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Abstract

This work aims to solve the sensorless control problems of PMSM with multiple saliencies
e.g., concentrated winding PMSM (cwSPMSM). The main contributions are as follows. The
multiple-saliency model of the cwSPMSM is built based on experimental results. The phys-
ical reason for causing the secondary saliency signal is explained as well. Three saliency
tracking based sensorless control methods i.e., Multi-Signal Injection method, Secondary
Saliency Tracking method and Repetitive Control method are proposed for sensorless control
of cwSPMSM in the low speed range and at standstill. As a necessary supplement to the
saliency tracking based sensorless method, three fundamental model based sensorless control
methods, Model Reference Adaptive System, Sliding Mode Observer and Extended Kalman
Filter, are comparatively studied for higher speed operation. Any one of them can be combined
with one of the saliency tracking based methods to formulate a hybrid scheme. The multi-
parameter identification is discussed to demonstrate how to improve the system robustness.
Three improvements for the existing test bench, SVPWM design, Resolver demodulation de-
sign and C/VHDL code generation, are developed to further enhance the performance of the
controller.
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CHAPTER 1

Introduction

Nowadays, electrical machines that transfer energy bidirectionally between electrical power
domain and mechanical power domain are playing an important role in our daily life. They exist
everywhere around us e.g., in air-condition, computer, automotive, locomotive etc.. Moreover,
they are especially important in industry and power generation.

In terms of the operation mechanism, electrical machines can be classified into two cate-
gories: Direct Current (DC) machines and Alternating Current (AC) machines, which includes
Induction Machines (IM) and Synchronous Machines (SM). To be more specific, SM, which
has more promising application prospect compared to IM from the power density and effi-
ciency point of view, can be further divided into several subcategories: Permanent Magnet
Synchronous Machines (PMSM), Synchronous Reluctance Machines (SynRM), Switched Re-
luctance Machines (SRM), and Brushless DC Machines (BLDCM). Among these SMs, PMSM
has been widely applied in electrical drive systems because of its high performance, which
can be explained in three aspects. Firstly, permanent magnet material can establish a high
density and stable permanent flux, which is the unique intermediary of energy transmission be-
tween the stator and rotor of a PMSM. The PMSM, therefore, has a smaller size but a higher
power-to-volume(weight)-ratio compared to its counterpart, the AM. Secondly, different rotor
design techniques result in Surface-mounted-type (SPMSM) and Interior-type (IPMSM), which
are fit for low-power higher-precision servo applications and wider constant-power-region/
weakening-flux-capability drive applications, respectively. The flexibility of its structure makes
the PMSM able to fulfill requirements of different application areas. Thirdly, thanks to ad-
vanced control schemes like Field Oriented Control (FOC), Direct Torque Control (DTC), and
Predictive Torque Control (PTC), they allow PMSMs to have more smooth torque performance
in both dynamic and steady state than other SMs.

Among SPMSMs, the concentrated windings PMSMs (cwSPMSM) are gaining more and
more attention owing to their lower production cost, higher feasibility and more compact de-
signs when compared to machines with distributed windings. For example, in electric and
hybrid vehicles, concentrated windings are adopted to realize shorter motor length and higher
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efficiency. It is therefore foreseen that this machine type will find more and more applications
in the future. The cwSPMSM is the research object of this dissertation.

A high performance control method like FOC can not only improve the adaptation of PMSMs
for various applications but also increase the system efficiency by adopting additional control
constrains (e.g., Maximum Torque Per Ampere (MTPA)). In an FOC system, the rotor position
needs to be measured by an encoder or a resolver mounted with the rotor shaft, because it is re-
quired by the Park Transformation that is the kernel of FOC. The encoder or resolver, therefore,
is important for the system and its stability and fault-tolerance should be taken into considera-
tion by the designer. It is obvious that there are three weaknesses for the encoder/resolver-based
control system:

1) The encoder/resolver and its accessories (cables and decoder circuit) cost extra money.

2) Additional space is needed for the encoder installation. Sometimes, the concern for space
and weight is of higher priority in such applications like aerospace and aviation.

3) The reliability problem of the encoder/resolver stimulates a chain reaction and deterio-
rates the performance of the whole control system.

Fortunately, a drive system without an encoder/resolver has been extensively investigated for
almost 25 years. This concept has different expressions in literature such as encoderless, sen-
sorless, or self-sensing. In this work, sensorless is adopted as the terminology for a drive system
without the position/speed sensor despite of its ambiguous definition.

Obviously, sensorless control can make the PMSM drive system more competitive. So far,
we can find two categories for implementing sensorless control of PMSM in literature: the
fundamental model based method and the saliency tracking based method (In most cases, High
Frequency (HF) signal injection is required). In general, both methods are equally applicable to
other AC machines as well. Atlow speed ranges (below 0.05p.u.) and standstill, the estimations
of position and speed of any PMSM can only be done by saliency tracking based methods, while
all model based sensorless methods are invalid due to the disappearance back-Electromotive
Force (EMF) signal or poor Signal-to-Noise-Ratio (SNR). The reason is that the saliency is
the asymmetrical distribution of rotor flux, which is the physical characteristic of a machine
itself and insensitive to the machine model. When a PMSM runs at medium or rated speed,
the saliency tracking based method, however, results in an inaccurate estimation, because the
back-EMF is no longer negligible in this case. On the contrary, the higher the speed goes, the
better the fundamental model based method works, because this method is exactly back EMF
dependent. The combination of these two methods or so-called hybrid sensorless control is
necessary for the whole speed range operation of the PMSM.

Although comprehensive research topics involved in sensorless controlled PMSM drives have
been studied so far, the extensive applications of sensorless controlled cwSPMSM drