 3.4, MRAS has the least computational burden, since it deploys solely
the simple PI technique. RLS has more computational cost than MRAS because of the matrix
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Table 3.4: Execution time on the embedded system

Algorithm Execution time
Average \ Maximal \ Minimal
RLS 3.14 ps 9 ps 3 us
MRAS 1.05 ps 7 us 1 ps
EKF 14.55 ps 26 ps 13 ps
UKF 30.33 ps 41 ps 28 ps
MHE (N=5) || 279.02 us | 285 ps 274 ps

computations in the algorithm. MHE has the highest computational cost with a horizon length
of five. The computational cost will be reduced if the horizon length is shortened. But due to
the computation of solving the optimization problem enclosing in the MHE, the computational
cost remains higher than the other methods.

3.5.6.8 Summary

Based on the aforementioned experimental results and the corresponding evaluating analysis,
the advantages and disadvantages of the online estimation methods are summarized. In this
thesis, five criteria are selected to represent their performance, i.e. accuracy, computational
burden, rate of the convergence, robustness and memory allocation.

3.5.6.8.1 Accuracy The accuracy is the most important criterion of the parameter estima-
tion, especially for the high precise control, since the parameter mismatch can cause steady-state
offset or even cause instability of the whole system, as shown in Chapter 2. The accuracy is
summarized based on the overall estimation results of the estimation methods in various tests.

3.5.6.8.2 Computational Burden The estimation methods are implemented on the embed-
ded systems and the computational burden is critical there, particularly for the low-budget ap-
plications. The execution time on the embedded system is taken as the indicator of the com-
putational cost. Even though the computational burden depends on the solving approaches of
the individual method, e.g. solving approaches for the matrix inversion, the execution time
measured in former section is based on the condition that the basic computations are the same.

3.5.6.8.3 Rate of the Convergence The convergent rate indicates the dynamic performance
of the estimators, especially for the dynamic and precise control of the drive system. For ex-
ample, the parameters with fast changing rate, e.g. the inductances, require a relatively fast
convergence rate, in order that the changes of the parameters can be tracked accurately.

3.5.6.8.4 Robustness In practical applications, many uncertainties and disturbances can be
expected during the identification procedure. Therefore, the capability of the estimator to de-
liver accurate results under the existence of the disturbances and uncertainties is essential for its
performance in practice.
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3.5.6.8.5 Memory Allocation The memory required for an algorithm is determined by the
nature of the data, i.e. structure or sparsity and the implementation of the algorithm. In general,
a storage of a matrix requires a memory allocation of at least the number of non-zero elements.
The memory is critical for resource limited applications. In general, less memory allocation is
preferred.

The evaluations of all estimation methods are illustrated in a radar map regarding the indi-
vidual criterion.

Memory
MRAS
RLS
Accuracy Robustness

(' 1 ' EKF

]
UKF
MHE

=~
Execution time Convergence speed

Figure 3.44: A summary of the characteristics of individual estimation method regarding diverse criteria.

Several remarks can be concluded from the theoretical studies as well as the experimental
results. RLS is simple to implement and has very low computational burden. But the forget-
ting factor is the only tuning parameter of the algorithm. Therefore, the implementation of
RLS is a trade-off between the robustness to noises and the dynamic performance. Besides, it
may deliver biased estimates. MRAS has simple structure, easy implementation and the lowest
computational burden among the five methods. But it works within limited bandwidth and is
sensitive to noise. Besides, the finely tuning of MRAS is time consuming and the formulation
for multiple parameters is complex. EKF, UKF and MHE show similar performance for the
online parameter estimation of PMSM. UKF and MHE are slightly better than EKF in terms
of accuracy and robustness to noises. However, the tuning of UKF is more complicated than
EKF and MHE, although suggestions about the choice of tuning parameters according to the
distribution of samples was given in [121]. MHE outperforms EKF and UKEF, especially in
the low-speed region. Moreover, it shows advantages in tuning the estimator and including the
constraints. But the computational burden is much higher, which can be reduced by shortening
the estimation horizon. However, this drawback still should be taken into consideration, par-
ticularly for applications with limited computational resources. However, the nonlinearities of
converter and the inductances were approximated and incorporated into the estimation problem.
The performance of estimators may deteriorate, if the nonlinearities of converter or the other pa-
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rameters are unknown. Moreover, in the low-speed region, the estimators perform much worse
or may even fail. In general, the higher computational burden brings more accuracy, while the
computational power is limited by the hardware configuration. These results can be served as a
reference for further researches on implementing or developing online estimators.

3.6 Online Parameter Estimation Considering VSI Nonlin-
earities

The former presented online parameter estimation methods proceed with a relatively accurate
compensation of the nonlinear effects of VSI. However, on the one hand, in many applications
an accurate compensation of the VSI nonlinearities is not always available. On the other hand,
as demonstrated in former sections, the compensation of the distorted voltage caused by the
VSI nonlinear effects has a great impact on the identification results. Therefore, in this section,
an effective approach is proposed, by which the VSI nonlinear effect and the parameters can be
identified simultaneously.

3.6.1 Problem Formulation

The reference voltages are conventionally applied for the online parameter estimation problem
in VSI-fed PMSM systems. However, due to the high-frequency switching inverters, the differ-
ence between the referred voltage u* and the actually applied voltage w is considerable. Their
difference can be represented by Awu, i.e. Au := u* — w, which is then simplified from (2.75)

and given by [86]
C|ug g
B Uy — Uyg

where Auy and Aw, are the disturbance voltages in the d- and g-axis, respectively. The term
(Fa, F,)T is employed to represent the multiplication of the last two terms in (3.107) and can
be updated at each step. (3.107) is then compactly written as

Aud

A = Usdead - Tug(0c) [sgn(ia), sgn(i), sgn(ic)]" (3.107)
Ug

(Aug, Aug)' = Ugead - (Fa, F)" . (3.108)
Ugeqq 1 the approximation of the VSI nonlinearities and can be given as
Tea +Ton_To Uce_U Uce+U
Ugeaq = —2cad = Y (Uge — Une + Uy) + U—dUref + Td . (3.109)
c dc

where Tlyeqq, Ton and Tif; are the dead time, the turn-on time and the turn-off time of the
active switches, respectively. T, is the carrier period of the pulse-width modulation (PWM).
U.. is the on-state voltage drop of the active switch and U, is the forward voltage drop of the
freewheeling diode. Uy, is the DC-link voltage. U,y is the reference voltage delivered from the
current controller. The second term in (3.109) is normally neglected because U, is much larger
than U, — U,. Therefore, in some applications, Uyg..q can be approximated as

Uce + Ud
5 .

T ea + Ton - To
Udead - dead il (Udc - Uce + Ud) +

3.110
T ( )
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By substituting the U4 into the function of the parameter estimation problem, the current
model of the PMSM can be compactly rewritten as

d

Ew:f(wau)7

y = h(z,u),

(3.111)

*

where u 1= (u:‘l, uq)T, Y= (z’d, iq)T and ¢ = (z’d, g, P1, D2, Udead)T. p1 and p, denote two
arbitrary electrical parameters of PMSM, which satisfy the simultaneous identification condi-
tion introduced in former section. The variation of p, ps and Uye,q 1S assumed to be zero during
one sampling period, since the variation of parameters are much slower than that of the currents.
The extended system function f is then given as

Rs. L . U*—Uea'f
BN LU
f=1 Rs. Lg o Uy —Udead " Fqg Wy , (3.112)
——lg— — W lg+ — —We
qu Lq 0 Lq Lq

where 0 € R3*!, The system disturbance as well as the measurement noise is then included
into the model and the system model is therefore reformulated and can be transformed into the
discrete-time domain, which gives

i1 = Fi(xp, ug) + wy

(3.113)
yr = H(xyp) + vy,

where wy, denotes the system disturbance and vy represents the measurement noise. The func-
tion Fy is given by

Roi o\ . L . w1 — Udead, k * Fa, k
(1— 2;1 Ts)Zd,k+wae,qu7kTs+ : ;Z A
R, . Lq . u;k_Udead,k:'fJf Uk
1— ——T)ig— — We gk Ls + : — ) T,
Fk: ( Lq S) q7k Lq evk dvk S ( Lq Lq Cyk’) S , (3114)

Rs,kz
\I]m,k
Udead, k

where the stator resistance and the permanent magnet flux linkage are still employed as the to
be estimated parameters.

3.6.2 EKF and DEKF based estimator

3.6.2.1 Dual Extended Kalman Filter

The dual extended Kalman filter is a further development of EKF for the simultaneous state
and parameter estimation [80]. It has two separate filters running concurrently, which divides
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the estimation problem of a nonlinear system into two separate, less strongly nonlinear prob-
lems [192]. Moreover, DEKF provides the possibility to switch off the parameter estimator,
which could consequently increase the performance of the state estimation and reduce the com-
putational burden. For the online parameter estimation problem of PMSM, two concurrent
filters are implemented, a state filter that estimates the current dynamics, and a parameter fil-
ter that estimates two electrical parameters of interest as well as the VSI nonlinearity Ugeqgq.
The working principle of DEKEF is illustrated in Fig. 3.45. The system model of DEKF for the

State Filter

' Lilk—1
—A*—> State Prediction > State Correction —A'—>
Lr—1 7 7y 7y Lk
Up—1 Yi—1
~ ¥ ¥ ~
Pk—1 Pk

Paramter Correction —T1—»

—h> Paramter Prediction

Parameter Filter

Figure 3.45: Structure of a dual extended Kalman filter.
parameter identification problem of PMSM is given as

Tr1 = Fr(xr, pr, wr) + Wy i,
Pik+1 = Pr + Wy i , (3.115)
yr = H(xp) + o,

where x = (z’d, iq)T and p = (pl, Do, Udead)T. Analogous to EKF, each filter of DEKF
computes the results in two steps [193]. The principle of the DEKF is shown in Algorithm 3.3.
where
aF(ikq\kqa ﬁk|k717 Uk:—1) 8H(fﬁk|k71)

ox ’ oz '
Furthermore, R, = R, since the same output vector is used. €, and @, denote the covari-
ances of w, i and w, j, respectively. H, ;, = dH(&—1)/dp is the complete derivative of
the parameters respected to the output function. The calculation of H), ; uses the recurrent
derivatives since the output function H is only a function of system states . The complete
computation of H), j is given in (3.116).

Fm,k—l - H:B,k -

dH (Zpp—1) OH(Zpp—1) OH(Tpp—1) drjp—1

H. .= — 3.116
Pk dp b o ap (3.116)
dik\kfl 8F(£k71|k71a ﬁk71|k71> Uk—1) aF(ikfl\kfly ﬁk71|k71a uk—l) diﬁk71|k71
~ - ~ + - ~ )
dp op oz dp
dZg_1jk—1 _ dTp_1jp—2 dH (Z_1)p—2)
dp dp T dp



122 CHAPTER 3. PARAMETER DETERMINATION AND ESTIMATION

Algorithm 3.3 Dual Extended Kalman Filter
Input: 1, Pr—1, Py k-1, Pp k-1, Wi—1, Ys
Output: xy, py, Py 1, P«

Initialization:

JAl[) = E[wo} s
P, = E[(CEO - if?o)(wo - aA?o)T} )

Prediction:
Dijk—1 = Ph—1jk—1
P, -1 =P, 11 +Qp
ik\kq = F(ikfukfla ﬁk\kq, Uk—1)
P,y = Fw,k—lpx,kfl\klegk_l + Q.
Update:

Yr = Y — H(ik\k—l)

Se=H, 1P, sy H. . + R,

K = P, e H.  S;!

Tk = Trp-1 + Ky Y

P, yr=U—-K,H; )P, pj—1

K, = Pp,k\k—alT,k(Hp,ka,klk—alT,k + Rp)il
P,y =TI - K, H, )P, i1
Drjk = Prjp—1 + Ky 1 Uk

The EKF and DEKEF are then implemented on the embedded system and validated.

3.6.3 Experimental Evaluation

Same as the previous section, the permanent magnet flux linkage W, and the stator resistance Ry
are selected as the to be estimated parameter combination for implementing and validating the
proposed parameter estimators. The experimental results of the proposed methods are compared
with EKF without VSI-nonlinearities compensation. The superiority of proposed methods is
revealed.

3.6.3.1 Performance under Constant Speed

The first test is conducted with the PMSM running at a constant speed. The PMSM run from
the standstill until the constant speed at 1000 rpm. The initial values of the online parameter
estimators were set to zero. The measurement noise covariance R was selected as identity
matrix and the process noise covariance matrix of individual method was set as diagonal matrix
such that the diagonal elements were of an order of approximately 10% of the corresponding
actual values for the system states, since the system model is more reliable than the real-time
measurement. The process noise covariances were further refined via trial-and-error method.
The identified results of the parameters are shown in Fig. 3.46.
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Figure 3.46: Estimated parameters of PMSM with the constant speed. Offline measured value is shown in red.
EKF without VSI-nonlinearity compensation is in purple. EKF with VSI-nonlinearity consideration is presented
in green and denoted with EKFC. DEKF is shown in blue. (a) The estimated stator resistance R (b) The estimated
permanent flux linkage \I/m (c) The estimated VSI nonlinearities Udead

As it is shown in Fig. 3.46, EKF without VSI nonlinearity compensation with an estimated
resistance value of 9.5428 {2 has magnificent offset at the steady state from the nominal value
4.2 (4.35€) from the offline measurement). The estimated stator resistance of EKF with
compensation (4.6751 {2) and the estimated value of DEKF (4.4457 2) are much more accurate,
where DEKEF is slightly better than EKF with compensation. The convergence speeds of EKF
with compensation and DEKF are almost the same. The slight differences can be observed at the
steady state of estimation results of V., in Fig. 3.46, where DEKF delivers the value 0.1129 Wb,
EKF with compensation converges to 0.1155 Wb and EKF without compensation has the value
0.1138 Wb. However, EKF without compensation shows more overshoot at the beginning of the
estimations than EKF with compensation and DEKF. Furthermore, the estimated 0., of DEKF
is least noisy. It is conspicuous to be mentioned that the VSI nonlinearities has more impact on
the identification of R than W ,, which can be explained by the fact that the term ¥, w, in the
dynamic model of 4, is much larger than the other terms and the voltage level of Ugeqq is similar
to that of u,. The estimation results R and Udead moreover contain the suppressed noises and
harmonics from current measurements. Fig. 3.46 shows that the VSI nonlinearity Uy.,q can be
observed simultaneously with electrical parameters by implementing the proposed methods.

3.6.3.2 Performance under Speed Step

Moreover, a speed-step test was also carried out to test the transient performance of the proposed
estimators. The PMSM was given a speed step from 500 rpm to 1000 rpm at the time instant
= 0.25s. The estimation results are shown in Fig. 3.47. As it is shown in Fig. 3.47, EKF
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Figure 3.47: Estimated parameters of PMSM with Figure 3.48: Estimation results for PMSM tested
the speed-step profile. (a) The estimated stator re- with the load-step profile. (a) The estimated sta-
sistance R;. (b) The estimated permanent flux link- tor resistance Rs. (b) The estimated permanent flux
age Wn. (c) The estimated value of the VSI nonlin- linkage ¥,,. (c) The estimated VSI nonlinearity
earity Ugeqq. Udead-

without compensation converges after the speed step within 80 ms, while the proposed EKF
with compensation and DEKF reached the new steady state within 200 ms, which may result
from the parameter tuning of the estimators. Comparing to EKF with compensation, DEKF has
less overshoot during the transient. Besides, EKF without compensation reacted faster than the
proposed methods, but the estimation result R, (9.4783 Q) still lies far from the nominal value.
The actual value of R, stays constant during the speed test, since the speed test lasts only a short
time, so that the temperature of the PMSM remains constant. Otherwise, the temperature model
should be involved. From the Fig. 3.47, it can be seen that similar to the constant speed test
the estimation results from the three estimators have just slight differences. They all converge
to the new steady state within a relatively short time. However, DEKF has the least overshoot
during the transient.
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3.6.3.3 Performance under Load Step

Furthermore, the proposed methods and EKF without VSI nonlinearity compensation were
tested with a load-step profile. 50% of the rated torque was added at t = 0.25s to the PMSM
under test. The parameters of estimators are so selected that the element of the covariance ma-
trix respecting to the Uy is relatively larger, since the load step would cause an increase of
currents and has larger influence on the VSI nonlinearity than the electrical parameters. The
corresponding experimental results are shown in Fig. 3.48.

It can be concluded from Fig. 3.48b and Fig. 3.48c that the load step accelerates the con-
vergence speed for observing the stator resistance R, and VSI nonlinearity Ujeaq. However,
the load step results in an even larger steady-state error of estimation results from EKF with-
out compensation. It can be elucidated by the fact that the VSI nonlinearities vary with the
operation points, especially with the currents. However, the relationship between the VSI non-
linearities and the currents is nonlinear, which has been studied in former sections. A load
step will introduce a current change and further influence the VSI nonlinearities. Moreover, the
corresponding offline measured characteristics of Ly and L, need to be implemented into the
estimation process. The proposed two estimators are robust to the load step of the PMSM.

3.6.3.4 Estimation Accuracy

The summarization of the estimation results from the experiments are shown in Table 3.5,
Fig. 3.49 and Fig. 3.50. The results presented in Table 3.5 are the mean value of the steady-state
values after changes, i.e. the results of the speed-step test and the load-step test are collected
at the steady state after the step. Fig. 3.49 and Fig. 3.50 present the errors of the proposed
methods and EKF without compensation, where the mean error and the root-mean-square-error
are computed correspondingly and respectively presented. To visualize the errors of the estima-

Table 3.5: Mean value of the estimation results at the steady state

R () ¥ (Wh)
Constand speed Speed step Load step Constand speed Speed step Load step

EKF 9.5428 9.4783 13.7050 0.1133 0.1130 0.1147
EKFC 4.6751 4.3853 4.3670 0.1136 0.1145 0.1144
DEKF 4.4457 4.4936 4.4906 0.1135 0.1143 0.1143

tion methods, the absolute value of the mean error and the RMSE are computed and plotted in
Fig. 3.49 and Fig. 3.50, respectively.

The identification results of the three methods on permanent magnet flux linkage W, are very
similar. However, slight differences can be observed in the figures. For estimating V,,, EKF
without compensation performs slightly better than the EKF with compensation and DEKF
considering the mean error under the constant-speed and the speed-step condition, which can
be concluded from Fig. 3.49a. The mean value of DEKF is most accurate under the load-step
condition. It is shown in Fig. 3.50a that DEKF is less disturbed than the other two methods
at the constant-peed and load-step test, while EKF with compensation performs the best at the
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Figure 3.49: The absolute value of the mean error for estimated parameters. (a) The absolute mean error of the
estimated W,,. (b) The absolute mean error of the estimated R;.
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Figure 3.50: The root mean squared error (RMSE) of the estimated results. (a) The absolute mean error of the
estimated ¥,,. (b) The absolute mean error of the estimated R.

speed-step test. It is worth mentioning that since no filter for the measured currents nor for
the measured speed was deployed, the noises and the harmonics of the speed and the current
would affect the results. Although the Kalman filter is able to weaken the influence of noises,
the ability is limited to a certain level. Therefore, the mean values of the estimated results from
the proposed methods are close to the nominal values, but fluctuations on the trajectories of
estimations can be evidently observed. An obvious improvement by implementing proposed
methods for estimating stator resistance Ry is presented in Fig. 3.49b and Fig. 3.50b. Moreover,
the estimation result of DEKF is less noisy than that of EKF with compensation, which can be
concluded from Fig. 3.50b.

3.6.3.5 Sensitivity to Initial Values

The Kalman-filter-based parameter estimators depend on the estimations from previous steps
and the extended Kalman filter linearises the system propagation function. Therefore, the initial
value of the estimators are essential for the convergence of the estimated values. In this section,
the proposed methods are tested with the same experimental data as in the constant-speed test,
but the initial guesses of parameters are altered. The initial value of the system states in esti-
mators is shown as a percentage of the nominal values and presented with various colours in
Fig. 3.51 and Fig. 3.52.

Fig. 3.51 and Fig. 3.52 show the results of EKF with compensation and dual EKF running
with six different initial guesses, which vary from 0% to 200% with an interval of 40% of the
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Figure 3.51: Initial value sensitivity test of EKF with compensation and dual EKF for estimating the permanent
magnet flux linkage ¥,,. (a) The estimated permanent magnet flux linkage Wy by EKF with compensation for
various different initial values. (b) The estimated permanent magnet flux linkage o by dual EKF for various
different initial values.
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Figure 3.52: Initial value sensitivity test of EKF with compensation and dual EKF for estimating the stator resis-
tance R;. (a) The estimated stator resistance Rs by EKF with compensation for various different initial values. (b)
The estimated stator resistance Rs by dual EKF for various different initial values.

nominal values, respectively. The estimation on g is more affected by the initial values than
the estimation on W,,. The steady-state values are not affected by the initial value, but the
convergence speeds are heavily influenced, i.e. the EKF with compensation converges faster,
if the initial condition is closer to the real value. A similar phenomenon can be observed at
estimating W,,. However, DEKF is robust to the initial value variation, which can be concluded
from the Fig. 3.51b and the Fig. 3.52b. The trajectories of estimating R and W,, with various
initial values overlap with each other.

3.6.3.6 Computational Cost

The computational cost of the three estimation methods is compared based on the execution
times, i.e. the average execution time, the maximal execution time as well as the minimal
execution time. The algorithms run on a Renesas SH7750R with an internal clock 240 MHz, as
it is shown in Appendix B.1. The execution times are summarized in Table 3.6.

EKF without compensation is the fastest algorithm, since the dimension of the state vector
and of the covariance matrix in this algorithm is the least. DEKF is the slowest. Besides, the
computation of H), ;, in DEKF is complicated and the computation results need to be stored for
the next step. However, due to the features of DEKF, the parameter filter can be deactivated at
the steady state, which will significantly reduce the computational effort.
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Table 3.6: Execution time

Algorithm Executif)n time .
Average | Maximal \ Minimal
EKF 18.8 ps 21 ps 18 ps
EKFC 29.1 ps 39 ps 27 ps
DEKF 32 us 43 us 30 ps

3.6.3.7 Conclusions

In this section two general formulations of Kalman-filter-based online parameter estimators are
proposed. By including the VSI nonlinearity as a system state into the PMSM current model,
the accuracy of estimation results was significantly improved. An obvious improvement can be
observed at identifying the stator resistance. Furthermore, the proposed methods are more ro-
bust to the noises than the conventional EKF estimator. The proposed EKF-based estimator has
less computational effort compared to the proposed DEKF-based estimator, but the convergence
speed of it is more sensitive to the initial guesses. DEKF-based estimator is robust to the initial
value of states and has better performance in terms of the quality of estimation results. More-
over, it is possible to deactivate the parameter filter of DEKF, which can significantly reduce
the computational burden.

3.7 Summary

The varying conditions of PMSM impair the performance of the controllers or even cause ma-
chine instability, which has been discussed in previous chapter. In this chapter, the observability
of the PMSM is firstly examined, where the observability matrix derived from local observabil-
ity theory for the nonlinear system is verified. Several conclusions can be drawn after the exam-
ination, e.g. the identifiability of the parameter combinations is related to the operating points,
up to two electrical parameters can be simultaneously identified if no persistence excitement is
applied. Furthermore, the offline determination procedures for the individual electrical param-
eters are introduced. The corresponding experimental results for the PMSMs in Appendix B.1
are presented and discussed. Subsequently, the methods with the current injection, which are
normally utilised at the start-up or also online, are introduced, where two variants, namely with
square-wave current injection and with sinusoidal current injection, are presented and compared
with corresponding experimental results. The square-wave current injection method can achieve
less noisy identification results, while the sinusoidal current injection method converges faster
and can capture the transient of the PMSM. Nonetheless, the current injection method may
affect the control performance of PMSM and cause pulsation. A promising way to overcome
these problems is to implement an online electrical parameter estimator. In this chapter, five
online estimation methods are presented and compared, namely RLS, MRAS, EKF, UKF and
MHE. Generally speaking, a higher computational cost can benefit the estimation results in
terms of accuracy. However, the estimation method should be selected based on the require-
ment of the accuracy and the available computational resources. Moreover, their advantages
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and disadvantages have also been concluded and summarized in this chapter. The nonlinear
effects of VSI have a great impact on the estimation results, since instead of the real terminal
voltage the command voltage is normally employed for the estimation. Therefore, an estima-
tion model including the VSI nonlinearities is investigated. Two estimators are proposed to
eliminate the influence of the VSI nonlinearities. Their effectiveness has been verified with
experimental results.
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CHAPTER 4

Continuous-Control-Set Model Predictive Control

4.1 Introduction

The utilization of predictions can achieve high-performance control, which meanwhile is able
to complete complex tasks and ensures the satisfaction of the operational constraints for various
applications. By reason that the control approaches are deployed on an embedded system and
computed in a discrete-time manner, the underlying finite-horizon predictive control problem
with the corresponding constraints creates a sequence of inputs by formulating and solving the
optimization problem [V, steps into the future. The optimization problem is called constrained
finite time optimal control and [V, is its prediction horizon. This control method has gained sig-
nificant popularity in the area of power electronics and electrical drives during the last decades
and has been comprehensively studied in the literature [194—196], to name but a few. The op-
timal control and the optimal estimation, e.g. the estimation procedure mentioned in previous
chapter, can be regarded as dual problems [146]. For the LTI system the Kalman filter is nor-
mally applied for estimation and the linear quadratic regulator (LQR) is used as the controller.
Both of them are propagated by the Riccati recursion. More specifically, the Riccati recursion
of LQR runs backwards and the one of Kalman filter runs forward. Many similarities can be
observed between the moving horizon estimator and the model predictive control. However, the
duality relationship between them are more complicated because of the constraints and system
dynamics. Different from the Lagrangian duality, which is introduced in Section 2.3, duality
in system theory is more vague and indicates that a estimation problem can be interpreted as a
control problem. The ultimate goal of the optimal control is to find a control law that minimizes
certain objectives over an infinite horizon, which furthermore subjects to the system model and
the constraints. Normally, the objective of the model predictive control is defined as a quadratic
function by

J(@,w) =Y loxlg, + > lullz, (4.1)
k=0 k=0
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where @ and R are the weighting matrices served for the objective design. In some applications,
the £, or L., norm is also utilized. Analogously to the MHE, the infinite control horizon
problem can be transformed by an equivalent finite control horizon problem as

N-1 N
mt}n J = Z Hwksz + Z HukH%zk +Ji
k=0 J=0

S. t. Ljt1 = F<wj> Dy, uj) +w] ’
;< Xj ,
u; < U]’ R

4.2)

where J; denotes the terminal cost. In [197], an approximation of the terminal cost J; is pro-
posed to guarantee the asymptotic stability for the linear system without disturbances, which
assumes that the system can be controlled with a LQR afterwards. The corresponding approxi-
mated terminal cost is given as

Ji = 2wl (4.3)

where Py denotes the solution to the corresponding LQR discrete Riccati equation. As it is
introduced in Section 2.3, the receding horizon policy is applied in MPC, where only the first
element of the optimal control input sequence is applied. At next sampling time, the underlying
CFTOC is repeatedly solved with the updated measurements over the shifted time window.

4.2 Continuous-Control-Set Model Predictive Control

Based on the fundamental knowledge of MPC, a widely applied control method, i.e. continuous-
control-set model predictive control, is introduced as follows. The CCS-MPC specifies the
constraints as convex, which include the state constraints as well as the input constraints. The
computed solutions are further fed into the modulator, which generates the switching signals
via PWM or SVM, which is introduced in Section 2.2. In this section, the classic CCS-MPC
for PMSM current control is investigated, including the set-up of the control problem, the
constraints, the solving of the optimization problem and the implementation.

4.2.1 Control Problem

The control problem of the current control for a PMSM can be formulated in the dg reference
frame as well as in the a3 reference frame. In this section, the formulation in the dg reference
frame is introduced, since it has been deployed in most applications. The objective of the
current control problem is to manipulate the three-phase voltage of the PMSM such that the
stator currents precisely track the predefined reference values. The reference value for the
inner loop, 1.e. the current control loop, is determined normally by the outer control loops, if a
cascaded control structure is deployed. Meanwhile, the output voltage is restricted by penalizing
the voltage value with a weighting factor. The current controller predicts the system behaviour
based on the system model given in the Section 4.2.2 and the most recent measurements of the
current. The optimization problem is so designed that the object function, the system model
and the constraints are included. A special case of the CCS-MPC is the so-called deadbeat
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control, where the prediction horizon is limited to one and the constraints of the optimization
problem are omitted. Moreover, the penalization on the control input voltage is also disregarded.
Therefore, the deadbeat control can realize zero steady-state error under the condition that the
investigated system model is error-free. Furthermore, it has the advantages such like minimum
rise time and minimum settling time. However, the control input voltage is relatively high
without the corresponding penalization.

4.2.2 System Model

The conventional CCS-MPC for PMSM is set up in the dq reference frame, in order to simplify
the control problem. Recall the system model of the current control loop in the continuous-time
domain can be obtained as

Ut qu 1 0 0
44 L, L, | | T, u
wl | R | L+ Lq I (4.4)
atta e =22 | [t 0 —| |Y T e

L, © L, L, a

The continuous model in (4.4) can be further discretized via the methods mentioned in Section
2.3.4.2. In this thesis, the Euler method is deployed, since the sampling frequency is relatively
high and the discrete-time model via the Euler method is usually sufficiently accurate [24]. The
discrete model of the current loop for PMSM in (4.4) at ¢t = kT can be given as

Ry L
: 1— =T, “Lw. Tl 1. — 0 0
U4, k+1 Ly Ly ~ Ud, k Ly Ud, k
i ~ | Ly R iel T Tl | T |2 o T
s k+1 N _ 5 k =S Jk T We, $
g R et A 0 |t I,
4.5)
For the purpose of compactness, the discrete-time system model is written as
Ty = Apxp + Byu, + E
k+1 k Lk k Wk k (4.6)

Yr = Cr i,

where & = [i4, 4|7, u = [ug, u,|" and y = [ig4, iy)".

4.2.3 Optimization Problem

The current control problem with CCS-MPC at the time step £ can be generally regarded as
a tracking problem and mapped into the cost function. Including the system constraints, the
resulting optimization problem for the current control P. is then given in the following

k+Np—1 k+Np—1
. _ 2 2
r%lkn J = Z lyr — C i1l + Z ;|
purt =k
st xj=Ajx;+Bju+E, j=kk+1-- k+N,—1, (4.7)
T; < X]‘ ,

'u,jEUj,



136 CHAPTER 4. CONTINUOUS-CONTROL-SET MODEL PREDICTIVE CONTROL

where y, denotes the target reference. N, is the prediction horizon. The first term of the cost
function quadratically penalizes the prediction error over the prediction horizon. The second
term penalizes the output effort. () and R are weighting matrices that adjust the trade-off
between the tracking accuracy and the output voltage. X; and U;, which denote the constraints
on the system states and the control inputs respectively, are omitted, since they are not really
violated during the simulation and the experiment. The computation result with a given initial
state x, is a control sequence Uy, := [uj, wj,,, ..., wi,y 4]", ie

U, :=argminJ,
Ui (4.8)
S. t. CUj+1:AjJIj+Bj’U,j+Ej, j:]{?,/{?—i-l,/{?—i-Np—l

By employing the receding horizon policy the first element of Uy, i.e. uy, will be applied to
the system. As a special case of MPC, the deadbeat control omits the system states limitation
X and the constraint on the control inputs U; in (4.7). Moreover the penalization on control
input is also excluded. Therefore, the deadbeat control has the advantage of simpleness as well
as low computational burden at the sacrifice of the stability and the control performance.

The optimal control voltage is obtained by solving the optimization problem P, in (4.7). The
solution depends on the the most recent measurement, the previous solution and the eventual
current reference. Normally, the current reference value is regarded as constant over the predic-
tion horizon.

4.2.4 Implementation

After the optimization problem P, in (4.7) is designed, it is then implemented on the digital
control platform to realize the control of the PMSM drive system. As introduced previously,
there are many efficient numerical methods to solve the optimization problem. The solving
of the problem P, is relatively simple, since the constraints except the system dynamics are
omitted. The propagation of the system state « at the time step j can be given as a function of
initial values xj, and the control sequence U as follows

j—k
T =A""F g+ [AFB, - B|U+ Y A'E. (4.9)

1=0

Let Y denote the sequence of the outputs over the prediction horizon N, from the step £, i.e.

Y = [y, - Yign, " It can be written as
Y=1lxz,+ AU+X+Q¢,, (4.10)
where
CA CB 0 .0 CE
CA? CAB CB 0 CAFE +CE
H - ) A = ,E - N
CAM CAM-'B CAMB ... CB Y 'CA'E

4.11)
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By substituting (4.10) into the cost function J, the solution to the CFTOC problem P, can be
obtained by solving the root finding problem as

VudJ =0. (4.12)
The solution U can be simply obtained as
U=(A"QA+R)'ATQ(Y, — Iz, - %), (4.13)

where Q == I"» ® Q, R := I"* ® Rand Y, := I'* ® y,. Symbol ® denotes the Kronecker
product of two matrices. By deploying the receding horizon policy, the control voltage is given
as

up=1[1,0,---,0]U. (4.14)

The control voltage wuy, is then delivered to the modulator and further transformed as the switch-
ing signals for the inverter. Besides the aforementioned real-time solution of the optimization
problem P, , the multi-parametric programming [198] can be applied. It solves the optimization
problem P, offline and therefore transforms the online solving of the optimization problem into
a online searching problem. The multi-parametric programming divides the parameter spaces
into several convex polytopes, in which a individual piecewise affine control law is contained.
However, the offline calculation time and the number of polytopes increase exponentially with
the prediction horizon by applying the multi-parametric programming.

4.3 Robust Continuous Control Set MPC

As mentioned previously, the parameter of PMSM drive system is time-varying and diverse
disturbances can be encountered during the operation, which deteriorates the performance of
the PMSM drive system or even causes instability. For instance, the stator resistance as well
as the permanent magnet flux linkage changes with the variation of the temperature and the
inductances are related to the currents. More details have been demonstrated in Chapter 2.4.
All parameters can have impact on the control performance. However, the identification of all
parameters may increase the computational burden significantly. As concluded in [68], various
external disturbances, such as the load torque and the measurement errors, are crucial for the
control of PMSMs. Moreover, the digital delay is inevitable in the real-time control [199,200].
The digital delay has a great impact on the control accuracy, especially for the drive system sam-
pled with a relatively low sampling frequency. On the one hand, over- and under-compensation
may introduce more errors. On the other hand, the accurate compensation of the digital delay
requires additional measurements. In order to tackle these problems, many researches have
been carried out to improve the stability and the performance of MPC under the parameter
variations and the existence of disturbances. Authors in [201] considered the worst case of the
corresponding CFTOC problem and solved the minimization problem with the prerequisite of
the worst control condition of the plant, which can be obtained by computing the maximiza-
tion problem. Therefore, this method is also called min-max MPC. It is designed in order that
the controller can maintain stability and meet the specified performance requirement under the
existence of disturbances and uncertainties. It means that the controller synthesis must satisfy
the given specifications for all possible uncertainty realizations [202]. Other than the min-max
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MPC, the satisfaction of the controller synthesis under all possible circumstances can be real-
ized by bounding the disturbance within certain functions or constants [202,203]. In [203], a
Lyapunov-based MPC was proposed, where the stability of PMSM drive system is guaranteed
via the additional Lyapunov-function-based constraint. Furthermore, authors in [202] improved
its performance by considering the dead time and adjusting the Lyapunov function accordingly.
The robust control strategies are comparatively conservative and have to more or less sacri-
fice the nominal performance so that the overall robustness can be guaranteed. Even though
methods are proposed to adjust the control Lyapunov function in real operation [202], which
aims to relax their conservatism, the computational burden of the robust control strategies is
still one of the main concerns [204]. Besides the robust MPC, other modification of the con-
troller can be also implemented to deal with the disturbances and uncertainties. In [204,205],
an integral mechanism was employed to eliminate the constant or slowly varying disturbance.
Besides the direct modification of the controller, the deployment of a disturbance observer can
improve the stability as well as the control performance. As indicated in [68], the disturbance
estimation and attenuation methods, which can be regarded as a trade-off between the dynamic
response and the robustness, provide a promising performance. Many works have implemented
disturbance observers to deal with the model uncertainties and the external disturbances. Ref-
erence [206] applied an extended state observer for the speed regulation problem of PMSM.
Reference [207] employed the fuzzy approach as the torque observer. The selection of the dis-
turbance observers depends on the requirements of the application and the available computa-
tional resources. Various disturbance observers have been studied and implemented, the reduced
order disturbance observer [208], the proportional disturbance observer [209], the adaptive dis-
turbance observer [63,210], the recursive-least-square-based disturbance observer [211] and the
neural-network-based disturbance observer [48], to name but a few.

4.3.1 Control Problem

In order to tackle the aforementioned problems, a generalized observer-based robust control
strategy is proposed for the predictive current control of PMSM, aiming to eliminate the influ-
ence of the parameter variation and the external disturbances and to track the given reference
precisely. The lumped disturbance is estimated by the extended state observer, which is fur-
ther fed into the current controller with the augmented system model. The control voltage is
then computed based on the augmented system model. The overall robust control strategy is
illustrated in Fig. 4.1. The robust predictive current control (RPCC) in Fig. 4.1 denotes the
observer-based robust control strategy for the current control of the PMSM drive system. The
output voltage is given as u* and the terminal voltage of the PMSM is denoted by w. Their
difference, i.e. the error voltage, is denoted by Awu and defined as Au = u* — u. The system
model for the controller as well as for the observer is augmented with the lumped disturbances.
The controller predicts the system states based on the estimated values of the current as well as
of the disturbance and minimizes the control objectives.

4.3.2 System Model

Different from the model deployed in the predictive current control by CCS-MPC in Section 4.2,
the robust predictive current control strategy employs the augmented model including the term
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Figure 4.1: The block diagram of the robust CCS-MPC for the PMSM.

of the disturbances. The conventional CCS-MPC utilizes the system model in (4.5) with the
command voltage u* as the control input, since the terminal voltage is normally not measured
and is different from the command voltage u*. However, because of the parameter mismatches
and the disturbances, the real model of PMSM differs from the ideal model in (4.5). Therefore,
the nominal system in (4.5) can be augmented with a lumped disturbance as

R, L T
. 1- 2T, 2w, T T 20 [y 0
d; k+1 — Ld Ld ’ Zdvk + Ld T udvk + \Ij +
lkrt] |2 T 1= 2T ek 0 7| L] [T, werhs

(4.15)
where €4, and €, , denote the disturbance and unmodeled uncertainties in d- and g-axis, re-
spectively. The system model in (4.15) can be compactly written as

Lri1 :Akwk—l—Bku",;—i—Ek—i—sk s (416)

where € = [eq 1, 5q7k]T includes the effects resulted from the parameter variation and the
non-periodic disturbances. As it is shown in (4.16), the disturbance term € is similar to the term
E for the current control, since they are regarded as constant for the system state & at the next
time instant.

In order to estimate the disturbances, the augmented system in (4.16) is extended with two
more system states, i.e. €, of which the dynamics can be given as €4 41 = €41 and ¢ 141 =
€4, k- Subsequently, the augmented system can be extended and rewritten as

ik+1 Ak I :%k Bk Ek
_ + * , 4.17
which can be compactly reformulated as
T T
(ﬁ“) — AC <’“> + Biuj + E¢ . (4.18)
€k+1 €k

The system model in (4.16) is then employed for the CCS-MPC and the system model in (4.18)
is used for the estimation.

Ed, k

€q,k

|
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4.3.3 Optimization Problem

The estimation can be realized with the methods mentioned in Chapter 3. After obtaining the
estimation results of the disturbance term € and the system state @, the CFTOC problem in
(4.2) can be reformulated by replacing the nominal system x,,1 = A;x; + B;u; + E; with
the augmented system x;,; = Ax; + Bju; + E; + €; in (4.16), which propagates with the
initial value ; = @, and €, = €;. The CFTOC problem P, for the proposed robust control
strategy can be written by modifying the optimization problem P. in (4.2) as

k4N, —1
min z; ly, — Czjiallg + lluilz

]:
s.t. ®jy1=Azx;+Bu;+E+¢e;, j=kk+1- k+N,—1.

(4.19)

Analogously to the CFTOC problem P., the computation result with a given initial state xy, is

a control sequence Uy, := [u; ", uify, ..., wply ] ie.

U = argmin J
Uy, (4.20)
S. t. asz:Aja:j—i—Bjuj—i—Ej—l—sj, j:kf,k—i-l,k—l—Np—l

After obtaining the control sequence Uy, the receding horizon policy is applied and the first
element of the sequence is deployed.

4.3.4 Implementation

The propagation of the system state « at the time step j can be given as a function of the initial
values x = &, €, = €; and the control sequence U, as follows

i—k Jj—k
Tip = AT g, + [AFB, - BlUy+Y A'E+) A'Té. (4.21)
=0 1=0

The sequence of the outputs over the prediction horizon N, from the step k can be reformulated
as
Y=z, + AU, +X+Q¢€;. (4.22)

Then, the optimization problem P, can be analogously solved with the root finding method.
The solution is given as

U,=(A"QA +R)ATQ(Y, — 12, — = — Q&) (4.23)
where the intermediate matrices I, A and X are same as (4.11) and €2 is given as

CI

CAI +CI
Q= _ . (4.24)

SNl CATT

Analogously, only the first element of the control sequence is then delivered to the modulator.
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4.3.5 Stability Analysis

Applying the observer with the extended system model and the current controller to the PMSM
drive system constructs a closed loop system. The stability of the whole control structure need
to be examined, since the observer error can deteriorate the closed-loop stability. Prior to the
examination of the output-feedback nonlinear model predictive control (NMPC), several defi-
nition need to be introduced.
Definition 4.1 (Asymptotic Stable [212])
Consider a LTI system given as
T = Az,
e ‘ (4.25)
yr = Cxy .

The system is asymptotically stable, i.e. * — 0, if and only if any eigenvalue \ of the matrix
A satisfies |\| < 1.

Definition 4.2 (K-function [212])
A function o(-) is a K-function if it is continuous, strictly increasing and a(0) = 0.

Definition 4.3 (/C.-function [212])
A function ~y(+) is a K -function if it is a KC-function and y(s) — 400 as s — +00.

Definition 4.4 (C L-function [212])
A function 5(-, ) : R x Z — R is a K L-function if for each fixed t > 0, (-, t) is of class IC,
for each fixed s > 0, (s, -) is decreasing. Moreover [3(s, t) — 0 ast — oc.

Consider a to be controlled system is nonlinear time invariant and can be written in the discrete
domain-time as

Tir1 = f(Tr, wp, di, wy) , (4.26)

where x and u denote the system state and control input, respectively. d and w represent the
external disturbances and the model mismatches, respectively. The system output is given as

e = h(xg, ug) .
The following assumptions about the system are stated before the analysis.

Assumption 4.1 ( [212])
* System (4.26) has an equilibrium point at the origin, i.e. f(0, 0, 0, 0) =0

* The system state x and the control input u satisfy the constraint Z, i.e. (g, uy) € Z,
where 7, C RN=TNu ig closed and contains the origin in its interior.

* The model uncertainty w is given as wy, = wy,  n(xy, uy) for all k > 0, where 1) is a
known function that is continuous and contains the origin in its interior. w, j is exogenous
signal and satisfies w, € W,, where W, is a compact set.

* The disturbance d fulfils d € D for all k > 0, where D is a known compact set and
contains the origin.

* The system state is measurable at each sampling instant.
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If the system is controlled by a certain control law u; = x(xy), then the closed-loop system can
be given as

Tpp1 = [T, di, wi) (4.27)

where f,.(zx, di, wy) = f(zk, K(xk), di, wg). The nominal system without the disturbances
d and the model mismatches w is given as f,.(z) := f(z, x(x)). The state at the time instant ,
which has an initial value of x, and the control input u = k(z), is denoted as ¢, (k, zo, d, w)
for the real system and ¢, (k, 7¢) := ¢, (k, 2o, 0, 0) for the nominal system. d is the sequence
of the disturbances and is given as d := [dy, d;, ---|. Analogously, w is defined as w :=
[wo, wr, -+ ].

Definition 4.5 (Lyapunov Function [212])
A function J : R" — R is a Lyapunov function of the nominal system %), = f,(%y) if there
are three K. -functions, 71, 2, 3 such that v, (|z|) < J(z) < y2(|x|) and J(f.(x)) — J(z) <

s (lz])-

Definition 4.6 (Asymptotically Stable [212]) B
The nominal system with the controller u = (), i.e. Tyy1 = f(k(2)) is globally asymptoti-
cally stable, if there exists a kC L-function [ such that |¢,(i, xo)| < B(|zol, 7).

Definition 4.7 (Input to State Stable [212])

The nominal system with the controller u = k(x), i.e. Z)11 = f.(r(x)) is globally input-to-
state stable if there exist a KC L-function 3 and a K-function « such that for all initial state x,
and the sequence of the disturbance d,

|6, 20, d)] < B(|zol, 7) + a([|di-al]) -

It is worth mentioning that the input-to-state stability of a system comprises the nominal system
stability and the uniformly bounded uncertainties.

Definition 4.8 (Input-to-State practically Stable [212])

Suppose Assumption 4.1 is satisfied for system (4.26). The system (4.26) is said to be input-
to-state practical stable in a set X, with respect to d if X, is a robust positively invariant set for
the system (4.26) and there are a K function «, a KC L function (3 and a constant ¢ > 0 such that

¢n<i7 Lo, d7 'l,U) < 6(’$0|, Z) + Oé(HdszH) +c, (428)
for all xy € X, where X, includes the origin as an interior point.

The stability analysis of the state-feedback NMPC have been intensively studied in the liter-
atures such as [197,212], which is based on the assumption that the states of the system are
measurable. However, the integration of an observer into the control loop impedes the analysis
of the closed-loop stability. Several works have been conducted to evaluate the system stability
with an observer. Reference [213] employed a fast high-gain observer to obtain the stabil-
ity for a robust NMPC with vanishing perturbations. The non-vanishing model mismatches
were included in [214], where the controller was designed in the discrete-time domain. In this
thesis, the nonlinear system with the model mismatches and the disturbances is considered.
The corresponding system dynamic is given in (4.16) and can be compactly represented by
1 = F(xk, u, €;), where € € E and E is a compact set.
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Assumption 4.2
The initial observer error is bounded by a positive constant €, i.e. |£g — xo| < €.

The cost function at the step k& of the CFTOC problem P, in (4.19) is a function of x, € and
Uy. It can be then written as J(x, Uy, ;). The difference of two adjacent cost functions can
be decomposed as

J(a:kH) — J(a:k) = J(F(Qﬁk, Uy, Ek)) — J(a:k)
(4.29)
where F'(xy, ug, €r) = Ag xr + By up + Ej + 5, which is asymptotically stable. Therefore
there is a IC-function «; that

where the K-function is defined in [212]. Moreover as it is indicated in [212], there exists a
JC-function «vy that satisfies

Since € contains the model uncertainties, the system propagation function in (4.16) is uniform
continuous in € for all x € X and u € U, KC-functions a3 and a4 can be found to satisfy

J(F(xk, uk, €;)) — J(F(Tk, uk, €;)) < ao(|F(xg, wg, €) — F(Zg, wg, €x)|)

4.32
< an 0 (as(|Ee — zal) + oullén —eal)),

where apoas(+) := as(ags(+)). Substitute (4.30), (4.31) and (4.32) into (4.29), it can be obtained
that

J(F (@i, up, ex)) — J (@) < —ar(|@e]) + (@ — @i]) + oz 0 (as(|Tr — @i|) + aaller])) -

(4.33)

The closed-loop system need to be robustly stable for the initial state of the observer with |, —

xo| < €p and the propagations, i.e. | — x| < € + a,(||ex—1]]), where € is a positive constant

and «, is a K-function. They are defined to guarantee that the behaviour of the estimation error
e, = x,, — &, satisfies

lex] < aleol b + ao(flerl) (4.34)

when |eg| < €y, where a, ¢ are positive constants and b > 1.

Then, the closed-loop system is input-to-state stable with the bounded initial observer error
€0, 1.€. |ZTg — | < € and € is a positive constant, and the disturbance set E with € € E is
sufficient small. The first condition is guaranteed by the design of the arrival cost in MHE [175]
and the proper choose of initial values of EKF [215]. Moreover, the cost function need to be a
Lyapunov function for the closed-loop nominal system.

4.4 Simulation Results

Simulations aiming to investigate the impacts of the parameter mismatches on the CCS-MPC
have been conducted. The weighting factor R in P, is omitted and the prediction horizon NV,
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is chosen as one for comparing the proposed RPCC with the conventional deadbeat control.
The ratio indicating the parameter mismatch is represented with the coefficient r, defined as a
percentage of the nominal parameter value, i.e.

ry = 2% % 100% (4.35)

Pm

where p. is the value of the parameter applied in the controller and p,, is the nominal value of
the motor parameter. In the subsequent investigations, the value of the parameters in the current
control is modified accordingly for the purpose of verifying the control performance under the
parameter mismatch. Moreover, various parameter variations with different load conditions, i.e.
0%, 50% and 100% of the rated torque, are assessed. The mean error of the control performance
is computed as

A
=

where ¢* denotes the current reference vector given in the dq domain. The black dots in the
following figures demonstrate the actual computed error e;, while the surface are fitted with the
spline interpolation that introduced in Section. 3.3.2.1.

, (4.36)

€;

4.4.1 The Impact from the Stator Resistance

Firstly, the simulation is conducted to study the impact from the parameter mismatch of the
stator resistance R, . The parameter varies from 50% to 150% of the nominal value, with a 10%
of the nominal value as the step. The load condition changes from 0% to 100% with a step 10%
of the rated torque. The tracking error e; defined in (4.36) of the simulation results are shown
in Fig. 4.2.

05

ry (%) T (pu.)
(b)

Figure 4.2: The steady state error e; caused by the parameter mismatch of Iz, for the CCS-MPC with N, = 1 in
(a) and with IV, = 5 in (b).

As it is shown in Fig. 4.2, the influence of R, is roughly symmetric for the deadbeat control
regarding the rate of the parameter variation. Moreover, a higher load will lead to a higher
control error under the parameter variation of 1. For the CCS-MPC with a longer prediction
horizon, the error is unsymmetrical in terms of the variation rate. The reduction of the stator
resistance will cause more tracking error than its increase. Regarding the influence of the load
condition, the conclusion is similar to the deadbeat control, i.e. the variation of the stator
resistance will cause a higher control error at a higher load condition. Therefore, for both the
deadbeat control and the CCS-MPC with N, = 5, the largest resulted error appears at the
full-load condition.
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4.4.2 The Impact from the Inductance

The influence of the inductances is simulated. The corresponding simulation results to inves-
tigate the parameter variation of L4 and L, are shown in Fig. 4.3 and in Fig. 4.4, respectively.

T C o100 0 05 0 BT ———— f//0"/'”'"'6'.3/
rp (%) T, (pw.) ry (%) T (pu.)
(a) (b)

Figure 4.3: The steady state error e; caused by the parameter mismatch of L4 for the CCS-MPC with N, = 1 in
(a) and with IV, = 5 in (b).

Several conclusions can be drawn from the simulation results. Fig. 4.3 shows that a reduction
of Ly value has a larger impact on the tracking performance than its increase, i.e. it can cause
larger tracking error. The impact of the parameter mismatch from L, is slightly affected by the
load condition. These conclusions can be applied for both deadbeat control and the CCS-MPC
with a prediction horizon of N, = 5.

rp (%) Ti (p-u.) ry (%) Ti (p-u.)
(a) (b)
Figure 4.4: The steady state error e; caused by the parameter mismatch of L, for the CCS-MPC with IV, = 1 in
(a) and with IV, = 5 in (b).
The effects from the parameter mismatch of L, differs from those of L. Fig. 4.4 shows that
the load torque has a great impact on the error current e; caused by the parameter mismatch of
L, , i.e. a higher load torque causes a higher error. The effects of the L, variation is symmetric

regarding to r, . There are few differences between the influences of the parameter L, variation
on the deadbeat control and on the CCS-MPC.

4.4.3 The Impact from the Permanent Magnet Flux Linkage

The impact of the permanent magnet flux linkage is simulated and the corresponding simulation
results are shown in Fig. 4.5.

It can be concluded from the Fig. 4.5 that the impact from the permanent magnet flux linkage
is symmetrical regarding the rate of the variation, which is valid for both the deadbeat control
and the CCS-MPC. The load has little impact on the tracking error. Furthermore, comparing
to the other three electrical parameters, the permanent magnet flux linkage induces the largest
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(b)

Figure 4.5: The steady state error e; caused by the parameter mismatch of Wy, for the CCS-MPC with N, = 1 in
(a) and with IV, = 5 in (b).

tracking error under the same rate of parameter variation and the same load condition. It may be
resulted from that the term related to the permanent magnet flux linkage in (4.5) can be regarded
as a constant disturbance, which directly causes the offset for the control result if it is not
perfectly compensated, while the other three parameters are related to the system characteristics
and have more effects on the system behaviours, such as the system stability and the system
dynamics.

It is worth mentioning that the parameter variation of the aforementioned electrical param-
eters can cause more tracking errors for the CCS-MPC than for the deadbeat control, which
can be explained by the fact that the error of the model is accumulated as the prediction grows.
Therefore, a larger tracking error can be observed under the control of the CCS-MPC as the
prediction horizon increases.

4.5 Experimental Results

The proposed observer-based robust predictive current control strategy was implemented on a
dSPACE real-time system that described in Appendix B.2. Several experimental scenarios are
designed. The corresponding experiments have been carried out to investigate the behaviour of
the proposed method and to compare it with the classical predictive current control. Firstly, the
performances at the steady state with various situations of the parameter mismatches are com-
pared, namely the parameter mismatch of R, Ly, L, and W, for both the deadbeat control and
the CCS-MPC with a prediction horizon of three. The experiments are furthermore conducted
with the proposed robust current controller. Moreover, as it is shown in the simulations, the
load condition can affect the control performance under the parameter mismatch. Therefore,
several load conditions are investigated via experiments. Subsequently, the comparison is con-
ducted under the existence of the encoder error. The digital delay can also affect the control
performance, particularly for the embedded system with a relatively low sampling frequency.
Therefore, the control performances without digital-delay compensation and under an inaccu-
rate digital-delay compensation are furthermore investigated. At last, the conclusions can be
drawn accordingly.
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4.5.1 Comparison of the Deadbeat Control and the RPCC under the Pa-
rameter Mismatch

The experiments have been firstly conducted for the PMSM drive system controlled with the
deadbeat control method. These experiments aiming to evaluate the performance under the
parameter mismatches were carried out through the same pattern, i.e. 7, reduces to 50% at
t = 2s and increases to 200% at t = 4s. The EKF as well as the MHE is deployed as the
disturbance observer for estimating the current and the disturbance.

4.5.1.1 Performance under the Variation of .,

The influence from the parameter mismatch of L, is firstly investigated. The experimental
results are shown in Fig. 4.6 for the no load condition, in Fig. 4.7 for a load of 50% of the rated
torque and in Fig. 4.8 for the full load condition.

1 1 1
05 05 __ 05
3 3 e
& 0 £ 0 & 0
S -3 S
05} [—Nominal 05/ —ExF 05/ [——MHE
—Ref —Ref —Ref
-1 -1 -1
0 2 4 6 0 2 4 0 2 4 6
Time (9) Time (9) Time (9)
(a) Nominal (b) EKF (c) MHE
1 1 1
05 05 05
-0.5 /[~ Nominal 05— ExF 051 —MHE
—Ref —Ref —Ref
-1 -1 -1
0 2 4 6 0 2 4 0 2 4 6
Time (s) Time () Time ()
(d) Nominal (e) EKF (f) MHE

Figure 4.6: Comparison of the deadbeat control and the RPCC under the parameter mismatch of L4 and no load
condition. (a) and (d) denote the experimental results with the deadbeat control. (b) and (e) are the results with the
RPCC deploying EKF. (c) and (f) represent the experimental results with the RPCC employing MHE.

Fig. 4.6 shows that from ¢ = 435, i.e. the variation of L, to 7, = 200%, severe oscillation (up
to the rated current value) can be noted for the deadbeat control. More ripples can be observed
at r, = 50% than the nominal condition. On the contrary, the current loop controlled with the
robust predictive control strategy, both with the EKF and with the MHE, remains stable and
reveals accurate tracking results under the parameter variation of L.

Similar phenomenon can be observed with a 50% of the rated torque as the load, i.e. the
closed-loop system of the current control exhibits instability at r, = 200%, where an oscillation
with an amplitude of the rated current can be observed. Moreover, at the parameter mismatch
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Figure 4.7: Comparison of the deadbeat control and the RPCC under the parameter mismatch of L, and 50% of
the rated torque as the load. (a) and (d) denote the experimental results with the deadbeat control. (b) and (e) are
the results with the RPCC deploying EKF. (c) and (f) represent the experimental results with the RPCC employing
MHE.

of 7, = 50%, more ripples than no load condition is noted. The RPCC with EKF as well as
MHE can both track the current reference accurately. Moreover, the system stability with the
RPCC is not affected by the variation of L.

The deadbeat control demonstrates analogous phenomenon at the parameter mismatch of L
under the full-load condition to the other load conditions. Nonetheless, at the full-load condi-
tion, higher values of the oscillated current can be noticed in Fig. 4.8. It can be concluded from
the previous experiments that the parameter mismatch of L, changes the system characteristics
and can cause conspicuous ripples or even the system instability. However, the implementa-
tion of the robust control strategy, either with the EKF or the MHE, improves the robustness of
the closed-loop system significantly and reduces the noises as well as ripples contained in the
currents.

4.5.1.2 Performance under the Variation of L,

Subsequently, the influence from the parameter mismatch of L, is investigated. The experimen-
tal results under no load condition are shown in Fig. 4.9. In comparison with the experimental
results in Fig. 4.6, it can be seen that the parameter mismatch of L, has less effect on the sys-
tem characteristics than that of L, 1.e. the current loop can remain stable under the parameter
mismatch of L,. However, obvious ripples can be observed. More specifically the parameter
mismatch of L, causes a ripple up to 20% of I in g-axis. On the contrary, the proposed RPCC
can track the reference accurately and remains stable.

Because of the limitation of the space, the transient performance of 50% load condition is



4.5. EXPERIMENTAL RESULTS

149

1
. 0.5
3
& 0
-3
-0.5| —Nomina
—Ref
-1
0 2 4 6
Time(s)
(a) Nominal
2
. 15
3
E o
0.5/ —Nomina
—Ref
0
0 2 4 6
Time(s)
(d) Nominal

’id (pu)

1
0.5
0
05/ ekF
—Ref
-1
0 2 4
Time(s)
(b) EKF
2
15
1
0.5/ [—EKF
—Ref
0
0 2 4
Time(s)
(e) EKF

1
. 0.5
3
& 0
-3
05/ MHE
—Ref
-1
0 2 4 6
Time(s)
(c) MHE
2
15
3
!
0.5/ ~—MHE
—Ref
0
0 2 4 6
Time(s)
(f) MHE

Figure 4.8: Comparison of the deadbeat control and the RPCC under the parameter mismatch of L, and full load
condition. (a) and (d) denote the experimental results with the deadbeat control. (b) and (e) are the results with the
RPCC deploying EKF. (c) and (f) represent the experimental results with the RPCC employing MHE.
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Figure 4.9: Comparison of the deadbeat control and the RPCC under the parameter mismatch of L, and no load
condition.
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Figure 4.10: Comparison of the deadbeat control and the RPCC under the parameter mismatch of L, and full load
condition.

omitted. The experimental results are shown in Fig. 4.10. The reduction of L,, i.e. 1, =
50% causes a steady-state offset for 74 and 14, Which can be noticed at the full-load condition.
Under a load of 50% of the rated torque, the deadbeat control reveals unstable behaviour when
r, = 200%. Same behaviour can be observed under the full load, where the oscillations at
rp = 200% with full load is much higher than that with 50% of the rated torque as load. It is
worth mentioning that the parameter mismatch of L; mainly causes the oscillations in d-current,
which has an amplitude of almost the rated current, while the parameter mismatch of L, causes
the oscillations mainly in g-axis, which may be up to 1.5 Iy. Moreover, the parameter mismatch
of L, induces the ripples in g-axis current, which can be up to 25% of the rated current. The
parameter mismatch of L, also causes ripples in d-axis. Their amplitude depends on the load
condition. As it is shown in (4.5), the coupling between ¢4 and ¢, reflects the instability of one
axis on the other axis. But the induced impact is limited to a certain degree. Therefore, the
oscillation in the g-axis caused by the L, variation remains unchanged, even though the load
condition is varied, while the oscillation in d-axis caused by the L, variation varies with the
load condition. In general, the inductances, namely Lg and L, have both significant impacts on
the system characteristics and affect the closed-loop stability.

4.5.1.3 Performance under the Variation of R,

The control performance of the deadbeat control and of the proposed RPCC is further investi-
gated under the variation of R,. The experimental results are shown in Fig. 4.11 and Fig. 4.12.

Comparing to the experimental results of the previous scenarios, i.e. the parameter mismatches
of L, and L, it can be noticed that the parameter mismatch of the stator resistance has less
impact on the deadbeat control. Neither unstable system behaviour nor obvious steady-state
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Figure 4.11: Comparison of the deadbeat control and the RPCC under the parameter mismatch of R and no load
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Figure 4.12: Comparison of the deadbeat control and the RPCC under the parameter mismatch of R, and full load

condition.
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offset can be observed from the experimental results with no-load condition in Fig. 4.11 and
full-load condition in Fig. 4.12. However, the parameter mismatch of R, can deteriorates the
control performance at a higher load condition, where tracking error as well as higher ripples
can be noted. In contrast, the proposed RPCC remains stable and accurate under the variation
of R;.

4.5.1.4 Performance under the Variation of ¥,

At last, the control performance under the variation of the permanent magnet flux linkage W,
is investigated. The corresponding results are shown in Fig. 4.13 and Fig. 4.14. As it is shown
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Figure 4.13: Comparison of the deadbeat control and the RPCC under the parameter mismatch of Wy, and no load
condition.

in Fig.4.13, the variation of W, causes an evident steady-state error for the current of g-axis. A
steady-state offset around 15% of I at 7, = 50% and an offset up to 25% of I at r, = 200%
can be observed under the control of the conventional deadbeat control, while RPCC effectively
eliminates the influence of the parameter mismatch of W,,. During the transient of the parameter
variation, i.e. att = 2s and at ¢t = 4 s, an overshoot can be noted under the control of RPCC.
Moreover, the overshoot of i, is much higher than that of 7,.

An analogous steady-state offset can be observed with 50% of the rated torque as the load
and also with full-load condition. Particularly, the experimental results of the full-load condition
are shown in the Fig. 4.14. Comparing to the no-load condition, higher ripples can be noticed
with a heavier load, both in d-axis and g-axis. Conversely, the proposed RPCC eliminates the
steady-state error. Nonetheless, similar to the no-load condition, overshoots can be noted at the
transient of the parameter variation.

Several conclusions can be drawn after comparing the experimental results of the parameter
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Figure 4.14: Comparison of the deadbeat control and the RPCC under the parameter mismatch of W, and full load
condition.

variation of W, under different load conditions. Firstly, the permanent magnet flux linkage has
little effect on the system stability, but its mismatch can cause an evident tracking error for the
deadbeat control. Moreover, a higher load torque may result in a larger current ripple. The
proposed RPCC eliminates the steady-state error. However, an obvious overshoot during the
transient of the parameter variation can be noted in g-axis, if the RPCC is deployed. It may be
resulted from the tuning of the parameters for the observers, i.e. the covariance matrices of the
system noise and of the measurement noise, since the estimator is so tuned that the variation
can be tracked quickly. Therefore, the estimator is rather aggressive. It should be pointed out
that the overall performance of MHE is practically the same as that of EKF. Thus, it should
be sufficient to deploy EKF as the disturbance observer to compensate the effects from the
parameter mismatches and the disturbances as well as to improve the system robustness, the
control performance for the PMSM drive system.

4.5.1.5 Summary of the Steady-State Error

In order to better visualize the steady-state error and compare them more perceptually, the con-
trol performance is evaluated by the absolute value of the error, which is defined by employing
’id,q - Z:; q‘

Ciyiy = T ’ (4.37)

where i3 denotes the current reference value given for the d-axis or the g-axis. Regarding
various parameter mismatches and load conditions, the computational results are presented in
histograms and demonstrated in Fig. 4.15 - Fig. 4.18.
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Figure 4.15: Comparison between the proposed RPCC with MHE/ EKF as the disturbance observer and the con-
ventional deadbeat control under the variation of L.

It can be noticed from the Fig. 4.15 that the proposed RPCC with the observers, i.e. either
EKF or MHE, outperforms the conventional deadbeat control under the variation of L, with
and without load. The variation of L, causes instability for the deadbeat control at r, = 200%,
which can be seen from Fig. 4.6, Fig. 4.7 and Fig. 4.8. Moreover, it evokes a steady-state error
of around 6% of the rated current. The aforementioned problems are nonetheless tackled by
implementing the RPCC strategy. The improvements generated by the two different disturbance
observers are almost the same.

200

() (b)

Figure 4.16: Comparison between the proposed RPCC with MHE as well as EKF as the disturbance observer and
the conventional deadbeat control under the variation of L.

Comparing to the variation of L4, the variation of L, has less influence on the closed-loop
stability. However, fierce oscillations can still be observed at 7, = 200%, while the mean error
is abnormally reduced compared with the nominal situation. On the contrary, the proposed
RPCC delivers better control performance, in terms of the tracking accuracy and the system
robustness. The rate of the impact caused by the parameter mismatch of L; depends more on
rp , 1.e. the rate of the parameter variation, while the impacts evoked by the parameter mismatch
of L, hinges more on the load condition.

The influence of the parameter mismatch of W,, is summarized in Fig. 4.17. As given in
(4.16), ¥, in the matrix E affects the steady-state performance of the current control. An
evident steady-state offset can be found under the W, variation with the conventional deadbeat
control, which can amount to 20% of the rated current. The relatively small error of i4 at 7, =
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Figure 4.17: Comparison between the proposed RPCC with MHE/ EKF as the disturbance observer and the con-
ventional deadbeat control under the variation of W,,.

200% and no-load condition can be explained by that the error induced in i, may compensate
the original disturbances. A larger error is observed in g-axis, which is dependent on the rate of
parameter variation and the load condition.
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Figure 4.18: Comparison between the proposed RPCC with MHE/EKF as the observer and the conventional
deadbeat control under the variation of R;.

Comparing to the other parameters, R has the least influence on the control performance, in
term of the mean error and the ripple, which can be observed in Fig. 4.18. The largest steady-
state error can be found at no-load condition, which is up to 2% of the rated current value.

It can be summarised that the employment of MHE and EKF into the framework of the
proposed robust predictive current control have slight difference for estimating the model un-
certainties that is resulted from the parameter variation, and also for compensating the distur-
bances. This conclusion can be explained by the fact that the rate of the parameter variation
is relatively slow and the propagation of the augmented system model for the PMSM can be
captured by the linearisation conducted by the EKF. The parameter variation of inductances
affects the system characteristics and can cause instability of the closed-loop system, while the
variation of the permanent magnet flux linkage induces an evident steady-state error, which is
dependent on the rate of the parameter variation and the load condition. The stator resistance
has the least influence on the accuracy of the tracking performance as well as the closed-loop
stability. The implementation of the proposed RPCC effectively eliminates the steady-state er-
ror and improves the closed-loop stability. More specifically, the closed-loop system reveals
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stable under the various parameter mismatches and accurately tracks the reference.

4.5.2 Comparison of the CCS-MPC and the RPCC under the Parameter
Mismatch

Moreover, the proposed RPCC is compared with the conventional CCS-MPC and the CCS-MPC
with an output compensation, which is realized by u;, + B~'€;. Due to the limitation of the
computational power, in some applications the implementation of the CCS-MPC is realized by
computing the explicit solution offline. Then, the solution uy is searched online from the offline
computational results and applied to the modulator. In this case, the estimated disturbance
can not be directly included into the CFTOC problem. Therefore, the compensation can only
be executed by compensating the control voltage with the term B~'¢,. However, it can be
predicted that the compensation of the disturbance term for the command voltage instead of
including it into the optimization problem can result in a no-optimal solution. The prediction
horizon of the conventional CCS-MPC, CCS-MPC with an output compensation and RPCC is
set to be IV, = 3 in the following investigations. On the purpose of compactness, only the
dynamic response to the parameter variation of L; and W, is shown in the following, since
the results of L, is relatively similar to that of L; and R has only slight influence on the
control performance. Nonetheless, the steady-state error of all kinds of parameter mismatches
are computed and summarized in histograms, analogously to the deadbeat control performance
evaluation. Since little difference between the estimating performances of EKF and MHE can be
found, as it is indicated in the previous section, the EKF is selected as the disturbance observer
for the long prediction horizon current control in the following.

4.5.2.1 Performance under the Variation of L

Firstly, the control performances of the conventional CCS-MPC, CCS-MPC with the compen-
sation and the proposed RPCC are investigated under the parameter variation of L, . The exper-
imental results are shown in Fig. 4.19.

Comparing to the control performance of the deadbeat control, which is shown in Fig. 4.8,
the control of the CCS-MPC remains stable, even when the L, changes to 200% of the nominal
value. It is worth mentioning that a small steady-state offset of ¢, can be observed, also at the
state without parameter mismatch, which can be explained by the fact that the parameter values
deployed in controller are directly obtained from the manufacturer’s data sheet and may differ
from the real parameter values. Moreover, the digital delay has also impact on the control per-
formance, for which the implemented digital-delay compensation may be inaccurate. However,
the implementation of the RPCC eliminates the tracking error effectively. Furthermore, little
difference can be noted between the CCS-MPC with the output compensation and the RPCC.
More specifically, RPCC is slightly better than the CCS-MPC regarding the tracking accuracy,
especially for the g current.

4.5.2.2 Performance under the Variation of ¥,

The performance evaluation of the deadbeat control indicates the significance of the parameter
mismatch of W, on the tracking accuracy. Its impact on the CCS-MPC is furthermore studied.
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Figure 4.19: Comparison of the proposed RPCC to the conventional CCS-MPC as well as CCS-MPC with the out-
put compensation under the parameter mismatch of L4 and full-load condition. (a) and (d) denote the experimental
results with the CCS-MPC. (b) and (e) are the currents controlled by the CCS-MPC with the output compensation.
(c) and (f) represent the experimental results with the RPCC employing EKF. The conventional CCS-MPC is de-
noted by blue, CCS-MPC with the output compensation is presented by light green and the proposed RPCC with
EKF is shown in dark green.

The corresponding experimental results are shown in Fig. 4.20.

Because that the prediction error resulting from the parameter mismatch of the permanent
magnet flux linkage accumulates as the prediction horizon grows, a larger tracking error com-
pared to the deadbeat control, which can amount around to 30% of the rated current, can be
observed under the control of CCS-MPC at the full-load condition with 7, = 200%. The output
compensation for CCS-MPC can eliminates the offset to a certain level. Nonetheless, a small
steady-state error can still be noticed at r, = 200%, when the output compensation is applied.
However, as mentioned in [216], an overall optimization is required for the CCS-MPC. The
inclusion of the disturbance term into the optimization problem, as in RPCC, shows significant
improvement of the control performance in terms of the tracking accuracy. The RPCC effec-
tively cancels the steady-state error. However, both CCS-MPC with the output compensation
and RPCC reveal an overshoot at the time instant of the parameter variation, which is analogous
to the deadbeat control and may be caused by the parameter selection of the estimators.

4.5.2.3 Summary of the Steady-State Error

The absolute values of the mean errors regarding ¢, and ¢, are computed, summarized in
Fig. 4.21 - Fig. 4.24.

As it is shown in Fig. 4.21, the respective errors of the currents in d-axis and g-axis show
different dependence on the load condition. However, it can be noticed that the steady-state
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Figure 4.20: Comparison among the proposed RPCC, the conventional CCS-MPC as well as CCS-MPC with
the output compensation under the parameter mismatch of Wy, and full-load condition. (a) and (d) denote the
experimental results with the deadbeat control. (b) and (e) are the currents controlled by the CCS-MPC with the

output compensation. (c) and (f) represent the experimental results with the RPCC employing EKF.
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Figure 4.21: Comparison among the proposed RPCC, the conventional CCS-MPC and the CCS-MPC with the
output compensation under the variation of L4. The conventional CCS-MPC is denoted by blue, CCS-MPC with
the output compensation is presented by light green and the proposed RPCC with EKF is shown in dark green.
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error amplitude, i.e. |e;|, is relatively constant regarding 7;. A reduction of L, can cause a
larger tracking error than an increase of L,;. The output compensation improves the tracking
accuracy in the most test cases. Nonetheless, it deteriorates the control performance comparing
to the conventional CCS-MPC in some cases, e.g. 14 at 7, = 200%, the full-load condition as
well as ¢, at the no-load condition. The proposed RPCC effectively eliminates the steady-state
errors.

The steady-state errors under the parameter variation of L, are computed and summarized in
Fig. 4.22. In general, the parameter variation of L, can induce larger steady-state errors than Lg,

200

(a) (b)

Figure 4.22: Comparison of the proposed RPCC and the conventional CCS-MPC as well as CCS-MPC with output
compensation under the variation of L.

both in d-axis and g-axis. More specifically, L, can induce a steady-state error of approximately
3% of the rated current, while L, results in an error of up to 8% of the rated current. Its impact
depends on the load condition as well as the rate of the variation. The output compensation
of CCS-MPC significantly reduces the tracking error in d-axis, while it affects the tracking
performance of 7, irrelevantly for the most test scenarios. On the contrary, the proposed RPCC
effectively redresses the errors of i and ¢,.

7 (%)
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Figure 4.23: Comparison of the proposed RPCC and the conventional CCS-MPC as well as CCS-MPC with output
compensation under the variation of R;.

In Fig. 4.23, the impacts from the parameter mismatch of R are demonstrated. Similar
phenomenon to the deadbeat control can be noticed. The output compensation efficaciously
eliminates the tracking error of i4, but reduces the error of i, only to a certain level or even
aggravates the tracking performance in some test cases. The feedforward compensation can
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only realize the suboptimum solution for the current control, while the proposed RPCC disposes
of the error and reveals the system stability, as presented in Fig. 4.23.
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Figure 4.24: Comparison of the proposed RPCC and the conventional CCS-MPC as well as CCS-MPC with output
compensation under the variation of .

From Fig. 4.24, it can be noted that the permanent magnet flux linkage W, can induce a
larger steady-state error for the CCS-MPC than that for the deadbeat control, which can be
explained by the fact that the permanent magnet flux linkage W, contributes to the offset term
of the control loop and the induced error is accumulated as the prediction horizon increases.
Therefore, the parameter mismatch of the permanent magnet flux linkage W, can cause larger
steady-state errors at most working points. For example, the parameter mismatch of W, induces
a steady-state error of more than 30% of the rated current under the control of the CCS-MPC,
which is around 25% under the deadbeat control. An output compensation can significantly
reduce the error. However, the steady-state errors can still be noticed. After employing the
RPCC, the errors are efficiently eliminated.

In summary, the CCS-MPC is more stable than the deadbeat control, while it demonstrates
larger tracking errors under the same parameter mismatches. The reason can be traced back
to the fact that the effect of the disturbance accumulates with the increase of the prediction
horizon N,. The output compensation of CCS-MPC can mitigate the impacts of the parame-
ter mismatches to a certain level. But in some cases, depending on the rate of the parameter
mismatch and the load condition, the compensation can over-/under-compensate the error and
therefore deteriorates the control performance. However, the proposed RPCC outperforms the
other two methods and minimizes the effects resulted from the parameter mismatches.

4.5.3 Performance under Encoder Error

Furthermore, the experiment of simulating the encoder error was carried out. An offset is added
to the encoder signal. The offset is arbitrary and selected as the biased value at the rotor align-
ment. Accordingly, the experimental results are shown in Fig. 4.25. The PMSM run at a
constant speed of 1500 rpm, where the proposed RPCC was activated at t = 1s.

As it is shown in Fig. 4.25, the conventional CCS-MPC fails to track the reference under
the existence of an encoder error. An tracking error of around 130% of the rated current can
be observed in the g-axis. However, the proposed RPCC effectively compensates the encoder
error, i.e. the steady-state error has been cancelled after activating the RPCC. Moreover, it can
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Figure 4.25: Comparison between the CCS-MPC and the proposed RPCC under the encoder error. (a) represents
the measurements of 74 and (b) shows the results of .

be concluded that the proposed RPCC can be activated smoothly during the control process and
has little effect on the system stability. A small overshoot can be observed at the activation of
the RPCC, which is around 15% of the rated current. However, it can be reduced by tuning the
parameters of the disturbance observer.

4.5.4 Performance under Inaccurate Digital Delay Compensation

4.5.4.1 High Sampling Frequency

The digital delay is inevitable in the drive system. Normally 1.57 is compensated for the
control algorithm to eliminate the influence from the digital delay [24]. In Fig. 4.26, the ex-
perimental results of the conventional CCS-MPC without the digital delay compensation is
presented. Experimental results of CCS-MPC with a digital delay compensation of 1.5 7 and
the proposed RPCC are shown in Fig. 4.27 and Fig. 4.28, respectively. A load step of 100% of
the rated torque was added at¢ = 1.5s.
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Figure 4.26: The experimental results of the conventional CCS-MPC without digital delay compensation, where
the legend "NC’ denotes the corresponding measured currents.

Fig. 4.26 shows that the digital delay mainly causes the steady-state error in the d-axis. More-
over, conspicuous overshoots at the insertion of the load step can be observed both in the d- and
the g-axis, which amount to 130% of the rated current in d-axis and 110% of the rated current
in g-axis. At no-load condition, the tracking error of i; accounts for around 25% of Iy. It
increases to 40% of the rated current after a load of 100% rated torque is applied.

In Fig. 4.27, a compensation of 1.5 7 is applied to the PMSM drive system to realize the
digital delay compensation. It can be noticed that at the no-load condition, the steady-state
error caused by the digital delay is effectively eliminated. However, at 1.5 s, a full load is added
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Figure 4.27: The experimental results of the conventional CCS-MPC with a digital delay compensation of 1.5 T},
where the legend "WC’ denotes the corresponding measured currents.

to the PMSM, a tracking error around 15% of the rated current can be noted in the d-axis.
By deploying a constant digital delay compensation, the conspicuous overshoot observed in
Fig. 4.26 has been dramatically reduced to approximately 25% of I in the d-axis and almost
fully eliminated in the g-axis.
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Figure 4.28: The experimental results of the proposed RPCC. The legend 'REKF’ denotes the measured currents
with RPCC, where EKF is deployed as the observer.

The proposed RPCC is also tested under the existence of the digital delay. The experimental
results are shown in Fig. 4.28. The steady-state errors, both in no-load condition and full-load
condition, are eliminated by implementing the proposed RPCC. However, it can be noticed that
an overshoot of more than 50% of Iy in the d-axis is generated at the load step, which has a
relatively high amplitude but a short duration time. This may be resulted from the parameter
choice of the EKF, which is so tuned that EKF is relatively aggressive and can react to the
disturbance fast. The overshoot noted in Fig. 4.28 can be reduced by tuning the EKF parameters.

4.54.2 Low Sampling Frequency

The implemented discretization method in this thesis is the Euler approach. A relatively low
sampling frequency impairs the approximation of the discrete-time system to the continuous-
time system. Therefore, the digital delay is more crucial for the control with a lower sampling
frequency. CCS-MPC and RPCC are furthermore tested with a sampling time of 7 = 500 ps.
The PMSM run at 2000 rpm for this test.

With a larger sampling time and a higher speed, the digital delay is more critical for the
control performance of CCS-MPC, i.e. a larger error can be observed at the steady state. It can
be observed from Fig. 4.29 that the steady-state error of i; amounts around 80% of Iy with a
sampling frequency of 2 kHz and under no load, which is much higher than the error at the same
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Figure 4.29: Comparison between the CCS-MPC and the proposed RPCC with a sampling time of 75, = 500 ps.
The proposed RPCC is activated att = 2 s

condition but with a higher sampling frequency of 10 kHz, which is 25% of the rated current. A
small bias can be noted in the ¢-axis, which is around 10% of I. However, after activation of
the proposed RPCC, the errors are eliminated. It is worth mentioning that the implementation
of the RPCC also reduces the current ripples and therefore improves the current quality.

4.5.5 Summary

In this section, an observer-based robust predictive current control scheme is proposed. This
scheme is generally formulated and applicable to any AC drive system. It has been proved to
be input-to-state stable, if several prerequisites are satisfied, i.e. the cost function of the cor-
responding CFTOC problem is a Lyapunov function for the closed-loop nominal system, the
initial observer error is bounded and the system propagation function is uniformly continuous
in disturbance domain. The effectiveness of the proposed robust predictive current control is
verified with experimental results under various scenarios, i.e. the parameter mismatches, the
encoder error and the inaccurate digital compensation. The proposed control strategy can be
smoothly activated and causes slight overshoot. Therefore, it outperforms conventional predic-
tive controllers, i.e. the deadbeat control and the CCS-MPC at the steady state as well as during
the transient. Moreover, because of the filtering effect along with the EKF and MHE, high order
harmonics can be attenuated to a certain level. However, due to the limited bandwidth of the
observers, the filtering effects have less impact on the low order harmonics.

4.6 Conclusion

The basic concepts of the continuous-control-set model predictive control are firstly reviewed
in the first part of this chapter. The CCS-MPC is a powerful approach to synthesize controllers
for the constrained systems. However, the synthesis of the CCS-MPC relies on the knowledge
of the controlled system. The existence of the model uncertainties and the disturbances impairs
the control performance of the CCS-MPC or even cause instability of the closed-loop system,
which has been verified by the simulations and experiments. Unfortunately, designing a MPC
under these circumstances is challenging in general. Many paradigms, such as the robust MPC
and the stochastic MPC, have been proposed to deal with the uncertainties and the disturbances.
In this chapter, a disturbance observer is implemented to eliminate the error caused by the pa-
rameter mismatches and the disturbances. It can be regarded as a compromise between the
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dynamic performance and the robustness, which can provide satisfactory tracking performance
and has acceptable computational cost. The proposed control strategy can be extended to other
AC drive systems. The inclusion of an observer into the close-loop system affects the system be-
haviour. Therefore, the closed-loop stability is furthermore investigated, which is proved to be
input-to-state stable under the satisfaction of several conditions. The proposed robust predictive
current control scheme has shown its effectiveness against parameter mismatches and distur-
bances, such as the measurement error of the encoder and the digital delay of an embedded
system, via the implementation on the embedded system and the corresponding experimental
results. However, the low-order harmonics can not be eliminated by implementing the distur-
bance observer due to the limited bandwidth of the estimator. The attenuation of the low-order
harmonics is discussed in the Chapter. 6.
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CHAPTER 5

Finite-Control-Set Model Predictive Control

5.1 Introduction

The finite-control-set model predictive control (FCS-MPC) was proposed to inherit the discrete
nature of the inverter. Different from the continuous-control-set MPC, FCS-MPC is conceptu-
ally simple, has straightforward implementation as well as fast dynamic response and requires
less computational resources, if a short prediction horizon is applied [24]. Moreover, since
the switching signals of the inverter are directly computed through FCS-MPC, no modulator is
required in the FCS-MPC framework [2]. Because of the aforementioned advantages of FCS-
MPC, many applications have implemented it to realize the control of power converter. In [217],
the FCS-MPC was implemented for a three-phase two-level inverter. In [218], it was applied
for a three-phase neutral-point-clamped inverter and in [219] for H-Bridge inverters. Moreover,
it has been deployed for different control objects. Authors in [66] implemented the FCS-MPC
for the torque control of the induction machines. In [220], it was employed for the speed control
for the PMSM and IM and in [97] for the current control of the PMSM. In FCS-MPC, the pos-
sible switching states are taken into consideration in the optimization problem. Analogously
to CCS-MPC, the underlying optimization problem is a trade-off problem between the refer-
ence tracking and the output effort. In the FCS-MPC scheme, the penalization on the command
output is replaced by the switching effort.

One of the main drawbacks of FCS-MPC is the high computational burden of solving the
underlying optimization problem with a long prediction horizon or when the converter under
control, such as modular multi-level converter (MMC), has a large number of switching states,
since the problem is in these cases NP-hard, i.e. the computational complexity increases ex-
ponentially with the prediction horizon and the voltage level of the inverter [221]. In many
applications, the prediction horizon is consequently chosen to be one, aiming to enable the
deployment of FCS-MPC in real time. However, the multi-step FCS-MPC shows excellent
performance for example for the high-order inverter to cover the oscillation period during the
filter resonance. Therefore, many researches focusing on reducing the computational burden
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of the long horizon FCS-MPC have been carried out. In [222], the multistep FCS-MPC prob-
lem is formulated as an integer least square problem, which can be solved efficiently by using
the sphere decoding algorithm. Authors in [223] presented a variable switching point predic-
tive control method with the extended prediction horizon. It shows that the torque ripple and
the total harmonic distortion of the current are significantly reduced with a longer prediction
horizon. Besides the works focusing on the control algorithms, the efficient implementation
of FCS-MPC on real-time control platforms has also been studied. Reference [224] presented
an efficient FPGA implementation of FCS-MPC for the flying-capacitor converters and refer-
ence [225] implemented a long-horizon FCS-MPC with the sphere decoder on a FPGA. In this
chapter, the multi-step FCS-MPC for the current loop, which is also called the multi-step pre-
dictive direct current control (MPDCC), is deployed to realize the current control of the PMSM
drive system. The multi-step FCS-MPC solves the optimization problem of the current control
by reconstructing the optimization problem and applying specific solving algorithm. Then, it
employs the receding horizon policy to realize the control. This solution of the FCS-MPC dis-
tinguishes itself from other FCS-MPC methods, such as the enumeration-based FCS-MPC and
the extrapolation-based FCS-MPC.

As it is indicated in [226], the performance of FCS-MPC is also affected by the parame-
ter mismatches. In this chapter, the principle of the FCS-MPC is introduced firstly, which is
followed by the introduction to the MPDCC. The optimization problem, the associated imple-
mentation and the solving method are furthermore elaborated. Besides, the influences of the
parameter mismatch problem on the FCS-MPC are studied. An improvement of the control
performance under the parameter mismatches is proposed by deploying the disturbance ob-
server into the control scheme. Moreover, a special case of PMSM is discussed, i.e. SPMSM.
Because of the symmetry of its matrices in the state-space formulation, the MPDCC problem
can be simplified by allocating some heavy computations offline, which significantly reduces
the online computational burden. Moreover, the effectiveness of implementing the proposed ro-
bust solution is shown with the experimental results and compared with the classic FCS-MPC.
The corresponding conclusions can be drawn for both the one-step solution and the multi-step
solution.

5.2 Finite-Control-Set Model Predictive Control

5.2.1 Control Problem

The control problem of the current loop of a PMSM with the deployment of the FCS-MPC
is analogous to that of CCS-MPC. The control problem can be formulated either in the dg
reference frame or in the o reference frame. In this thesis, a general formulation in the dq
reference frame is firstly given, which is followed by a computational efficient solution in the
a3 reference frame for a special case of PMSM, i.e. SPMSM. The objective function includes
two terms, the penalization on the current tracking quality and the penalization on the switching
effort. Their weightings in the objective function are tuned by a tuning parameter \,, which
is appended to the term penalizing the switching effort. In [221], the key elements for the
design of the FCS-MPC are mentioned and explicitly analysed via simulations, e.g. the choice
of the norm and the tuning of the penalty. As mentioned in Chapter 4, £;-or L,-norm can
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also be used in the objective function. £;-norm has even the computational advantage over the
most applied L£o-norm. Nonetheless, on the one hand, the £,-norm can result in a performance
degradation or even cause the instability of the closed-loop system if A\, # 0. On the other
hand, the stability is guaranteed at A, = 0, while an increase of the switching losses can be
prognosticated. Furthermore, the choice of the tuning parameter has a great impact on the
control performance. One of the most important criteria to evaluate the control performance
of FCS-MPC is the TDD or THD. Their relationships are discussed later in this section via the
simulations.

5.2.2 System Model

As it is mentioned previously in this section, the system models of the dq reference frame
and of the a3 reference frame are deployed for the further discussions. Therefore, in order
to differentiate the two system models, superscript S is employed to denote the system model
in the af reference frame and superscript R represents the dq reference frame. Recall the
mathematical model of the PMSM in the dq reference frame, which is given as

dv
Uq = Rsid+ d_d _We‘qu )
(5.1
. dy,
ug = Ryig + O 4+ weWy

where
Vg=Lgiqg+ ¥y,

V, = Lgig .
As a result the system model of PMSM in the dq reference frame can be discretized and rewrit-
ten in the compact form as follows

(5.2)

R _ AR_R R, R R
., = Az + B u; +ET,

(5.3)
y,f = Cw,’j ,

where 7 := [ig, i,]7, uf := [ug, u,]" and y© = [ig, i,]".
By deploying the inverse Park transformation in (2.11), the system model of the current loop

in the a3 reference frame can be given as follows

uOé
ug

where

di,,
Ry —2w.Lap welo —welg| |ia . Lo Lag| | dt
weLa—weLg RS+2U)€L5& Lﬂa Lﬁ dZﬁ
dr

- . + We \Ijm

i cos(0.)

— sin(@e)]

(5.4)

Lo= Lo+ Lycos(20.), Lg=Lo— Lycos(20.), Lusg= Lpo = Lysin(260,), (5.5

and
Lqi+ L, L;— L,
= — le—.

L
0 9 9

(5.6)
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For the SPMSM, the current dynamics in (5.4) can be simplified with Lq = L, = L as

di,,
N Ry 0 |ia Ly 0] | at —sin(6,
el _ i T (5.7)
ug 0 Rl |ig 0 Lo| |dig cos(6,)

dt

Analogously to the dg model presented in (5.3), the system model in the o3 reference frame is

discretized and compactly written as
s S .5 5,8 s
wk+1:A $k+B uk+Ek, (58)
y, = Cx? | .

The vectors are defined as €° := [i,, i5]7, u® = [ua, ug)? and y° = [iy, ig]".

5.2.3 Optimization Problem

The most applied FCS-MPC for PMSM is the one-step variant, which indicates that the predic-
tion horizon is chosen as one. The values of the objective function regarding the eight possible
switching states are computed and compared. The candidate yielding the minimum cost is then
selected as the solution. For a long-horizon control problem, the computational burden of the
aforementioned enumeration solving method increases exponentially with the prediction hori-
zon. In this thesis, the sphere decoding algorithm is implemented to tackle this problem, more
specifically, to reduce the online computational cost [24].

The current control problem realized with the FCS-MPC at the time step % is formulated as
an optimization problem Py, which can be given in the dg reference frame as [227]

k+Np—1
. R |2 2
min J = Z |yr — C x4 [15 + Aul|Wabe, j — Wabe, 1]l
. J:kR . - n (5.9)
s.toxy = ATl + B Ty j Uape,j + B
uabc,jGVXVXV’

where Ugpe 1= [Ug, Up, uC]T denotes the voltage of the three phases. The voltage constraint
V is given in (2.23) for the two-level VSI. The symbol x denotes the Cartesian product. Ty,
represents the Park transformation in (2.11). U denotes the control sequence and can be given

[T T T T whi
as Uy = [Uyp. 15 Yape, k15 - - - » Yabe, k4,1 » Which can be denoted as
U, :=argminJ
Uy

st xl = A 2l + BTy, juae; + B, j=k k+1--  k+N,—1, (5.10)
U,eVx---xV.

where V := V x V x V. The solution of the aforementioned CFTOC problem P; depends on
the initial state vector xy, the previously chosen switch state w1 and the reference value.
Employing the receding horizon policy, only the first element of Uj, is applied to the VSI at
the time instant k. At the next time instant, i.e. ¢ = k + 1, the optimization problem P over a
shifted prediction window from k +1 to k + N, is formulated. The solving procedure conducted
at the preceding step k is then repeated accordingly.
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5.2.4 Implementation

The most straightforward solving method for the optimization problem Py is the exhaustive
enumeration method, where the set of admissible switching sequences Uy is enumerated and
the cost function is evaluated for each individual switching state. The procedure to conduct the
enumeration for /N, = 1 is described in the following.

Algorithm 5.1 Enumeration Algorithm

Input: x;, wepe k-1, V, Np, J*
Output: wy. i
for uu.; € VXV xVdo
if J; < J* then
Ugbe, k = Waqbc, i
J = J;
end if
end for

For a relatively long prediction horizon, all possible switching states over the horizon NV,
should be evaluated, which means that the cost function needs to be evaluated 23> times. It
is obviously impractical in real-time applications. Therefore, the sphere-decoding algorithm is
implemented in this thesis to reduce the computational burden of the long-horizon FCS-MPC.
Based on the system model in (5.9), the state vector at the sampling time instant j + 1 can be
written as a function of the initial value £ and the control sequence Uy, in the following

j—k

T = (AT gy 4 (AT B Ty g, -+, BTy ] U+ > (ARER . (5.11)
=0

where T, ; is computed with the corresponding rotor angle 0. ; at the step ¢ via (2.11). The

sequence of the output over the prediction horizon N, from the time step k is denoted with

Y := [y{1, -5 Yhyn,)", which can be rewritten as
Y? ="z + A"U, + ZF E", (5.12)
where
CAFR CcI
.| clany . CAR +CI
11" = , X = . ,
| C(AR)Nr C(ARYN=l L C(ARYN=2 - + CI
(5.13)
CB"Ty, « 0 o 0
CA®BRT,, , CB" Ty 111 . 0
A= ,
C(AR)Y I BAT,, . C(AR ’BET,, 11 ... CBRT4 4N, 1
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Substitute the formulation of the output sequence Y in (5.12) into the cost function in (5.9)
yielding

J= |z + AU, +ZFER — Y, |3+ A\ [|SUL — duape 1|3 (5.14)

where the matrices S and § are given as

I 0 0] 1]
-1 I 0 0

s=|0 —-I ..ol s=]|0| (5.15)
|0 0 . I 0]

In (5.14), =}, and w11 are already available at establishing the optimization problem P;.
The cost function can be reformulated to separate the U, related term and the unrelated term,
which can be established as

J =0 +20; Uy + | U3y, , (5.16)

where
Op =Y, — I ka - %" ERH% + Au Hauabc,kfll‘g )

O :=((Y, ~I¥af —- SRE®T AR — A, (d tapes1)’S)" |
H, =(A")"A"+ ), 8"S.

The squared form related to Uy, can be derived from (5.16) as
J = (Uy + H; ') H, (Uy, + H;'O) + Jo(2}], Wape, 1) , (5.17)

where Jc(ka, Wape, k—1) denotes the term only related to a:k,R, Ugpe, k—1 and can be regarded as
a constant at solving P;. Obviously, regardless of the constraint wy,. ; € V X V XV, the
optimization problem P; can be solved analogously to CCS-MPC, i.e. by solving the root
finding problem of

Vu,J=0. (5.18)

Thus, the unconstrained solution at the time step & can be given as
Uyne = —H; 'Oy, (5.19)
which can be substituted into (5.17) and gives
J = (U = Uppe) " H, (U — Uppe) + J,. . (5.20)

The matrix H; is positive definite and symmetric, if a positive )\, is applied in the cost function.
As aresult, it can be decomposed with the Cholesky decomposition as

H'HT=H". (5.21)
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By substituting (5.21) into (5.20), the solution to the optimization problem can be written as

U" = argmin |HU), — HU,,|3, (5.22)
k

subjectto Uy € V x - -+ x V.

The optimization problem P; can be sorted into the category of the mixed-integer quadratic
programming (MIQP) problem. Branch-and-bound is a classic method for solving this prob-
lem, which is based on avoiding exploring the entire feasible set in most cases when all possible
solutions are enumerated [228]. The branching decides which subproblem to solve and the
bounding uses these subproblems to compute lower bounds of the optimal cost. The applied
sphere decoding algorithm is built on the branch-and-bound techniques, which is introduced,
explained and improved in several works, such as [229,230]. In contrast to other algorithms,
sphere decoder restricts the search region to a certain sphere of a radius d around the given vec-
tor, which reduces the complexity of solving the optimization problem. Besides, the prospective
complexity is polynomial or often roughly cubic. The principle of the algorithm is to iteratively
evaluate the candidate switching sequences whether they lie inside the sphere consisting of the
radius p, > 0 and the center H U, i.e.

IHU, — U 2 < pr (5.23)

where Ufnc = H U,,. and find the lattice point U} within the sphere. Actually, the optimal
solution Uy, is the lattice point that has the shortest Euclidean distance to the sphere center. As
previously stated, the sphere decoding algorithm adopts the notion of branch-and-band tech-
nique, where the branching is conducted by considering admissible single-phase switch states
V and bounding is realized by assessing the solutions with the predefined radius pj of the
sphere [24].

Thanks to the characteristics of the matrix H, i.e. lower triangular, the inequality (5.23) can
be reformulated as

Pr = (U{Jk - h1,1 ul,k>2 + (ng - h2,1 Uy, ke — h2,2 U2,k)2 +-e (5.24)

where uZH . 18 the i-th element of Ufnc . u;, 1, represents the i-th element of Uy, and h; ; denotes
the ¢-th row, j-th column of H. It is worth mentioning that the optimal solution of the integer
least square problem in (5.23) is sequentially determined. Each branch and node of the search
tree has corresponding physical meanings, where the branch denotes the two possibilities of the
switching state at corresponding node. Let the searching procedure start from the first level and
search firstly the left branch. One step after, the updated Euclidean distance p; is given by

pt = (ui'y — hi,1unp)” (5.25)

Then, the value p; is compared with the sphere radius po, if the condition p3 > p? holds,
the searching process continues to the next level, likewise firstly to the left side. The updated
Euclidean distance has an extra term uf g — h21u1k — ha 2us i In comparison to pf and is
formed as

P% + (ng — ho 1 urk — ha o U2,k)2 . (5.26)

The distance is updated until the leaf of the search tree is reached, which can be represented by
p3 . so far the first possible switching sequence is verified. Then, the new Euclidean distance p?
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is defined by p2 , which denotes a new shrinking sphere compared with the one with radius py .
This methods is also known as the shrinking-radius strategy. Then, the second node of the third
level is explored, which obviously denotes a larger value compared with p?, i.e. the right node
of third level lies out of the sphere with radius p. Analogously, the other nodes are beyond the
sphere defined by the radius p = ps, i.e. these nodes denote only the non-optimal solutions. As
aresult, the search tree is pruned. Because of the characteristic of the integer least-squares (ILS)
problem, the sphere decoding algorithm distinguishes itself from the conventional enumeration
algorithm, which will run through all the nodes included in the tree. Since the sphere decoding
algorithm is widely used and researched in communication field, there are various methods
for further reducing the complexity, such as the nulling canceling decoding in [231], Schnorr-
Euchner sphere decoding in [232] and [233] as well as lattice reduction method in [234], which
is based on fundamentals from [235] and LLL reduction method from [236]. Readers can
refer to these works for details. Another important parameter to be determined prior to the
optimization is the initial value of p; , which should be large enough to ensure the existence of
the solution set and meanwhile be small enough to bound as few candidate switching sequences
a priori as possible. As it is proposed in [24], an initial radius based on the educated guess is
deployed, which is computed by shifting the most recent solution Uj_; and repeating the last
switching states Wqpe, k—14n,-1, i.6. po = [[HUg  — UL |2 where

0 I 0 --- 0
00 I
Ug = < ol U, (5.27)
00 0 I
0 0 0 I

The complete sphere decoding algorithm is shown in Algorithm 5.2.

Algorithm 5.2 Sphere Decoding Algorithm
function U* = SpD(i, py, UZ | ¢)

foru € V do
Ui = U
2= Huf{k —h; 1 Uzng + €

if p? < p2 then
if 1 < 3N, then
SpD(l +1, Po; Ufnc? 6)
else
U=0
Py =p°
end if
end if
end for
end function
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5.3 Observer-Enhanced FCS-MPC

It has been mentioned in Section 4.3 that the parameter mismatches and the disturbances have a
great impact on the control performance. Simulations as well as experiments have been further
carried out to verify the influence from the uncertainties and disturbances on the continuous-
control-set MPC. Different from the CCS-MPC, FCS-MPC includes the discrete nature of the
VSI into the optimization problem, which impedes the analysis and the quantification of the
influences. In this section, the analysis with the aid of the simulations is carried out. How-
ever, because of the discrete characteristic of the FCS-MPC, the model uncertainties and the
disturbances not necessarily affect the solution. Therefore, the probability of the selection of
the non-optimal solution is shown via the simulations. The aforementioned MPDCC problem
is formulated in the dq reference frame, the solving of the underlying optimization problem
follows the procedure introduced in Section 5.2.4. The matrix H,, which defines the searching
space, needs to be computed individually at each sampling instant, since the matrix A contains
the Park transformations based on the current as well as the subsequent rotor position. It aggra-
vates the computational burden of FCS-MPC as the prediction horizon increases. Considering
the characteristics of SPMSM, the FCS-MPC can be formulated in the o3 reference domain,
which reduces the computational burden of the optimization problem by allocating part of the
matrices computation offline. Furthermore, the effects of the parameter mismatch on the per-
manent magnet synchronous motor drive system with the FCS-MPC as the current controller
is comprehensively simulated in this section and their quantitative assessment is also given. In
order to improve the control performance, the external disturbance is then estimated with the
moving horizon estimator and included into the current control problem. The effectiveness of
the proposed method is validated with experiments.

5.3.1 Control Problem

An observed-based robust direct current control scheme is proposed for the PMSM drive sys-
tem. In this section, the moving horizon estimator is chosen to realize the estimation of the
disturbance as well as the currents. The other estimators, such as EKF and UKF, can be imple-
mented analogously.

The control structure of the proposed observed-enhanced FCS-MPC is shown in Fig. 5.1.
The estimator is set up in the dq reference frame, while the current controller is formulated in
the o5 domain. It is worth mentioning, if instead of SPMSM a general PMSM is of interest, the
control problem formulation in the o3 reference frame has few advantage over the formulation
in dq reference frame. In this case, the FCS-MPC should be established in the dq reference
frame.

5.3.2 System Model

In the framework of the proposed observer-enhanced direct current control, two system models
are deployed, i.e. the current dynamic formulation in the dq reference frame in (5.3) and that in
the a3 reference frame in (5.8). The observer is constructed in the dq reference frame, which is
based on the fact that the state-space formulation given in (5.7) is a special case of PMSM, i.e.
SPMSM, and its matrices, e.g. E* (also A° and B* for other types of PMSM), are related to
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Figure 5.1: Whole control structure FCS PMSM

the electrical rotor position .. Therefore, the matrices of the observer, especially for the case
of a long estimation horizon, need to be separately computed and updated at each sampling
time instant if the estimation problem is established in the oS reference frame. As a result,
the estimation is computationally expensive and requires additional computations as well as
memories. Nonetheless, the controller is formulated in the o8 domain for the SPMSM. For
the other types of machine, of which the symmetry of the matrix is not valid, a formulation of
the current controller in the dq reference frame is recommended. Considering the system state-
space of SPMSM in (5.7), the matrix H; required for the FCS-MPC can be then computed
offline.

5.3.3 Optimization Problem

In this section, two optimization problems are elaborated, i.e. the CFTOC problem P; and the
MHE-based estimation problem P, . The moving horizon estimator is implemented to estimate
the disturbance caused by the unmodelled uncertainties, e.g. the parameter mismatches and the
disturbances. The MHE is formulated in the dq reference frame and employs the incremental
computation, which is sensitive to the initial value and the parameter selections. However, it
has computational advantages over the MHE formulated in (3.78). The associating optimization
problem P, at the time step £ = n + N, — 1 over an estimation horizon of N, can be written
as [171]

k k—1
. _ R _ aR|2 SAllE
1’11;171;1 Jobs - Z ||y] Cw] ||Q + Z HAEQ ||R
j=n J=n (528)

“R _ ARLR R, R R 2R
st. @z, =A% +B'u; + E"+ &,
AR AR AR
€y =€, + A,
The optimization problem P, in (5.28) is then reformulated into a matrix formulation after

substitute the system state-space formulation into the cost function. The cost function is then
rewritten as

T = (YR YPYTQ (YR - VR) + (A" RAE" (5.29)
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where Y# is the sequence of the measurements, which can be writtenas Y := [yl yI,, ..., y[]".

AE is the sequence of the disturbance increment over the estimating horizon, which can be writ-
tenas AE := [A&, Ael ..., Aél]" and Y is the sequence of the estimation on the output

variables, which is defined as Y := [¢7, 97, ..., §F]7. Y can be further written as a func-
tion of the initial value of the estimated state &, the control sequence U and the estimated
disturbance £€,, as

YR = IR 2R + ARUR + 8 (BR + &7 + dRAE" (5.30)

where IT? and ¥ share the same structure as in (5.12). A® and ®% are given as

CI 0 ... 0 CB*" 0 .. 0
CA® CI ... 0 CARBF CB* .0

@R: . . . . JAR -
cAf)N-t Lo CI c(ARY'BE Cc(ARNTPBR .. CB"

The problem P, can be solved by solving the root-finding problem
V grdobs =0 . (5.31)
By substituting (5.30) into (5.29) the solution of (5.31) can be derived as
AE" = (@M Q"+ R) (@) Q¢ (532)

where

=Y 117 zF - AU - 2R (ER + &) (5.33)
After obtaining the estimating results £ and £ from MHE, the inverse Park transformation is
deployed to transform the quantity from the dq reference frame to the o5 reference frame. The

current control problem in (5.9) need to be reformulated into the o reference frame, which is
then given as

k+Np—1
min J = >y = C &5 113+ Aull@abe,j — tabe, j-1 13
k .
j=Fk (5.34)

~S  __ AS &S S S 2S
S. t. CC]-_H—A (Bj + B Taguabc,j—FEj +€j,

Ugpe,; €V XV X V.

5.3.4 Implementation

The solution and implementation of the problem P; in (5.34) is given in the following. Anal-
ogously to the solving procedure for the classic FCS-MPC 1n (5.9), the objective function of
(5.34) can be reformulated as

J =0k +2(0,) Uy + | Upll3, (5.35)
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where
O =Y, — 7’ fijg —®°T (ER + ékR)“g + /\unéuabak—l”% )

O, =((Y, —II° &} — @ T (E" + &))" A* — A\, (6uaper—1)"9)" .

H, .=(A%)"A° + ), 878,
where Y, denotes the NNV, replicates of y,. The matrices S, d are presented in (5.15). The
matrices IT°, ®°, A° and T are given in the following as

C AS CI 0 ... 0 T,
. C(AS)? o cA® CI ... 0 - T,
C(AS)NP C(AS>NP_1 N O | Td;,lk—&—Np—l
CB°T,; 0 0
CASBST,; CB*T,s; ... 0
A = . .
C(AS)"" ' BST,; ... CB%T,;

Similarly to the nominal MPDCC in [227], the solution to the optimization problem in (5.35)
can be computed via the Algorithm 5.2 and rewritten more compactly as

U" = argmin | HUj, — uZ 3. (5.36)
k

It is worth mentioning that the matrices IT%, ®° and A® can be computed offline, since they are
only related to the system matrix A°, the input matrix B®, the output matrix C' and the Clarke
transformation matrix 71,3, which are time invariant. Therefore, the computation of the inter-
mediate matrices H; and H is then allocated offline, which reduces the online computational
burden significantly. After constructing the optimization problem, the problem in (5.34) is then
solved with the Algorithm 5.2.

5.3.5 Simulation Results

5.3.5.1 Parameter Design

Firstly, the simulations to demonstrate the impact from the design parameter of the FCS-MPC
on the control performance have been carried out. The investigated system is a two-level inverter
drive system with a PMSM operated at the rated speed and the full-load condition. The sampling
frequency f is chosen as 10 kHz. The first simulation for investigating the performance of FCS-
MPC in terms of the THD related to the switching frequencies was carried out for prediction
horizons N, = 1, 3, 5, 10. The simulation results are presented in Fig. 5.2a. The second
simulation was conducted to study the relationship between the weighting factor A\, and the
switching frequencies, where the prediction horizon N, was selected of the values 1, 3, 5 and
10. The simulation results are shown in Fig. 5.2b.

It can be observed from the Fig. 5.2 that under the same switching frequencies FCS-MPC
with diverse prediction horizons delivers similar THDs. Nonetheless, differences can still be



5.3. OBSERVER-ENHANCED FCS-MPC 177

| ‘ N, =1 4
L ‘ o= IVp = |
200 & N s
N, =25
§ 15¢ N, = 10]]
=
= 101
5 L
0 104 102 10°
fsw (kHz) Au

(a) (b)

Figure 5.2: The impacts of the design parameters on the performance of the FCS-MPC with the prediction horizons
Np,=1,3,5,10and f, = 10kHz.

noticed that FCS-MPC benefits from a longer prediction horizon, since a smaller THD can be
obtained with a longer prediction horizon under the same switching frequency. Moreover, the
trade-off between the penalization on the switching effort and the tracking accuracy can be
tuned by the design parameter \,. The same A, can result in different switching frequencies, if
distinct prediction horizon is applied.

5.3.5.2 Influence of Parameter Mismatch

Furthermore, several simulations have been conducted to study the effects of the parameter mis-
matches on the solutions of the problem (5.9) and the control performance of FCS-MPC. The
FCS-MPC is designed with the switching frequency around 1.5 kHz. The difference between
the solutions to the problem in (5.9) with and without the parameter mismatch of W, is shown in
the Fig. 5.3. In order to differ the optimization problems in (5.9) for the nominal system and the
system with the parameter mismatch, 75f and P; are deployed to represent them, respectively.
The unconstrained solutions U, and U,,,. have slight difference, as presented in Fig. 5.3. It
shows that the parameter mismatch of W, can result in a non-optimal solution of U,,,. for the
optimization problem. The sphere determined by the U, as the circle center, denoted by the
blue surface is shifted from the sphere determined by U,,. and U* in green. Besides, their
volumes are also unequal. This conclusion is not necessarily true for all working points of the
PMSM drive system. The optimal solution can still be obtained even under the parameter mis-
matches in some working points. In spite of the narrow difference between the unconstrained
solutions U, and U,,,., the distinct final solutions, i.e. U* and U*, are selected for U,,,.
and U,,., as observed in Fig. 5.3. Subsequently, the probability of choosing the non-optimal
solution because of the parameter mismatch is investigated through simulations.

5.3.5.3 Probability

The mixed-integer characteristic of FCS-MPC impedes the quantification of errors caused by
the uncertainties and the disturbances. The first step to study the influence of the parameter
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Figure 5.3: Comparison of the solutions of optimization problem in (5.9) between the scenarios with and without
the parameter mismatch of W,,. The hollow circles denote the all the switching candidates V'. The filled diamonds
represent the unconstrained solution U, and the filled circles depict the solution U*. The superscript - denotes
the quantities in nominal system without the parameter mismatch, which is shown in blue. The quantities in the
disturbed system are presented in green.

mismatches on the solutions to the optimization problem Py is to investigate the probability of
acquiring the optimal solutions under the existence of various parameter mismatches. In order
to study the incidence of the non-optimal solutions, simulations over the admissible region of
o and g, regarding different parameter variations, have been conducted. On the one hand,
the solution of the FCS-MPC is the control sequence U* over the prediction horizon N,. On
the other hand, the receding horizon policy of MPC implements only the first element of the
control sequence into the plant. Therefore, the impacts of the parameter mismatches on these
two quantities, i.e. U* and u, , are investigated. Moreover, the prediction horizon N, is an
essential design parameter for the FCS-MPC. Therefore, the probability distribution of different
prediction horizons varying from N, = 1 to N, = 10 has been evaluated. The simulations
were conducted in various operating points ranging from the no-load condition to the full-load
condition with a step of 10% of the rated torque. The results are summarized and shown in
Fig. 5.4 - Fig. 5.7.

The simulation results of r, = 50% and of r, = 200% for the FCS-MPC of choosing a
non-optimal solution U are presented in Fig. 5.4 and in Fig. 5.5, respectively.

The probability of choosing the non-optimal control sequence increases as the prediction
horizon N,, grows, as observed from Fig. 5.4 and Fig. 5.5, which can be explained by the fact
that the model error accumulates over the prediction horizon. However, it can be noticed that
the probability P is not linearly related to the prediction horizon. This phenomenon is more
obvious at the parameter mismatch of R;. Besides, at the parameter mismatch of L, a jump
of P can be noted at N, = 2 for the situation of r, = 50% and at N, = 3 for the situation of
r, = 200%. The dependence of the incidence probability is furthermore related to the varied
parameter. Moreover, different parameters and different rate of changes have various impacts
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Figure 5.4: Probability distribution of choosing different U to nominal condition considering various parameter
variations. (a) denotes the influence of r1,, = 50%. (b) represents the effects from ¥,, with a ratio of 50%. (c)
shows the influence of 7z, = 50%.
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Figure 5.5: Probability distribution of choosing different U to nominal condition considering various parameter
variations. (a) denotes the influence of 71, = 200%. (b) represents the effects from U,, with a ratio of 200%. (c)
shows the influence of rr, = 200%.

on the probability of the occurrence of the non-optimal solutions. The parameter mismatch of
U, reaches the P = 100% at N,, = 5, while the parameter mismatch of R, shows apparently
less impact.

However, considering the receding horizon policy employed in the FCS-MPC, only the first
element of U* is implemented in the current control loop, i.e. uy,. ;. A non-optimal solution
of the control sequence U™ is not necessarily equivalent to a non-optimal solution uy,,. ;. for the
plant. Therefore, simulations regarding the probability of choosing the non-optimal solutions
u},. , have been conducted. The investigation of r, = 50% and of r, = 200% for the FCS-
MPC choosing different solutions . , are presented in Fig. 5.6 and in Fig. 5.7, respectively.

It can be observed from the Fig. 5.6 and the Fig. 5.7 that the probability of the choice of
the non-optimal switching states for the implementation as a control input into the plant is in
general heavily dependent on the varied parameters, i.e. the permanent magnet flux linkage W,
induces the highest probability of obtaining the non-optimal solution, which is followed by the
inductance, while the stator resistance has the least effect on the solution to the optimization
problem. This conclusion can be traced back to the impacts of the parameter mismatches on
the CCS-MPC in Chapter 4, since the unconstrained solution U,,,,. is equivalent to the optimal
solution of the optimization problem P, in (4.7) under the modification of the weighting matri-
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Figure 5.6: Probability distribution of choosing different ;. to the nominal condition considering various param-
eter variations. (a) denotes the influence of r7,, = 50%. (b) represents the effects from ¥y, with a ratio of 50%. (c)
shows the influence of rr, = 50%.
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Figure 5.7: Probability distribution of choosing different u,;. to the nominal condition considering various param-
eter variations. (a) denotes the influence of r1,, = 200%. (b) represents the effects from ¥y, with a ratio of 200%.
(c) shows the influence of r, = 200%.

ces @ and R, so that they are scalar matrices, i.e. Q = ¢l and R = r 1, and satisfy r/q = \,..
The permanent magnet flux linkage V., has the most impact on the CCS-MPC, as indicated
in Section. 4.4. Its impact further reflects on the FCS-MPC. Analogously, the impact of the
stator resistance on the CCS-MPC is the least. It causes the least probability of the incidence of
the non-optimal solutions for the FCS-MPC. It is worth mentioning that the FCS-MPC is more
robust against the variation of the inductance than CCS-MPC. More specifically, FCS-MPC can
remain stable under a severe variation of the inductance.

5.3.5.4 Tracking Error

Subsequently, the tracking errors of the FCS-MPC regarding the effects of the parameter mis-
match in the PMSM are studied via the simulations. The ratio 7, is applied to indicate the
scenario of the parameter mismatch. The tracking error at the steady state is quantified by the
intermediate quantity e;, which is defined in (4.36). The measured current is collected and aver-
aged at the steady state over a filtering time span. The FCS-MPC with NV, = 1 and N,, = 5 are
studied individually, since both designing parameters of the FCS-MPC are applied in the en-
suing experiments. Different working points are considered during the simulations. The black
dots in the figures demonstrate the actual computed error e; in the simulations, while the surface
are fitted with the spline interpolation that introduced in Section 3.3.2.1. The simulation results
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regarding the parameter 75 are shown in Fig. 5.8.
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Figure 5.8: The steady state error e; caused by the parameter mismatch of Iz, for the MPDCC with IV, = 1 in (a)
and with N, = 5 in (b).

Comparing the Fig. 5.8 to the Fig. 4.2, the continuous relationships between r, and e; as well
as between 7; and e; from the CCS-MPC are no longer valid for the FCS-MPC. However, their
amplitude levels of the error are comparable, i.e. e; remains several percent of the rated current
In. The fitted maps in Fig. 5.8 show obvious differences of e; under the control with NV, = 1
and N, = 5. More specifically, the most severe error under the control of N, = 1 appears at the
full-load condition, while it occurs at the no-load condition with N, = 5.

Further investigations about the influence of the inductance L, on the tracking performance
of FCS-MPC is shown in Fig. 5.9.
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Figure 5.9: The steady state error e; caused by the parameter mismatch of L for the MPDCC with N, = 1 in (a)
and with N, = 5 in (b).

At N, = 1, the relationship between r, and ¢; as well as between 7} and e; is similar to that
of CCS-MPC, i.e. the error grows as the rate of the mismatch increases and the load has little
impact on the tracking performance. However, it can be noticed that the least tracking error
resulted from the L, mismatch is not aligned with the line of r, = 100%, which is shifted to
around 7, = 80%. Moreover, the error map of N, = 5 is nonlinear to both 7; and 7, .

Finally, the impact from the parameter variation of W, is studied with the simulation results
presented in Fig. 5.10. The parameter W,, has the similar impact on the FCS-MPC to that on
the CCS-MPC. The tracking error has the minimal value if the parameter W,, applied in the
controller exactly matches the motor parameter. Moreover, the load condition has diminutive
impacts on the tracking error, i.e. at the same r, the MPDCC demonstrates almost the same
tracking error under diverse load conditions. It is worth mentioning that e; is quasi symmetric
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Figure 5.10: The steady state error e; caused by the parameter mismatch of ¥, for the MPDCC with N, = 1 in
(a) and with V,, = 5 in (b).

about the 7, = 100% at N, = 1, while larger error can be observed at r, = 150% than at
rp, = 50% for N, = 5.

Several conclusions can be drawn from the simulation results. Firstly, the stator resistance
has the least impact on the control performance of MPDCC. The influence from the parameter
variation of R, and L is not linear regarding the operating points. On the contrary, the parameter
variation of W, is nearly linear to the load torque. For a certain load torque, the steady state
error is linearly dependent on the rate of the parameter variation on V,,. Moreover, V., causes
more steady -state error than g and L. Furthermore, it can be observed in the Fig. 5.10a and
the Fig. 5.10b that the parameter mismatch of W, causes more steady state error for the MPDCC
with N, = 5 than for the MPDCC with N,, = 1. For the one-step MPDCC, the variation of W,
in a range from 7, = 50% to r, = 150%, can result in a steady-state error up to 8% of the rated
current. Nonetheless, it can cause a steady-state error for MPDCC with N, = 5 up to almost
15% of the rated value, which is however less than its impact on the CCS-MPC.

5.3.6 Experimental Results

In order to analyse the impacts of the parameter mismatches on the MPDCC and validate the
proposed observer-enhanced control strategy, which eliminates the tracking error resulted from
the parameter mismatches and improves the system performance, in terms of the robustness
and the tracking accuracy, the corresponding experiments have been carried out on the Test
Bench B.2. The currents and the switching frequencies under the nominal condition and under
diverse parameter mismatches have been recorded. Furthermore, the dynamic behaviours of
the classic MPDCC and the enhanced MPDCC can be observed from the applied load step
during the experiments. Besides, the total demand harmonics are computed and compared. The
experimental results as well as the computational results are demonstrated accordingly.

5.3.6.1 Performance under Nominal Condition

Firstly, the performance of both methods are tested under the nominal condition, i.e. with the
nominal parameters of the PMSM listed in Table. B.6. A load step from 0% to 50% of the rated
torque is added at ¢ = 2 s and another load step from 50% to full load is applied at ¢t = 4 s.
The PMSM run at 2000 rpm. The experimental results of the test with one-step FCS-MPC are
shown in Fig. 5.11.
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Figure 5.11: Comparison between the RMPDCC and MPDCC with N, = 1 under the nominal condition. (a)-(c)
denote the performance of MPDCC and (d)-(f) represent the control performance of the proposed RMPDCC. (a)
and (d) denote the tracking performance of d-current. (b) and (e) represent the tracking performance of g-current.
(c) and (f) are the switching frequencies.

The further tests for MPDCC and the proposed RMPDCC with N,, = 5 have been carried
out in the nominal condition. The experimental results are shown in Fig. 5.12 accordingly.
It can be observed from Fig. 5.11 that the MPDCC and RMPDCC yield similar performance
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Figure 5.12: Comparison between the RMPDCC and MPDCC with N,, = 5 under the nominal condition. (a)-(c)
denote the performance of MPDCC and (d)-(f) represent the control performance of the proposed RMPDCC.

under the nominal condition with NV, = 1. In Fig. 5.12 similar conclusion can be drawn.
However, a smaller current ripple during the steady state under the control with RMPDCC is
worth mentioning. The control with N, = 5 has smaller current ripples than the control with
N, = 1 for MPDCC, where the comparable switching frequencies are employed. Moreover,
the RMPDCC can reach the new steady state faster than the MPDCC.

5.3.6.2 Performance under the Variation of ¥,

The second validating scenario is the parameter variation of the permanent magnet flux linkage
., . The experiments with 7, = 50% and r, = 150% have been conducted respectively. The
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experimental results of r, = 50% for N, = 1 and N, = 5 are presented in Fig. 5.13 and
Fig. 5.14, respectively.
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Figure 5.13: Comparison between the RMPDCC and MPDCC with N,, = 1 under the parameter mismatch of ¥,
with 7, = 50%. (a)-(c) denote the performance of MPDCC and (d)-(f) represent the control performance of the
proposed RMPDCC.
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Figure 5.14: Comparison between the RMPDCC and MPDCC with N,, = 5 under the parameter mismatch of ¥,
with r, = 50%. (a)-(c) denote the performance of MPDCC and (d)-(f) represent the control performance of the
proposed RMPDCC.

It can be noted from Fig. 5.13 and Fig. 5.14 that the decrease of the W, value generates a
negative steady-state offset for the current of g-axis, which amounts to around 25% of the rated
current. An obvious improvement can be observed at the steady state by implementing the
proposed RMPDCC, i.e. the steady-state error caused by the decrease of ¥, is mitigated.

The experimental results of 7, = 150% for N, = 1 and N, = 5 are presented in Fig. 5.15
and Fig. 5.16, respectively. Similar to the previous observation, an increase of the W,, value
can also result in a steady-state error for MPDCC. In Fig. 5.15 and Fig. 5.16 the current in
g-axis reached the current limit at ¢ = 4 s and triggered the over-current protection mechanism
of the drive system. On the contrary, RMPDCC tracked the reference accurately and retained
the control performance under the parameter mismatch of W,,. Even though the current under
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Figure 5.15: Comparison between the RMPDCC and MPDCC with N, = 1 under the parameter mismatch of ¥,
with 7, = 150%. (a)-(c) denote the performance of MPDCC and (d)-(f) represent the control performance of the
proposed RMPDCC.
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Figure 5.16: Comparison between the RMPDCC and MPDCC with N,, = 5 under the parameter mismatch of ¥,
with r, = 150%. (a)-(c) denote the performance of MPDCC and (d)-(f) represent the control performance of the
proposed RMPDCC.

the control of the MPDCC stays within the current limits before ¢t = 4 s, an obvious offset can
be observed, which is around 25% of the rated current. Moreover, the MPDCC with a longer
prediction horizon demonstrates a larger steady-state offset under the parameter mismatch of
U,,. More specifically, an offset of around 25% of the rated current at N, = 1 and an offset of
around 45% of Iy at N, = 5 are noticeable, which complies with the conclusions drawn from
the simulation results. However, the deployment of the proposed RMPDCC can eliminate the

errors effectively. Moreover, the switching frequency remains quasi constant under various load
conditions, if the RMPDCC is employed.

5.3.6.3 Performance under the Variation of L

MPDCC and RMPDCC are further tested under the parameter mismatch of L. r, = 50% and
rp, = 150% are tested individually. The experimental results are shown in Fig. 5.17, Fig. 5.18
and Fig. 5.19, Fig. 5.20, respectively.
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Figure 5.17: Comparison between the RMPDCC and MPDCC with N,, = 1 under the parameter mismatch of L

with 7, = 50%. (a)-(c) denote the performance of MPDCC and (d)-(f) represent the control performance of the
proposed RMPDCC.
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Figure 5.18: Comparison between the RMPDCC and MPDCC with N,, = 5 under the parameter mismatch of L

with 7, = 50%. (a)-(c) denote the performance of MPDCC and (d)-(f) represent the control performance of the
proposed RMPDCC.

In Fig. 5.17 and Fig. 5.18, a more obvious steady-state error than the control of the MPDCC
under the variation of ¥y, can be observed at r, = 50%, i.e. an offset of around 35% of the
rated current at N, = 1 and an offset of around 35% of Iy with no load, 45% of Iy with full
load at IV, = 5 can be noted. The controller with N,, = 5 has a larger error than the one with
N, = 1. Moreover, the switching frequency is heavily influenced by the variation of L,. It
worth mentioning that under the , = 50% of L, variation, the RMPDCC demonstrates also
small steady-state offset, which is much smaller than the offset of MPDCC. The performances
for the situation of the parameter mismatch of L and r, = 150% are shown in Fig. 5.19 and in
Fig. 5.20.

Steady state errors can also be observed under the variation of L and r, = 150%. However,
the errors are much smaller than the former test scenario, where the change of L is set to
rp, = 50%. The drive system reached the current limit at the full load under r, = 150%. The

investigations on the impacts from the stator resistance variation are omitted, since its effects
are relatively low.
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Figure 5.19: Comparison between the RMPDCC and MPDCC with N,, = 1 under the parameter mismatch of L

with 7, = 150%. (a)-(c) denote the performance of MPDCC and (d)-(f) represent the control performance of the
proposed RMPDCC.
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Figure 5.20: Comparison between the RMPDCC and MPDCC with N,, = 5 under the parameter mismatch of L

with 7, = 150%. (a)-(c) denote the performance of MPDCC and (d)-(f) represent the control performance of the
proposed RMPDCC.

5.3.6.4 Total Demand Harmonics

The TDDs of the MPDCC and of the RMPDCC are furthermore computed, since the total

demand distortion is one of the important performance metrics to evaluate the control methods.
The TDD is computed via

TDD =

Al (5.37)

where j denotes the order of the current harmonics. As it is shown in former section, the stator
resistance has slight impact on the control performance. Therefore, only the TDD under the
parameter mismatches of V., and L are computed and demonstrated. The results are shown in
Fig. 5.21 and Fig. 5.22, where Fig. 5.21 shows the results from the parameter variation of W,
and Fig. 5.22 represents the results under the variation of L, . The switching frequencies are also
affected by the parameter mismatches, as shown in preceding experiments. The current metrics
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are heavily dependent on the switching frequencies. Therefore, the MPDCC is furthermore
tuned to operate with a comparable switching frequency as the RMPDCC at the respective
scenario. The currents under the control of corresponding MPDCC are also measured, of which
the TDD is computed. The corresponding TDDs are computed and presented.

I MPDCC
I RMPDCC 1] .
|C_—_MPDCC-1
40 -
- iy
O 20 Al
F

() (b)

Figure 5.21: Comparison of the TDD under the parameter mismatch of W), where the blue and the green denote
the TDD with switching frequencies shown in previous testing scenarios of MPDCC and the proposed RMPDCC,
respectively. The yellow represents the TDD of MPDCC with the mean switching frequency same as that of the
RMPDCC in respective test scenarios. (a) denotes the control of N, = 1 and (b) shows the results from the control
of N, = 5.

Fig. 5.21 shows that the proposed RMPDCC yields smaller TDD than the MPDCC at most
test cases. However, for some test scenarios, e.g. 7, = 150% and 7; = 100% at N,, = 1, a con-
trast phenomenon can be observed. It may be explained by the fact that the performance of the
observer degrades under the control of MPDCC because that the measured currents are heavily
disturbed by the harmonics (comparing to the control results of CCS-MPC). Analogously to

L |
Pl SO'E.EIE.ESO

7 (%) <9
(a) (b)

TDD

Figure 5.22: Comparison of the TDD under the parameter mismatch of L. (a) and (b) represent the results from
the current control of N, = 1 and N, = 5, respectively.

the observations in Fig. 5.21, in Fig. 5.22 it can be noticed that the RMPDCC outperforms the
MPDCC at most test cases. However, it shows higher TDD value at some test scenarios. Be-
sides, it can be concluded from the computation results that a long prediction horizon benefits
the MPDCC in terms of the current ripple, since a smaller TDD can be noticed at /V,, = 5 under
the same load condition and with the comparable switching frequencies. Moreover, the pro-
posed RMPDCC yields smaller TDD than the MPDCC for the most cases. However, MPDCC
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outperforms RMPDCC in terms of the harmonics content at some cases. But RMPDCC elimi-
nates the steady-state offsets effectively.

5.4 Conclusion

In this chapter, the FCS-MPC based current controller is developed for the PMSM drive system.
More specifically, the one-step solution as well as the controller with a long prediction horizon
is introduced. Depending on the applications, i.e. the dynamic requirement and the available
computational power, either the enumeration method or the sphere decoding algorithm can
be implemented to solve the underlying mixed-integer optimization problem. As it is shown
in this chapter, the deployment of the sphere decoding algorithm reduces the computational
burden of the control problem with a long prediction horizon and enables a real-time application
of the MPDCC. Furthermore, thanks to the symmetry of the matrices for the SPMSM, some
proportion of the heavy computations can be allocated to the offline preparation, which reduces
the online computational burden. However, analogous to the continuous-control-set MPC, FCS-
MPC also suffers from the parameter mismatches and the disturbances. Although it is more
robust against these effects, an improvement needs to be proposed to tackle this problem. In this
chapter, a disturbance observer is deployed into the FCS-MPC framework. Its effectiveness has
been validated via experiments at various working points. Moreover, the real-time feasibility of
the MPDCC and the RMPDCC of up to 10 kHz sampling rate is demonstrated by experiments,
where a prediction horizon of N, = 5 can be realised.
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CHAPTER 6

Attenuation of the Periodic Disturbance

6.1 Introduction

In Chapter 4 and Chapter 5, an observer-based robust solution to eliminate the unmodelled un-
certainties and the disturbances has been introduced and verified via experiments. However,
because of the capability limitation of the observer, the periodic disturbance, such as the non-
linear effects of the VSI and the flux harmonics, remains in the PMSM drive system and may
result in performance degradation of the PMSM drive system, such as the current distortion
as well as the torque pulsation [56]. As indicated in [237], FOC as well as MPC is sufficient
for the control purpose, if the disturbances are non-periodic, or if the frequency of the distur-
bance is lower than the bandwidth of the controlled plant. In this chapter, the principle of the
promising methods are introduced to compensate the 6:-th order harmonics that are resulted
from the VSI nonlinear effects, where ¢ € Z, since they heavily influence the parameter identi-
fication results as well as the control performance. The compensation targeting other harmonics
can be deployed analogously. The most intuitive perspective is to combine the method of VSI
nonlinear effect estimation proposed in Section 3.6 and the disturbance estimation method dis-
cussed in Section 4.3. However, after examination of the observability, it can be concluded
that the disturbance € and the VSI nonlinearities Ug.,q can not be estimated simultaneously.
Therefore, an auspicious method is proposed in this chapter to tackle this problem. Firstly, the
state-of-the-art compensation methods dealing with the periodic disturbances are introduced as
a start point of this chapter, where they are roughly categorized. Subsequently, the most applied
methods among them are introduced and compared in details, i.e. the offline method, the adap-
tive solution [238], the resonant control [204] and the repetitive control [239]. Furthermore, a
fractional-repetitive-control (FRPC) based periodic disturbance attenuation method is presented
in this chapter. The proposed method solves the problem encountered in the practical imple-
mentation, when the ratio between the period of the periodic signals and the sampling time is
non-integer. Moreover, since the compensating voltage is varying with the rotor speed in terms
of the frequency, a speed-dependent FRPC is derived to adjust the delay time of the FRPC ac-



192 CHAPTER 6. ATTENUATION OF THE PERIODIC DISTURBANCE

cordingly. The parameter determination of the proposed FRPC-based approach is completed
via simulations. Besides, it is compared with the state-of-the-art methods through experiments.

As it is shown in Section 2.4, the nonlinearities of the inverter comprises mainly the dead
time, the turn-on/-off time of the power switches, the voltage drops of the switches as well as of
the freewheeling diodes and the parasitic effects. With the analysis performed in [57, 59, 106],
methods for mitigating the impacts of the VSI nonlinearities have been developed both in
academia and in industry. In general, they can be categorized into two families: the elimi-
nation/minimization of the nonlinear effects of the VSI and the compensation of the distorted
voltage. They differ on the basis of the engaging component, i.e. the elimination/minimization
occurs in the modulator or the VSI, while the compensation is carried out before the modulation.
The elimination/minimization for the VSI-nonlinearities is normally accomplished by modify-
ing the switching strategy. In [240], the reference wave of the PWM was modified and a logic
circuit was applied to mitigate the dead time. Reference [241] eliminated the dead-time effect by
shifting the pulse by the dead-time in each PWM cycle. Reference [242] included furthermore
the effects of the non-ideal DC-link voltage and the switching delay. However, precise current
sensors is needed to detect the current polarity for the elimination. Reference [243] proposed a
digital modulator with a single switch commutation technique to omit the insertion of the dead
time and adopts a sufficient threshold for the current polarity detection. Instead of detecting
the phase current polarity, [244] and [245] employed detecting circuits to determine the current
polarity of the freewheeling diode and [246] used the information of the reference current to
achieve this goal. Reference [247] adjusted the switching frequency according to the ampli-
tude of the reference voltages and minimized the harmonics of the output voltage. Besides the
dead-time effect, [248] included the voltage drops, [249] considered the influence of the turn-
on/turn-off time and [54] mitigated against the effects of the snubber and the parasitic capaci-
tance. Various PWM strategies [250-254] as well as many modified topologies [255-258] have
also been proposed to eliminate the dead time. However, the elimination/minimization methods
mainly focuses on excluding the dead-time effect with the averaged value and the other time-
varying VSI nonlinearities are hardly considered. They require commonly the additional circuit
for the modulation or aiding the switching strategy. Moreover, even though they are simple and
fast, their application to devices with slow control update rate, e.g. GTO, would be inadequate
and the integration of other VSI nonlinearities may increase the design complexity.

On the other hand, the compensating method can be easily adapted to an arbitrary system
and the inclusion of VSI nonlinearities is straightforward. The compensating voltage Awu can
be either applied at the output of the controller as a compensation signal or directly computed
in the controller as an additional control output. The first category applies the offline or on-
line determined compensating voltage at the output of the controller and delivers the sum of
controller output with this compensating signal to the modulator. The second category ana-
lyzes the characteristics of the VSI nonlinearities and applies adequate control techniques to
improve the performance against this disturbance. With respect to the determination of the
compensating voltage, numerous methods have been proposed. They can be roughly sorted
into following categories: the curve-fitting method [55, 56,259-264], the average-value-based
method [62, 107,265-267], the observer/ filter-based method [88, 209, 238,268—-271], the real-
time measurement method [272-274] and the modification of controllers [203,239,275-279].
Their principles are briefly introduced as follows.
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6.1.1 The Curve-Fitting Method

The curve-fitting method executes experiments and measurements to obtain the datasets of
the distorted voltage that can be regarded as a function of the phase current or other obtain-
able signals, e.g. the reference voltage. The method furthermore adopts certain curves or a
look-up table (LUT) to approximate the sustained characteristics. The offline measurements
can be obtained at the start-up [263] or by an offline self-commissioning procedure [259].
The measurements can be further modelled as a piecewise linear function [280, 281], a lin-
ear saturated function [259, 263], a logarithmic function [260], a piecewise nonlinear func-
tion [107,261,282,283], a support vector regression model [55], a trapezoidal function [264]
or saved as a LUT [56, 106,262,284], which will be interpolated as well as extrapolated online
during operation. The accuracy of the compensation varies as the complexity of the chosen
approximating function changes. In general, the curve-fitting method is relatively accurate. But
the offline measuring procedure is time consuming and each VSI need to be determined indi-
vidually. Besides, the influence from the environmental conditions, such as the temperature and
the humidity, is excluded.

6.1.2 The Average-Value-Based Method

The average-value-based method explicitly analyzes the VSI nonlinearities and models the error
based on the VSI characteristics as an average value, which is computed as the voltage-second
error within one PWM period, as shown in Fig. 2.22. The average value is then fed forward to
compensate the reference voltage and delivered together as a sum to the modulator.

Depending on the application as well as the requirement for the accuracy of the compensation
voltage, different elements of the VSI nonlinearities are selected and included into the compu-
tation of the average value. The dead time is normally regarded as a constant. The turn-on/-off
time and the voltage drops can be obtained from the manufacturers’ data sheets. In [64,285],
only the dead time is taken into consideration, which is regarded as a constant and compensates
the reference voltage by segmenting the current domain. Reference [267,286] included both the
dead time and the voltage drops. And in [265] the zero-current clamping phenomenon was ad-
dressed. Besides the dead time and voltage drops, works such as [62,287] included furthermore
the turn-on/-off time of the VSI. Instead of comprehensively computing the average value, [266]
included the dead time and used a coefficient to approximate the non-ideal switching character-
istics. The average-value-based method is simple but the compensation performance is limited,
since the average value is calculated based on certain constant values from the manufacturers’
data sheets in most cases.

6.1.3 The Filter-Based Method

The main effect of the VSI nonlinearities is causing the increase of the odd harmonic content in
the phase current [238] as well as in the phase voltage [104]. The analysis of the corresponding
harmonics provides another perspective for compensating the VSI nonlinearities. Based on the
analysis conducted in Section 2.4.2, the currents ¢4 and ¢, considering the nonlinear effect of
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the VSI can be expanded with Fourier analysis and written as [238]

[ X sin(nf, — (n—1)0) X sin(nf, — (n+1)0
= A | —sing - Z sin(n (n—1)0) N Z sin(n (n+1)0) ’
n=6%k n—1 n=6%k n 1
- (6.1)
, = cos(nf, — (n—1)6) = cos(nf, — (n+1)0)
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where £k = 1,2,3,--- and A; is the amplitude of the current. 6, is the electrical angle of the

rotor and @ is related to the load power factor.
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Figure 6.1: Block diagram of the filter-based method.

As it is shown in Fig. 6.1, there are several strategies to insert the compensation signals that
are computed based on the filter. In [238], the compensating voltage Aw is generated by mini-
mizing the sixth harmonic of the currents with a tuning factor for the design of the convergence
rate. Analogously, reference [288] separated the fundamental component as well as the har-
monics of the currents and voltages. The compensating voltage Au was computed based on the
harmonic model. Reference [104] adopted the adaptive-linear-neuron-based method to solve
the optimization problem of minimizing the harmonics. Instead of generating the compensating
voltage, it is also applicable to modify the reference current with Az*. In [268], the reference
current ¢* was modified by analyzing the harmonics. The resulting reference current corrector
Az* was computed based on the analysis. Reference [270] corrected the reference current by
extracting the low-frequency component of the current error e; := t* — ¢ and computing the
current error corrector Az* as the integral of e;. Reference [269] applied an adaptive first-order
infinite-impulse-response (IIR) filter to filter out the harmonics of the current ¢z and delivered
the filtered current ¢ to the controller. The coefficients of the IIR is tuned with a high-pass filter
and the corresponding adaptation algorithm. Works, such as [103,289], applied a proportional
controller over the harmonics. More specifically, reference [289] deployed an adaptive notch
filter and reference [103] applied an all-pass-based adaptive band-pass filter to estimate the 6-th
order of the current harmonics. Authors in [103] considered furthermore the DC bias of the
distorted voltage, which is related to the current vector angle, and compensated the voltage dis-
tortion with Aw through the average-value method. The filter-based method is straightforward,
but the filter system need to be properly tuned and the filtering of multiple harmonics aggravates
the design complexity of the filter.



6.1. INTRODUCTION 195

6.1.4 The Observer-Based Method

Besides the aforementioned methods, the observer-based method can also be implemented to
compensate the distorted voltage. The observer-based method incorporates the error voltage
induced by the VSI nonlinearities into the system dynamics with u, = u; — Au. Therefore,
the system dynamics in dq reference frame is correspondingly reformulated as

Lp41 = F(wlm Auv IU’Z) )

6.2

The principle of the observer-based method, which is shown in Fig. 6.2, is to minimize the mea-
surements y; and the predicted system states x; from the last step, either by directly extending
the system model with the to be estimated parameters [63,208,211,271], or by deriving the
error voltage as a function of the reconstructed physical quantities [88,290].
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Figure 6.2: Structure diagram of the observer-based method.

Depending on the solving methods of the minimization problem, there are several alterna-
tives to be applied as the disturbance observer: reduced-order disturbance observer [208], first-
order disturbance observer [290], adaptive disturbance observer [63,210, 271, 281], vectorial
disturbance observer [88], recursive-least-square-based disturbance observer [211], Kalman
filter-based disturbance observer [291], neural-network-based disturbance observer [48] and
particle-swarm-optimization-based disturbance observer [133,292], etc. Many of them require
an accurate knowledge of the machine parameters, since the prediction as well as the quan-
tity reconstruction is based on the machine models. Nonetheless, the adaptive disturbance ob-
server [63,210] and the solutions proposed in [48, 133,292] are stated to be robust against the
machine parameter variation. But they need several operating points to solve the optimiza-
tion problem and are more computational expensive than the other methods. The tuning of the
adaptive disturbance observer is however burdensome.

6.1.5 The Real-Time Measurement Method

The real-time measurement method, presented in Fig. 6.3, originates from the intuition of di-
rectly measuring the terminal voltage w and comparing the measurements with the reference
voltage u*. Many works have been conducted to realize the real-time measurement method.
Reference [272] designed a circuit to measure the volt-second value of the error voltage by in-
tegrating the terminal voltage over the dead-time interval. Authors in [273] measured the actual
applied duty cycle and compared it with the command duty cycle to compute the compensat-
ing time. In [293], the actual output voltage with additional measurements of phase current
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Figure 6.3: Block diagram of the real-time measurement method.

and DC-link voltage is estimated. Reference [274] employed the terminal voltage to compute
the compensation time as well as to detect the current polarity. The real-time measurement
method is independent of the topology and characteristics of the power devices. Furthermore,
the method from this category is relatively efficient, simple for the computation and provides the
possibility of eliminating the influence from the current sensor for the current polarity detection.
However, the additional hardware is required for the measurements. Besides, the compensated
value is one step delayed.

6.1.6 Modification of the Controller

The principle of modifying the controller for reducing the effects of VSI nonlinearities is to
solve a general robust tracking problem, i.e. tracking the reference enduring the existence of
disturbance with considerable amount. The most methods are derived from the internal model
principle, which is widely deployed due to its simplicity and straightforward implementation
[294]. The internal model principle was developed in the late 1970s and utilized in the chemical
industries [295]. The concept of the internal model principle is to deploy an internal model of
the exogenous disturbances in the feedback system and actively reject the disturbances.

The two-degrees-of-freedom control (2DOFC) is a method based on the internal principle
and well developed. Its block diagram is shown in Fig. 6.4, where £ denotes the set-point filter
and Q is the disturbance rejection gain.
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Figure 6.4: Block diagram of general two-degrees-of-freedom control.

Reference [296] used the 2DOFC scheme to compensate the dead-time effect by regulating
the error of currents e; . The two-degrees-of-freedom control method provides more freedom
for the control problem, while the design and the parameter selection are relatively complicated.

The resonant control (RSC) is another method derived from the internal model principle,
which has a high gain around the resonant frequency and therefore is able to track or reject
a sinusoidal signal of a certain frequency [297]. Since the implementation of the ideal reso-
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nant is difficult, a quasi-resonant controller is normally deployed. Its transfer function Grgc is
designed as a second-order system and expressed as

2KRSchs
2+ 2w.s+wi’

Grsc(wa) = (6.3)

where Krgc denotes the resonant coefficient, wy is the resonant frequency and w., is the cutoff
frequency [278]. The structure diagram of the general RC is shown in Fig. 6.5, where the Gy,
denotes the multi-resonant controllers (MRC), which consists of several parallel quasi-resonant
controllers, i.e. Gy, = 21:1,2,3,... Grsc(w;). G is an augmented controller and is set as G; = 1
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Figure 6.5: Block diagram of general resonant control.

for the traditional resonant control.

As it is explained previously in (6.1), the VSI nonlinearities causes 6i¢-th order (¢ =
1, 2, 3, ...) harmonics in 74 and %,, among which the sixth order harmonic is dominant. Ref-
erence [278] compensated the VSI nonlinearities by applying a RSC with resonant frequency
of six times rotor frequency due to the fact that the 6th-order harmonic dominates in harmonic
components. Authors in [298] considered both 6th- and 12th-order harmonic and combined
RSC with 2DOEFC to further improve the tracking and disturbance rejection capability of the
proposed method. In several works, the augmented controller GG, is designed as an integral term
to suppress the constant disturbance, i.e. G; = % For example, works in [204] and [205] com-
bined MPC and the resonant controller. More specifically, in [204] the MPC is developed over
an incremental system model to eliminate the constant disturbance and the resonant controller is
designed to suppress the 6th-order harmonic. However, the cascaded combination of MPC and
resonant controllers degrades the dynamic performance and can cause undesired peak around
the resonant frequency in the closed-loop control [205]. Thus, an observer was employed
in [205] to estimate the non-periodic disturbance as well as the currents. Furthermore, a vector
resonant controller was applied to tackle the problem of the conventional resonant controller.

Another alternative deduced from the internal model principle is the repetitive control, which
shares the same structure with the iterative learning control [299]. Therefore, they are treated as
the equals and abbreviated as RPC in this thesis. They are also able to track or reject periodic
signals. The structure of a general repetitive control as well as the iterative learning control
scheme is shown in Fig. 6.6. In Fig. 6.6, L represents the learning function/control gain, Q is
the filter and 7}, is the repetition period. In [61], the RPC was applied in the angle domain of the
induction motor. Works, such as [239,279], applied a fractional RPC to solve the problem that
the performance of the RPC degrades, if the time delay steps 7, is non-integer. Reference [300]
improved the closed-loop system robustness for the VSI-nonlinearities compensation problem
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Figure 6.6: Block diagram of the repetitive control/ the iterative learning control.

by integrating a finite impulse response moving average filter that limits the gain of the RPC
and also empowers the controller to suppress the target disturbances. In [301], RPC associated
with a sliding mode observer to realize the sensorless control of the PMSM.

After analyzing and comparing the principle of the RPC and RSC, it is noticeable that RPC
is equivalent to combining infinite resonant controller in all frequencies. Therefore, the RPC
can reject all harmonics, but is dynamically slow, while the resonant control has fast dynamic,
but works on a single frequency [302].

Besides the internal model principle based methods, the robust control method is also widely
applied to deal with the disturbances, which is designed in order that the controller can maintain
stability and meet specified performance with the existence of plant uncertainties and external
disturbances. However, the robust control method has few effect on the elimination of the
periodic disturbances.

Moreover, works based on the analysis on the characteristics of the VSI nonlinearities can
be found in [210,275-277], to name but only a few. Reference [275] applied the PI technique
over the difference between the referred voltage and the DC-link voltage to control the DC-
link voltage, which derived from the conclusion that the error voltage can be largely reduced
if the ratio between the command output voltage and the DC-link voltage is well controlled.
Authors in [276] proposed a compensation strategy in the angle domain, which is based on
the conclusion that the integral of the current error generates the sixth order harmonic, and
cancelled it with the PI technique. Reference [210] applied a similar technique to compensate
the VSI nonlinearities and moreover implemented an adaptive controller to cancel the effects
from the machine parameter variation. Authors in [277] applied an all-pass filter to compute
the instantaneous angle and the magnitude of the zero-axis current and implemented a zero-axis
current regulator to eliminate the harmonics.

6.2 State-of-the-Art Methodologies

In the preceding section, the general categorization of the compensation methods for the VSI
nonlinear effects is introduced. Subsequently, the state-of-the-art approaches are selected and
introduced in this section, where their principles as well as implementations are demonstrated
accordingly. The following methods are chosen for the investigations and the further imple-
mentations, the offline average-value-based method, the adaptive harmonic filtering method,
the resonant control method and the repetitive control method, since they have been widely
applied and have particular advantages as well as disadvantages.
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6.2.1 Offline Average-Value-Based Method

As introduced prior, the most simple and straightforward method is to employ the relationship
between the nonlinear effect of the VSI and the error voltage, where U4 is approximated with
the values from the data sheet, which is provided by the manufacture. Recall the approximation
of Ugeaq from (3.109) as
Tea +Ton_To Uce_U Uce+U
Udeas = == D Use = Uee + Ua) + ="V + —5—=, (64
T, Uge 2

as explained in Section 2.4.2, the error voltage caused by the VSI nonlinearities can be rep-
resented by a function of Uy..q, 6. and the currents direction in (3.107), i.e. Au = Ugeqq -
(Fa, F4)T, where

sgn(iq)
[?] = Ty,(0.) |sgn(ip)]| - (6.5)
! sgn(ic)

Different from the proposed method in Section 3.6, where the value of Uy,  is estimated and
adjusted in real time. The compensating voltage here is computed with the help of the offline
obtained value via (6.4) and the online computed value with (6.5).

6.2.2 Adaptive Harmonic Filtering

The adaptive periodic disturbance filtering method is based on the analysis of the harmonics and
eliminates them by adjusting the amplitude of the compensation signal. The VSI nonlinearities
causes the 6i-th harmonics for the drive system. As it is described in Section 2.4.2, the error
voltage in the three-phase stationary reference frame can be transformed into the two-phase dq
reference frame as

) o sin(nf, + (n—1)~y sin(nf, + (n+ 1)~
Auyg At —smy—zn:&.( ( n—(l ) )+ ( n+(1 ) >)
O Il e (n0.+ (n—1)7) _cos(nf. +(n+1)7)
Uq cos(nb. +(n—1)v cos(nb. + (n+1)v
Cos7y Zn:ﬁz n—1 n+1
(6.6)
where Ay = 4(]%, i=1,2,3,...,and v = 0; — 5 denotes the angle between the current

vector and the g-axis. It can be concluded from the aforementioned formulation of Aw that
the VSI nonlinearities can be compensated by eliminating the fundamental as well as the 6i-th
harmonics. Moreover, authors in [103] mentioned that the higher order harmonics with ¢ > 2
have less effect on the voltage distortion. Therefore, an elimination of the sixth harmonic is
sufficient to compensate the distorted voltage. Then, the problem of compensating the distorted
voltage becomes the filtering of the sixth harmonic, which is realized by a simple second-
order all-pass-based adaptive bandpass filter [103]. Its center frequency is dependent on the
rotor angular speed, i.e. w.. The application of the second-order all-pass filter independently
facilitates the control of the bandpass frequency and the bandwidth [103]. The transfer function
of the bandpass filter given in z domain can be written as

1 - Ga(z)

5 ; (6.7)

Gbp(z) =



200 CHAPTER 6. ATTENUATION OF THE PERIODIC DISTURBANCE

where G, (z) denotes the transfer function of the second-order all-pass filter, which employs the
framework of the second-order lattice Gray—Markel all-pass filter and can be given as

ko + Ky (1 + kQ) 271 272
Gal(z) = , 6.8
& =17 (1 + ko) 21 + kg 22 ©.8)

where k; determines the center frequency of the filter and gives
ki1 = — coswp, . (6.9)

The frequency wy, denotes the center frequency of the filter. The coefficient ko, controls the
bandwidth through

. 1— tan(Bb)
n 1+ tan(Bb) ’

where B, represents the bandwidth of the filter, which directly represents the distance from
the pole to the unity-circle. The characteristics of the bandpass filter can be determined by
choosing adequate coefficients k; and k. More specifically, the center frequency wy, of the
bandpass filter is defined by the coefficient k1, which is related to the rotor angular speed, and
the bandwidth is determined by specifying the value of the coefficient k5. In terms of cancelling
the VSI nonlinear effects, the center frequency is selected as the 6k-th harmonics of the PMSM,
ie.

ko (6.10)

Wpo =6kw. Ty, (6.11)

where k € Z*, w, denotes the electrical rotor angular speed of PMSM and T is the sampling
time. If the elimination of the sixth harmonic is sufficient to compensate the VSI nonlinearities,
as stated in [103], then ¢ is chosen as ¢ = 1.

After obtaining the sixth order harmonic, a simple proportional type feedforward compen-
sator via (6.6) is applied, i.e. Au, = K, Au, where Aw is given in (6.6). The amplitude Ay in
(6.6) is an approximation, which is in practice time varying. Therefore, a K, is applied to adjust
the amplitude of the compensating voltage Awu,.. The method proposed in [238] is deployed to
online adjust the amplitude of the compensation voltage, which gives

Kgiv1 =Ko i+ Ok,

(6.12)
5k,i = —0 5k,z’—1 Sgn(Ka,i - Ka,i—l) Sgn(za,i - Ea,i—l) )

where o, denotes the converging coefficient and ., ; represents the accumulation of the sixth
harmonic over half the period.

6.2.3 Resonant Control

The concept of internal models plays an essential role in the regulation problem, which esti-
mates the development of the disturbance by simulating the system response. In this thesis, two
methods derived from the internal model principle, i.e. the resonant control and the repetitive
control, are introduced and compared. The resonant control can track sinusoidal references of
arbitrary frequencies with zero steady-state error [303]. Derived from the internal model princi-
ple, the resonant controller embeds the poles of the open-loop transfer function into the forward
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path between the reference and the output. The transfer function of an ideal resonant controller
can be given in Laplace domain as [204]

Grsc(s) = 51—“55 , (6.13)
where Kgrgc denotes the resonant coefficient and w, represents the resonant angular frequency,
i.e. the frequency of the periodic signals. This assures the perfect tracking or eliminating the
components rotating at the resonant frequency w,; when the RSC controller is implemented in
the closed-loop. Nonetheless, the ideal resonant controller is difficult to implement in practice
and demonstrates poor frequency robustness. Moreover, because of the narrow band and the
infinite gain, the discretization is essential for the resonant controllers. A small frequency devi-
ation may even result in a significant performance degradation of the proportional resonant con-
trollers [304]. Therefore, instead of the ideal resonant controller, the quasi-resonant controller
is normally deployed to realize the periodic disturbance attenuation, as mentioned previously.
The transfer function of the quasi-resonant controller has been introduced and given in (6.3).
If more than one single frequency need to be cancelled, the quasi-resonant controllers of the
individual frequency need to be parallel constructed, which can be written as

G(s) = 3 omsCaLes (6.14)

2+ 2w s+ W,

where wy ; denote the resonant angular frequency of interest.

6.2.4 Repetitive Control

Besides the resonant control, the repetitive control is also based on the internal model prin-
ciple and aims to realize an asymptotic tracking as well as rejection of periodic signals. It
requires only the knowledge of the period time and was originally designed in the continuous
time domain. The repetitive control (RPC) shows superior performance when the periodic sig-
nals contains infinite number of harmonics, e.g. the square wave, over the finite dimensional
controllers, for example the resonant control. The repetitive control is employed in a feedfor-
ward manner, if the periodic signals can be predetermined [305]. The conventional repetitive
controller consists of a repetitive control gain Kgrpc and a delay term, which is defined by the
delay time 7} [299,305]. The delay time 7} is selected equivalently to the disturbance signals.
The delay mechanism is normally realized by a memory loop and constitutes a periodic signal
generator. The block diagram of a conventional repetitive control is shown in Fig. 6.7, where the
controller is demonstrated in z-domain. The RPC can be integrated into the system regarding

*

x e Yy

Krpc ’ j—> Controller Plant >
L T4

Figure 6.7: Principle of the conventional repetitive control.

\4

different architectures, namely the series approach and the plug-in (parallel) approach. In this
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thesis, the plug-in architecture is deployed to compensate the nonlinear effects of the VSI, since
the plug-in type RPC can be inserted into the control loop without affecting the performance of
the existing controller [306].

However, the repetitive control requires an exact knowledge of the period time of the periodic
signals, which is equivalent to the known constant period time or can be obtained through
accurately measurement in real-time.

6.3 Speed-Adaptive Fractional Repetitive Control

As mentioned formerly, the repetitive controller was proposed to track or reject the periodic
signals in a wide field of researches and applications, such as manufacturing processes, hard
disk drives and chemical processes [306]. A guarantee of the performance for the conventional
repetitive control is the accurate knowledge of the periodic signals. However, the practical ap-
plication faces the problem that the periodic frequency varies during the operation and the to
be controlled system is in general uncertain. Moreover, the implementation of the conventional
repetitive control on a digital control platform evokes normally a non-integer ratio between the
period of the periodic signals and the sampling time, which dramatically degrades the perfor-
mance of the repetitive controller. Furthermore, in the context of the attenuating the periodic
disturbance for the electric drive system, the disturbance is varying in terms of the frequency.
Therefore, a speed-adaptive fractional repetitive control strategy is proposed to tackle these
problem:s.

6.3.1 System Description

The VSI nonlinearities can be considered as a repetitive signal, which propagates with a fre-
quency of 6 f.. f. is the fundamental frequency of the PMSM, i.e. f. = w./(27). Therefore,
the time delay can be computed in a discrete manner as a multiples of the sampling time as

™

Ny=——,
Swe Ty

(6.15)
where N, represents the number of the delayed time period, w. denotes the electrical angular
speed and T’ is the sampling time. However, the ratio /N, is normally a fraction. For example,
a common working condition, the rated condition with w, = 1007 rad/s and T, = 10 kHz, the
ratio is obviously a fraction. Therefore, it can be concluded from (6.15) that the ratio N, on
the one hand, can be a fractional number. On the other hand, it is time varying and depends
on the electrical motor speed w.. The ratio /N4 is normally rounded and the nearest integer is
applied for the delay mechanism, as it is shown in [300]. But this approximation degrades the
disturbance attenuation performance, since the high control gains shift away from the targeted
harmonic frequencies [279]. A simulation is conducted to demonstrate this phenomenon. In
Fig. 6.8, the frequency response of the conventional RPC under two scenarios is shown, i.e.
Ny is a integer, which is represented with N*, and N is a fraction, of which the integer part is
represented by V.

It can be noted from the Fig. 6.8 that the gains at the target frequencies decrease significantly,
when the delay step N, is a non-integer. Besides, the conventional RPC has infinite gain at
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Figure 6.8: Frequency response comparison between the conventional RPC with N, as an integer and a non-
integer. The situation, where the ratio IV, is an integer, is represented by the legend N* and in blue star, where the
non-integer ratio IV, is given by the legend IV and in red plus.

frequencies of 237 /Ty (i = 0, 1, 2, ...), which can cause the system too sensitive to the certain
frequencies and has a great impact on the stability of the closed-loop system [299]. Moreover,
based on the prior analysis that the delay time 7} is related to the electrical angular speed w,,
the RPC may evoke undesired peak around the frequencies of 2 7 /T, and reduces the stability
margin with increase of the angular speed.

To tackle these problems, a plug-in fractional RPC with a moving horizon average filter is
proposed to eliminate the disturbance caused by the VSI nonlinearities and to guarantee that

lim ef = 0 € RNV=*1 (6.16)

1— 00

where e¢ denotes the error caused by the VSI nonlinearities. The block diagram presenting the
predictive current control with the proposed speed-adaptive fractional repetitive control (FRPC)
compensation mechanism is give in Fig. 6.9. The proposed speed-adaptive FRPC method is im-

i:lq u;;q Wqq dq Uup
———=> CCS-MPC f>% > 7 B —> SVM > VSI .
A

A’U,dq

%

’qu We
——>| Compensator f«¢——
N

Labe

Ldg dq
abe

Figure 6.9: The control block diagram of the predictive current control with the proposed compensation method,
where the compensator is realized with speed-adaptive fractional repetitive control.

plemented as a compensator, which compensates the distorted voltage in a plug-in manner. The
model predictive current control is realized with the CCS-MPC or the deadbeat control, of which
the details are described in Chapter 4. The reference current ¢* as well as the measurements 2
are firstly transformed into the dq reference frame and then fed into the compensator. More
specifically, the block diagram of the proposed compensation strategy is shown in Fig. 6.10.
The gain Kgrpc is the gain of the fractional repetitive controller. The filter L is normally
selected as a zero-phase low-pass filter to deal with the fact that the RPC has high gains at
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Figure 6.10: Structure of the plug-in repetitive control strategy.

the disturbance related frequencies and therefore may induce instability. In this thesis, a zero-
phase moving average filter is implemented [300] and enhances the robustness of the closed-
loop system [307]. The filter F' denotes a linear-phase lead filter, which is applied to stabilize
the overall closed-loop system. It is a zero-phase-error tracking controller and can be designed
with methods mentioned in [308], of which the coefficients can be determined with experiments
[309]. The transfer function of the plug-in RPC presented in Fig. 6.10 can be written as

Uclz) 2N L(2)
E(z) Kreo 1— 27N L(2)

Grrec(z2) = F(z). (6.17)

The poles of Grrpc(z) are located at the frequencies 2i f;, where f; is the fundamental fre-
quency of the periodic disturbance. In the context of eliminating the VSI nonlinear effects,
fa is defined as f; := 6 f., where i € Z. Therefore, the transfer function Grrpc(z) has an
infinite amplitude at the frequencies 2i7 f, if L(z) = 1, which indicates that the RPC can
achieve zero steady-state error for the harmonics below the Nyquist frequency if L(z) = 1
and Ny is an integer. The stability of RPC can be guaranteed by the design of the feedback
gain, as indicated in [310]. However, in practical applications, the non-integer delayed time
step N, is more often encountered. In order to tackle the problem, a technique to handle the
fractional delay element is deployed, which approximates the fractional delay by a Lagrange-
interpolation-based finite-impulse-response filter. The employed filter handling the fractional
delay costs only limited computational resources and is one of the easiest methods to design
a fractional delay filter [311]. It is suitable for the online tuning of the fractional delay [311],
since the filter on the one hand is simple to implement, on the other hand provides high accu-
racy for the approximations. The delay 2~ can be split by the Lagrange-interpolation-based
finite-impulse-response filter, i.e. a /V;-th order FIR filter as [312]

N1
g N~ NS Zm(l@)z—k , (6.18)
k=0

where N is the integer part of /N and NV, is an integer, which is selected during the filter design
and indicates the accuracy of the approximation. m(k) is so designed that the error between the
term on the right hand side and the term on the left hand side of (6.18) is minimized. As it is
stated in [313], the coefficients m(k) can be obtained by employing the Lagrange interpolation

as follows
Ny

NS —J

m(k) = ][ T fork=0,1,..N; , (6.19)
=0, j#k J

where N is the fractional part of N, and N is the order of the FIR filter, as it is shown in (6.18).

The accuracy of the FIR filter in (6.18) is improved with the increase of N;. A simple linear




6.3. SPEED-ADAPTIVE FRACTIONAL REPETITIVE CONTROL 205

interpolation of 2~ is obtained with N; = 1. The approximation conducted in (6.18) leaves
a remainder R for the fractional delay, which can be derived by subtracting the approximation
from the fractional delay and deploying the properties of the Lagrange interpolation as [239]

N1 N+ N Ni—1 + N N1
-NF -k _ 0~ ! H ( N — i) +
_ s — N — 2
z E_ m(k)z o + ol 7LOI( =), (6.20)

where 0 € [Tk, Ts k+1]- It can be concluded from the formulation of the remainder R that
an increase of /N; improves the accuracy of the approximation in (6.18). Furthermore, the
transfer function of the fractional repetitive control can be further rewritten by substituting the
formulation of the FIR filter for the fractional delay in (6.18) as

N Y mk) T L(2)
GF 1o lel ¥4 = K P F(z 3 6.21
rel?) RCl—zN*zkomm-kL(z) ) @20

which turns into a repetitive controller with N7 = 0. The integer component N} and the
fractional term V" change with the rotor speed and the sampling frequency, where the sampling
frequency is normally constant for an implementation of the control for the PMSM drive system
on an embedded system.

6.3.2 Parameter Design

After obtaining the general form of the fractional repetitive controller in (6.21), the parameters
of (6.21) need to be designed properly, in order to eliminate the periodic disturbances and
realize the precise control. First of all, the parameter of the FIR filter for approximating the
fractional delay is investigated, i.e. the order of the filter NV;. The simulations of the frequency
response considering various values of the parameter /V; have been carried out, where the target
frequencies are 480 Hz and its multiples. The corresponding results are shown in Fig. 6.11.
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Figure 6.11: Frequency response of the FRPC designed with various values of the parameter /N;, which represents
the order of the Lagrange-interpolation-based FIR filter.

In Fig. 6.11, it can be observed that the FRPC can accurately suppress the signals at the
designed frequencies, while the conventional RPC shifted the control gain on the frequency
domain. The gain of the conventional RPC is relatively large at the frequency of 500 Hz and
its multiples, while it is significantly reduced at the target frequency 480 Hz and its multiples.
It is worth mentioning that the gain reduction of the conventional RPC is even worse in higher
frequency region.
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In order to demonstrate the frequency response of the respective filter with different parameter
selections, the gains at the harmonic frequencies, which consider 480 Hz as the fundamental
frequency, are collected and presented in the relation to the harmonic order in Fig. 6.12.

80 =
—~ —--RPC
A 60¢ —Ni =1
- Ny =2
4; 40 N3
= 20+ - Ny =4
Ef’ 0»\,\0\‘; Ny =5
2 L
-20 I I I I I ]
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Order of harmonics

Figure 6.12: Frequency response of different values of the parameter V) as a relation to the harmonic order.

Obviously, the gain reduction of the conventional RPC at the target frequencies is significant.
Consequently, the rejection ability of the conventional RPC is dramatically reduced. Because of
the principle of the fractional repetitive control, the gain at the target frequencies is reduced and
yet large enough. An increase on the order of the Lagrange-interpolation-based FIR filter can
result in a higher gain at the target frequencies, which furthermore delivers a more accurate ap-
proximation and improves the disturbance rejection performance. However, the computational
burden is increased accordingly.

The moving average filter L(z) is utilized to guarantee the system stability by limiting the
control gain of the repetitive control as finite and yet large enough at the target frequencies to
suppress the periodic disturbance [309]. Moreover, it can realize the functionality of a low-pass
filter and demonstrates zero phase shift. The formulation of a general moving average filter can
be given as

Z;'Vjo a2 + Z;V:Zl a;z™

N
232 a5+ g

L(z) =

(6.22)

where a; > O with j = 0, 1, -- -, Ny. The determination of the parameter N, and the coeffi-
cients o; depends on various factors, e.g. the phase delay, the gains and the current measure-
ment noise. For a causal FIR filter, the phase delay increases as the filter length /N, gets longer.
Nonetheless, the FIR filter in (6.22) can achieve zero phase delay. The simulations to study
the frequency response of the FIR filter given in (6.22) have been carried out in terms of the
different parameter selections of Ns. The corresponding results are shown in Fig. 6.13.

It can be concluded from the Fig. 6.13 that a larger value of V5 can lead to a smaller gain at
the target frequencies, which however improves the robustness of the closed-loop system [314].
A first-order filter with Ny = 1 is normally sufficient for the practical applications, as claimed
in [309]. Once the order of the moving average filter is determined, the weighting allocating
coefficients «; are studied subsequently. Simulations for investigating the relationship between
ap and the gain at the target frequencies have been carried, of which the results are shown in
Fig. 6.14 correspondingly.

A larger « enlarges the passband of the filter L(z), while a smaller value of oy brings a wider
stability range for the gain Krpc [309]. As it is indicated in [315], the lowest noise is obtained
when all the input samples are treated equally. Moreover, it can be observed that || L(z)|| — 1
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Figure 6.13: Frequency response of different parameter selections of N5 for the FRPC, which is represented as a
function of the harmonic orders.
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Figure 6.14: Frequency response of different parameter design of o for the FRPC filter.

at low frequencies and ||L(z)|| — O at high frequencies. Therefore, the parameter design of
L(z) can be regarded as a tradeoff between the tracking ability and the system robustness [316].
Since the moving average filter L(z) has no extra phase displacement, its phase characteristics
is zero.

Moreover, the original closed current loop demonstrates the system delay and phase shift.
Therefore, the implementation of a phase lead filter F'(z) is encouraged to realize the zero-
phase-shift compensation [309]. The phase lead filter can be chosen as a stable inversion of the
current dynamics, which can be generally written as [317]

Flz) =2 ;Ag:l;gzg; ) , (6.23)

where N3 represents the delay of the system, B“(z~!) and B*(>~') denote the unstable zeros
and stable zeros of the plant, respectively. A(z7!) includes poles of the plant. B%(1) is the
scaling factor of the steady state control gain of the controller. However, the inverse of the
system is normally unavailable due to various uncertainties and disturbances [309]. But the
value of the parameter N3 can be determined via experiments [309].

After applying the plug-in speed-adaptive FRPC into the current control loop, the overall
control law w at step k from Fig. 6.9 is then given as:

up = uy, + Auy, (6.24)

where w;, is the control voltage computed from the predictive controller and the Aw;, denotes
the compensating voltage obtained from the proposed plug-in speed-adaptive FRPC. As a result,
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the transfer function of the plug-in speed-adaptive FRPC is summarized as

U.(z) 2N [(2)

Grrec(2) = E(2) = RPCTNSL(@

F(2), (6.25)

where 2V, L and F can be realized with (6.18), (6.22) and (6.23), respectively.

In the discrete-time domain, the delay 2! is realized by implementing the buffer stack. Its
length is determined by the delay time and the sampling time. The buffer stack is updated at
each sampling instant. More specifically, the stack is shifted by one element and the most recent
data is enclosed.

6.3.3 Stability Analysis

After determining the aforementioned parameters of FRPC with the help of simulations and
experiments, the control gain Krpc needs to be assigned. It denotes the trade-off between the
stability robustness and the steady-state performance [318]. A proper selection of the control
gain Krpc enables a decrease of the non-harmonic components [319]. The transfer function of
the closed-loop system regardless of the controllers can be written as

Gy(2)

Gep(2)
where G,(z) denotes the transfer function of the system, i.e. the current loop of the PMSM.
After deploying the plug-in speed-adaptive FRPC, the transfer function of the reference Y,.(z)
and the disturbance D;(z) to the system output or measurement Y (z) can be derived as [309]

Y(z) 1= L(z) 2™ (1 = Knpc F(2))] Gop(2)

Y, (2) 1 L(2) 2~ N+(1 — Kgpc F(2) Gep(2)) (6.27)

and
Y(z) 1—L(z)z" 1

Dy(z)  1+G,(2) "1—L(z) 2 N:(1 — Kppc F(2) Gep(2))
respectively. The error transfer function of the FRPC-based compensation mechanism can be
given as

(6.28)

E(z) _ (14 Gy2)"" (1 -2 L(2))
Y. (2) = Ds(z) 1—27NsL(2) (1 — Krpc F(2) Gep(2))
As a result, the stability of the closed-loop system controlled by the FRPC is asymptotically
stable as long as the following two conditions are satisfied: the closed-loop feedback system

G.,(2) is stable and the roots of the denominator, i.e. 1 — 27 L(2) (1 — KrpcF(2) Gep(2)),
are inside the unit circle, which gives

(6.29)

-1

Ny
11— Krpe F(2) Gop(2)] < [LETH Y mk)z*| |, Ve=e, 0 <w < % . (6.30)
k=0 s

e . ~1 -
The first condition is equivalent to the statement that the roots of (1 + Gp(z)) are inside the
unit circle, which is same as the conventional repetitive control method. The second stability
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criterion is almost equivalent to the consideration of the conventional repetitive control within
the passband of the fractional delay filter in (6.18), i.e. ‘Zk om(k)z "“) — 1. Furthermore, if
the bandwidth of the moving average filter L(z) is smaller than the bandwidth of the fractional
delay filter, it can be obtained that |L(z)| ‘Zk om(k )z*k‘ — 1. Then the second condition in
(6.30) can be simplified as a more conservative condition as

1 — Krpe F(2) Gopl2)] < 1. (6.31)

If the applied phase lead filter F'(z) can achieve zero-phase compensation, the synthesis of the
plug-in speed-adaptive FRPC is similar to that of the conventional repetitive controller [309].
If the frequency of the reference signal y,.(t) and the disturbance d(t) approaches w; = 2im f,
where i = 0, 1, 2, ..., N* (N} = |N,]), then 2=+ = 1. Consequently, if the overall closed-
loop system is asymptotically stable, the error E(z) can be derived from (6.29) with the as-
sumption L(z) = 1 as

lim ||E(z)]| =0, Yw;, (6.32)

wW—rw;

which denotes that for any periodic reference signal with a frequency less than the Nyquist
frequency, a zero steady-state tracking error can be guaranteed even under the existence of the
model uncertainties. It can be concluded from the inequality in (6.30) that the choice of the
parameters for F'(z) and Kgrpc is coupled.

Let Mg,, and 0., represent the magnitude characteristics and the phase characteristics of
Gop(2), respectively, ie. Go(jw) = Mg, (w)e’ee» ). Analogously, F(z) has the frequency
characteristics F(jw) = Mp(w)e??@), where Mp(w) and e%7(“) denote its magnitude and
phase, respectively. Substitute the magnitude characteristics as well as the phase characteristics
of G.,(2) and F'(z) into (6.31), it can be obtained that

1 — Krpo M, (w) Mp(w) e/ @00 < 1 (6.33)

The phase lead filter F'(z) is deployed to realize the zero-phase compensation and normally is
designed in practice as
F(z) =2, (6.34)

As a result, the inequality (6.33) can be simplified as
11— Krpe M, (w) e?0ce@Ns@)| < 1 (6.35)

Therefore, it can be derived from (6.30) that [320]

2

0< K, <
RPC MGCP

(6.36)

Thus, if F'(z) yields a zero-phase compensation for the closed-loop system, the stability range
of the gain Krpc willbe 0 < Krpc < 37—

It is worth mentioning that the COIldlthIlS are sufficient to guarantee the closed-loop stability,

which however has been claimed to be close to the necessary ones in practice [321]. Moreover,
works such as [322] and [306] provide the guidelines for designing the repetitive controllers.
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6.4 Experimental Evaluation

Subsequent to the explicit introduction and analysis of the overall system behaviour and the
stability issue, the proposed speed-adaptive FRPC is implemented on the laboratory facility de-
scribed in Appendix B.2. The proposed method is firstly tested at the steady state, in order to
compare with the state-of-the-art methods mentioned previously, namely the offline average-
value-based method, the adaptive harmonic filtering method and the resonant controller. Subse-
quently, the proposed method has been tested under the parameter mismatch of L4, L, and W,y,.
The performance under the parameter mismatch of R is not investigated, since its influence is
almost ignorable. At last, the dynamic performance of the proposed FRPC is evaluated under a
load step.

6.4.1 Steady State Performance

First of all, the steady-state performance in terms of the harmonics elimination are evaluated
for all methods with an analysis of the harmonic content of the three-phase current up to 13-th
order. The working point of the PMSM is chosen as the rated speed and the no-load condition.
The computation results of the harmonic contents are shown in Table. 6.1. Moreover, their sum
is also computed and shown in Table 6.1 under the denotation named HD.

Table 6.1: Harmonic analysis

oth 7th 11th 13th HD

CCS-MPC 5.48% 2.07% 0.14% 0.19% 7.88%
Offline 4.59% 1.02% 0.43% 0.59% 6.63%

AHF 512% 1.24% 0.08% 0.11% 6.55%
RSC 3.29% 0.77% 0.06% 0.08% 4.20%
FRPC 3.60% 0.73% 0.10% 0.14% 4.57%

In Table 6.1, the term Offfine represents the offline average-value-based method and the AHF
denotes the adaptive harmonic filtering method. It can be observed from the computational
results in Table 6.1 that the predictive current control yields a harmonic distortion up to 13-th
order of almost 8% of the fundamental amplitude and the implementation of the disturbance
observer introduced in Chapter 4 has little effect on the harmonic elimination, since the distur-
bance observer mainly focuses on the constant-like disturbance and has effect on the noises.
Although the deployed disturbance observer, e.g. the derivatives of the Kalman filter and the
MHE, has the ability to filter out the measurement noises and the system noises, their band-
width is however limited. Moreover, they have little effects on the low-order harmonics. After
implementing the offline average-value-based method, of which the values are obtained from
the manufacturer’s data sheet, has reduced the harmonic content (up to 13-th harmonic) to
6.63%. An obvious reduction of the 5-th and 7-th harmonic can be observed, while the 11-th
and the 13-th harmonics have been increased significantly. The adaptive harmonic filtering has
reduced the harmonic content by 1.33% and the values of all harmonics have declined. The
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resonant controllers outperforms the other three methods, which reduced the harmonic content
to 4.2%. However, multiple resonant controllers need to be implemented to eliminate indi-
vidual harmonic content. The system under the control of the proposed FRPC can achieve a
harmonic distortion of 4.57%, which reduced the harmonic distortion of the CCS-MPC by 42%
and shows better performance than the offline average-value-based method and the adaptive
harmonic filtering method.

6.4.2 Parameter Variation of L,

The proposed method can furthermore eliminate the steady-state error caused by the parameter
mismatches to a certain level. The first test scenario is the parameter variation of the inductance
in the d-axis. The PMSM runs at the rated speed and has no load. L, has increased by 20% in
the CCS-MPC. The corresponding experimental results are shown in Fig. 6.15. The proposed
speed-adaptive FRPC is activated at ¢ = 0s. Analogously, an reduction of the parameter L  in
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Figure 6.15: The control performance of the predictive current control and the proposed harmonic elimination
strategy under the parameter mismatch of Ly with r, = 120%. The speed-adaptive FRPC is activated at t = Os.

the controller is also investigated, i.e. r, = 80%. The corresponding experimental results are
shown in Fig. 6.16.
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Figure 6.16: The control performance of the predictive current control and the proposed harmonic elimination
strategy under the parameter mismatch of Ly with r, = 80%. The speed-adaptive FRPC is activated at ¢ = Oss.

It can be concluded from Fig. 6.15 and Fig. 6.16 that the proposed FRPC-enhanced CCS-
MPC eliminates the harmonics significantly, especially for the d-axis current. After activating
the proposed method, the system converges to the new steady state within 10 ms. The variation
of the inductance L, causes small steady-state offsets in d- and ¢-axis, which are cancelled by
activating the FRPC at ¢ = Os.
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6.4.3 Parameter Variation of L,

The control performance under the parameter mismatch of the L, is furthermore investigated.
Similar to the former test scenario, experiments simulating the increase as well as the reduction
of L, have been carried out. The experimental results are shown in Fig. 6.17 and Fig. 6.18,
respectively.
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Figure 6.17: The control performance of the predictive current control and the proposed harmonic elimination
strategy under the parameter mismatch of L, with r, = 120%. The speed-adaptive FRPC is activated at t = Os.
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Figure 6.18: The control performance of the predictive current control and the proposed harmonic elimination
strategy under the parameter mismatch of L, with r, = 80%. The speed-adaptive FRPC is activated at t = Os.

Similar conclusions to the test scenario of L, variation can be drawn from Fig. 6.17 and
Fig. 6.18 that the proposed strategy reduce the harmonic content significantly and cancelled the
small steady-state error of CCS-MPC under the parameter mismatch of L,,.

6.4.4 Parameter Variation of V,,

As it has been studied in Chapter 4, the parameter mismatch of the permanent magnet flux
linkage W, can cause the most steady-state offset among all electrical parameters. The control
performance under the parameter variation of W, is then furthermore studied with the exper-
iments on the increase and the reduction of W,,. The corresponding experimental results are
shown in Fig. 6.19 and Fig. 6.20.

It can be observed from Fig. 6.19 that a conspicuous steady-state offset can be observed in
the g-axis before ¢ = 0's, which is however reduced by integrating the FRPC-based compensa-
tion mechanism. A small steady-state offset can also be observed in the d-axis, which has been
cancelled after ¢ = Os as well. In Fig. 6.20, a larger steady-state offset is observed in g-axis
than the test scenario presented in Fig. 6.19, where r, = 120%. The error can be reduced to a
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Figure 6.19: The control performance of the predictive current control and the proposed harmonic elimination
strategy under the parameter mismatch of Wy, where r, = 120%. The speed-adaptive FRPC is activated at
t =0s.
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Figure 6.20: The control performance of the predictive current control and the proposed harmonic elimination
strategy under the parameter mismatch of U,,, where r, = 80%. The speed-adaptive FRPC is activated at ¢ = Oss.

certain level by activating the FRPC at ¢ = 0, while the tracking error in d-axis is effectively
eliminated. Consequently, the capability of the proposed FRPC-based control strategy to elimi-
nate the steady-state error caused by the parameter mismatch is limited, which means that it can
improve the robustness of the closed-loop system against the model uncertainties to a certain
degree. Severe parameter variation may still have observable impacts on the tracking accuracy.
An increase of the control gain Krpc can increase the tracking ability, but it is nonetheless
limited by the stability criterion.

It is worth mentioning that the different parameter mismatches altered the harmonic content,
i.e. the parameter variation of the inductances induces a severer harmonic distortion than the
variation of the permanent magnet flux linkage. The reason to this observation can be traced
back to the fact stated in Chapter 2 that the parameter mismatch of the inductances influences
the system characteristics, while the parameter mismatch of the W, results in a steady-state
error.

6.4.5 Dynamic Performance

Furthermore, the dynamic performance of the proposed harmonic cancellation strategy is tested
and compared with the CCS-MPC. A load step of the full load is added to the PMSM at ¢ = Os.
The corresponding results are shown in Fig. 6.21 and Fig. 6.22, respectively.

It can be noted from Fig. 6.21 that the increase of the load condition impairs the control
performance of the predictive current control, i.e. more obvious voltage distortion caused by the
VSI can be observed in the d-axis and a conspicuous steady-state offset can be observed in the
g-axis after the insertion of the load step. Moreover, an overshoot of more than 5% of the rated
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Figure 6.22: Dynamic performance of the proposed harmonics elimination strategy. A load step of the full load is
added att = 0s.

current appeared during the transient. A significant improvement of the control performance can
be realized by employing the proposed speed-adaptive FRPC, which is shown in Fig. 6.22. The
harmonic contents of the d-current have been significantly reduced. Furthermore, the overshoot
during the transient has decreased to around 2% of the rated current. It is worth mentioning that
the dynamic of the d-current is affected, which is slower than the classical predictive current
control. Nonetheless, the dynamic of ¢-current is hardly affected and the steady-state error after
the load step has been eliminated effectively. Moreover, the current quality of ¢, in terms of the
ripples has also been improved.

6.5 Conclusion

In this chapter, the attenuation of the periodic disturbances is addressed. More specially, the
voltage distortion problem raised by the nonlinear effects of the VSI is discussed. Firstly, the
state-of-the-art approaches dealing with the VSI nonlinearities are introduced. Subsequently,
the offline average-value-based method, the adaptive harmonic filtering, the resonant control
and the repetitive control are elaborated in detail. However, the promising repetitive control
method suffers from the problem of fractional ratio between the target frequency and the sam-
pling frequency, which significantly degrades the performance of eliminating the periodic dis-
turbance. Therefore, the speed-adaptive fractional-repetitive-control-enhanced predictive cur-
rent control is proposed to tackle the aforementioned problem, where a plug-in architecture is
employed. The proposed method can effectively eliminate the current harmonics caused by the
nonlinear effect of VSI. Its performance in terms of eliminating the harmonics outperforms the
offline averaged value method and the adaptive harmonic filtering method, while it is slightly
worse than the resonant controllers. Nonetheless, the resonant controller is designed for a single
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target frequency, which means that the compensation of the distorted voltage requires multiple
parallel resonant controllers. Moreover, the proposed strategy can improve the system robust-
ness against the parameter variation to a certain level. A significant improvement of the current
tracking ability can be noticed at the full-load condition, where the VSI nonlinear effect is
dominant.
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CHAPTER 7

Conclusions and Outlook

In this work, two problems are investigated, i.e. the parameter identification and the controller
optimization. First, the investigation of the parameter identification of the PMSM drive system
was carried out. More specifically, both offline identification procedures and online estimation
methods for the electrical parameters and the VSI nonlinear effects have been addressed. Sec-
ond, the control problems with the continuous-control-set MPC and the finite-control-set MPC
under the existence of the model uncertainties and the disturbances have been studied. The con-
trol performance has been improved in terms of the tacking ability and the robustness against
model uncertainties, disturbances. These two focuses of this thesis were addressed separately
in Part II and Part III.

7.1 Conclusions

7.1.1 Part II: Parameter Identification

One of the main objectives in this part is to refine the offline determination procedures for the
electrical parameters of the PMSM and the nonlinear effects of the inverter. Based on the simpli-
fied and the general formulation of the current dynamics for the PMSM, the important electrical
parameters for describing the PMSM current dynamics can be identified respectively. More-
over, because of the non-ideal behaviour of the inverter, the nonlinear effects of the VSI were
furthermore analysed and identified as the distorted voltage at the machine terminal. The offline
determination procedures are accurate and employ simple computation methodology. However,
the design of the procedure is normally sophisticated and requires extra equipment or hardware
to realize the measurement. Even though the self-commissioning strategy can be implemented
to complete the procedures, the high-level control logic is still required. Moreover, an accurate
modelling of the parameter values requests the establishment of a multi-dimensional relation-
ship. For example, the inductance of the PMSM is primarily related to the temperature and the
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current, which is also affected by the humidity and the material characteristics. Therefore, the
online estimation can better capture the real-time variation of the parameters. The identifiabil-
ity of the parameter combinations have been studied and is regarded as the prerequisite for the
online estimator implementation. Numerous estimation methods have been proposed and ap-
plied in the industry and also academia to achieve the goal of estimating the parameters during
the operation. The model reference adaptive system employs the PI technique to guarantee the
hyperstability of the closed-loop system. It is simple and has low computational burden. How-
ever, it is sensitive against the noises and the tuning of the PI coefficient is burdensome. The
recursive least squares method is the first method of formulating an optimal estimation from
noisy measurements in a recursive manner. It has also relatively low computational burden and
is easy to implement. But the implementation of the recursive least squares method is a trade-
off between the robustness to the noises and the dynamic performance. As the experimental
results showed, it may deliver biased estimates. Two variants from the Kalman-filter family
were also investigated, i.e. the extended Kalman filter and the unscented Kalman filter. The ex-
tended Kalman filter linearised the nonlinear system constructed during the parameter estima-
tion problem, while the unscented Kalman filter applied scattered sample points to interpret the
nonlinearity. They involve the measurement noise and the process noise in the problem formu-
lation. Thus, they are relatively accurate and dynamic in the practical application, but has high
computational cost. An optimization based estimator, the moving horizon estimator, has also
been investigated. It is normally preferred for the problem with constraints and requiring high
dynamic response. The parameter estimation problem is generally formulated in the context of
the moving horizon estimator, where the solving methods were systematically introduced and
elaborated. These methods have been implemented and tested under various scenarios. Their
performances were summarized in terms of the accuracy, the computational burden, the dy-
namic response, the robustness and the memory allocation. In summary, the complexity of the
estimation method benefits the accuracy of the results. However, the computational power is
limited by the hardware configuration. The methods have individual advantages and disadvan-
tages. Thus, the choice of the proper estimator depends on the requirements of the application.
As addressed in the context of offline determination procedures, the nonlinear effect of the in-
verter has a significant impact on the parameter estimation, which is therefore approximated
and included into the system model. As a result, the nonlinear effect of the inverter can be es-
timated concurrently with the machine parameters. Furthermore, a dual extended Kalman filter
was applied to realize the estimation. Because of the separation of the state estimation and the
parameter estimation within the framework of the dual Kalman filter, the computational burden
can be significantly reduced by deactivating the parameter estimator.

7.1.2 Part III: Controller Optimization

This part concentrates on the optimization of the predictive current control of the PMSM drive
system under the existence of uncertainties and disturbances. Based on the theoretical analysis
and experimental investigations about the uncertainties and disturbances in the PMSM drive
system, their impacts on the control performance are furthermore studied. Because that the
model predictive control is set up based on the system dynamics, its sensitivity to the system
model accuracy is rather higher than FOC. The uncertainties as well as the disturbances can
result in steady-state error, harmonic content or even cause instability. This problem was firstly
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addressed for the continuous-control-set MPC, where the deadbeat control is regarded as a spe-
cial case of the CCS-MPC. The problem resulted from the parameter mismatches, the encoder
error and the digital delay were investigated via the experiments. It can be concluded that in the
PMSM drive system, the permanent magnet flux linkage causes mainly the steady-state error,
while the inductances can affect the stability of the closed-loop system. The impact from the
stator resistance is almost ignorable. A disturbance observer was implemented to estimate the
currents and the disturbances. The estimates were then fed into the underlying optimization
problem of CCS-MPC, which is tasked to find the optimum of the control problem based on the
augmented PMSM current model. The stability of the overall control strategy was addressed,
which is proven to be input-to-state stable, if several conditions are satisfied. Moreover, the pro-
posed control strategy is generally formulated and can be applied to an arbitrary drive system.
Analogously, the conclusion about the system stability can be mapped to other drive system.
Different from CCS-MPC, finite-control-set MPC inherits the discrete nature of the inverter.
Therefore, it demonstrates higher robustness against the uncertainties and disturbances, but it is
still affected. The influence of the parameter mismatch was analysed and quantified with sev-
eral designed simulations. An observer was likewise applied to improve the performance of the
FCS-MPC. In order to reduce the computational burden of FCS-MPC, a problem formulation
in the o5 domain was proposed for a special PMSM, SPMSM. Thanks to the symmetry of the
related matrices, the major part of the heavy computations involving in the FCS-MPC can be
allocated offline, which significantly reduces the online computational burden. Furthermore,
the disturbances can increase the harmonic content of the current as well as the speed. The pe-
riodic disturbances produced by the VSI nonlinear effects were subsequently emphasized. The
most straightforward intuition is to combine the aforementioned parameter estimator and the
disturbance observer. Nonetheless, after examining the extended system model with the terms
related to the VSI nonlinearity and the disturbance, it can be noticed that they are not simultane-
ously observable. Therefore, a speed-adaptive fractional-repetitive-control based compensation
scheme was proposed, which aims to cancel the 6:-th harmonics with 7 € Z. The effectiveness
was validated and compared with state-of-the-art methods.

7.2 Outlook

Chapter 3 introduces the offline as well as the online parameter identification methods, which
offers several potential directions for future research. Firstly, the comparison and discussion
are based on the PMSM drive system. It would be interesting to study if the conclusions can
be derived from other electrical drive systems. Theoretically, the algorithm and the principle
of the determination procedures should be independently of the machine and the inverter type.
Nonetheless, a further validation and research would be beneficial. Furthermore, several as-
sumptions are made before constructing the machine model. Although the omitted terms, e.g.
the core losses, are normally neglected in the drive modelling. They can have impacts on the
parameter identifications and estimations. Thus, a further investigation including the losses of
the PMSM is worth engaging.

In the Chapter 4, the problems encountered in the framework of the continuous-control-set
MPC have been addressed and tackled via the proposed robust control strategy, where a distur-
bance estimator is employed. The closed-loop system stability are unifying verified. Nonethe-
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less, the conditions to guarantee the stability was validated in the context of the extended
Kalman filter and the moving horizon estimator. An extended validation of the theory with
other estimators could be an interesting research direction. Moreover, the robust control strat-
egy can be applied to an arbitrary electrical drive system. A verification on the other systems,
besides the PMSM drive system, would be useful for the application of the proposed theory.

Chapter 5 provides researching results about the performance improvement of the finite-
control-set MPC. As the analysis suggests, the uncertainties and the disturbances not necessarily
cause the performance deterioration of the FCS-MPC. To the author’s knowledge, this problem
has not been explored yet in the literature. Therefore, a possible research direction would be
improving the control performance of the FCS-MPC based on the probability, especially for the
long horizon solution with a receding horizon implementation.

Chapter 6 presented an adaptive compensation strategy for the inverter invoked harmonics.
However, the design process requires multiple simulations and even experiments. Therefore,
a promising improving potential is to deploy self-learning process to determine the parame-
ters and realize accurate elimination of the harmonic content, which meanwhile guarantees the
closed-loop stability.
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APPENDIX A

List of Abbreviations

2DOFC two-degrees-of-freedom control
AC alternating current

CCS-MPC continuous-control-set model predictive control

CFTOC constrained finite time optimal control

DC direct current
DEKF dual extended Kalman filter
DSP digital signal processor

DTC direct torque control

EKF extended Kalman filter
EMF electro-motive force
ENLP equality constrained nonlinear programming

EV electric vehicle

FCS-MPC finite-control-set model predictive control
FFT fast Fourier transform
FOC field oriented control

FPGA field-programmable gate array
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FRPC fractional repetitive control
HEV hybrid electric vehicle

IGBT insulated gate bipolar transistor
IIR infinite-impulse-response

ILS integer least-squares

IM induction machine

IP interior point

IPMSM interior permanent-magnet synchronous machine

KF Kalman filter

KKT Karush-Kuhn-Tucker

LQR linear quadratic regulator
LS least squares

LTI linear time-invariant

LTV linear time-variant

LUT look-up table

MHE moving horizon estimator

MIP mixed-integer programming

MIQP mixed-integer quadratic programming

MMC modular multi-level converter

MOSFET metal oxide semiconductor field effect transistor
MPC model predictive control

MPDCC multi-step predictive direct current control
MRAS model reference adaptive system

MTPA maximum torque per ampere

MTPV maximum torque per voltage

NeFeB Neodymium
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NLP nonlinear programming
NMPC nonlinear model predictive control
NN neural network

NTI nonlinear time-invariant
OPP optimized pulse patterns

PI proportional-integral

PID proportional-integral-derivative

PLC programmable logic controller

PMSM permanent-magnet synchronous machine
PSO particle swarm optimization

PWM pulse width modulator
QP quadratic programming

RC resistor-capacitor

RLC resistor-inductor-capacitor
RLS recursive least squares
RMSE root mean squared error
RPC repetitive control

RSC resonant control

RTI real-time iteration

SmCo Samarium-Cobalt

SPMSM surface permanent-magnet synchronous machine

SQP sequential quadratic programming
SSFR standstill frequency response

SVM space vector modulator

TDD total demand distortion

THD total harmonic distortion
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UKF unscented Kalman filter

UT unscented transformation

VSI voltage source inverter
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Test Bench Data

B.1 IndraDrive

The first test bench consists of a real-time embedded drive system, including control unit and

two-level inverters, and two permanent magnet synchronous machines.

B.1.1 Embedded System

The embedded system is a product from Bosch Rexroth AG, the IndraDrive Cs. It is equipped
with a microprocessor, i.e. Renesas SH7750R, which is running at 240 MHz. The inverter
SKiiP 36NAB126V1 comes from SEMIKRON with the characteristics listed in Table B.1. The

position is measured with single-turn absolute encoder from HIPERFACE.

B.1.2 Two-Level Inverter

The characteristics of the two-level VSI from the data sheet are shown in the following.

Table B.1: Characteristics of VSI (from data sheet)

’ Parameter H Symbol H Value ‘
Turn-on time T, 80 ns
Turn-off time Toss 390 ns
Switch control dead time Tyead 2 us
Voltage drop of the active switch (25 °C) U 1.2V
Voltage drop of the freewheeling diode (25 °C) || Uy 1.5V
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B.1.3 Machines

The parameters from the data sheets of the PMSMs, i.e.
MSKO040B-0600-NN-M1-UG1-NNNN from Bosch Rexroth and PMSM 1I is MSK050B-0300-
NN-M2-UGO-RNNN, are given in Table B.2 and Table B.3.

PMSM 1 is a servo motor with

Table B.2: Parameters of the PMSM I

| Parameter | Symbol || Value
Rated current Iy 2.2A
Rated speed Wy N 7500 rpm
Rated torque TN 1.7Nm
Number of pole pairs np 4
Nominal permanent flux U 0.108 Wb
Nominal phase resistance Ry 4.20
Nominal d-axis inductance || Ly 16.8mH
Nominal g-axis inductance || L 18.6 mH

Table B.3: Parameters of the PMSM II

’ Parameter H Symbol H Value
Rated current Iy 2A
Rated speed W N 4700 rpm
Rated torque Tn 3Nm
Number of pole pairs Ny 4
Nominal permanent flux Y 0.212Wb
Nominal phase resistance Ry 6.5€2
Nominal d-axis inductance || Ly 36.7mH
Nominal g-axis inductance || L, 39mH

B.2 dSPACE-based System

The dSPACE-based system consists of a dSPACE system as the control unit and a product from
SEW-Eurodrive with the number MDX-60A as the inverter. The dSPACE real-time system
comprising a 4-core 3.5 GHz Intel XEON E3V6 processor and a FPGA from Xilinx Kintex-7
family. The PMSM is driven by the SEW MDX-60A and coupled with an induction machine.
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B.2.1 Two-Level Inverter

The inverter applied in the SEW MDX-60A is SEMIKRON SKiiP 35NAB12T4V1, of which
the parameters from the data sheet are given in Table B.4.
Table B.4: Characteristics of VSI

| Parameter | Symbol || Value
Turn-on time Ton 60 ns
Turn-off time Tors 370ns
Switch control dead time Ticad 1.4 us
Voltage drop of the active switch (25 °C) Uce 1.85V-2.1V
Voltage drop of the freewheeling diode (25 °C) || Uy 2.22V-2.54V

B.2.2 Machines
The parameters of the IM and the PMSM are shown in Table B.5 and Table B.6, respectively.

Table B.5: Parameters of the Induction Machine

| Parameter | Symbol || Value |
Synchronous frequency || fy 50 Hz
Rated current Iy 8.5A
Power factor cos(yp) || 0.86
Nominal speed WmN 2830 rpm
Number of pole pairs Ny 1
Stator resistance R 2.1294 Q)
Rotor resistance R, 2.2773Q)
Stator inductance Ly 350.47 mH
Rotor inductance L, 350.47 mH
Mutual inductance Ly, 340.42 mH
Inertia J 0.002 kg m?
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Table B.6: Parameters of the PMSM

Parameter | Symbol | Value |
Rated current Iy 6.3A
Rated speed W N 3000 rpm
Rated torque T 10.5 N m
Number of pole pairs ny 3

Nominal permanent flux U 0.26 Wb
Nominal phase resistance || R 0.958Q2
Nominal d-axis inductance || Ly 9.6 mH
Nominal g-axis inductance || L, 9.6 mH
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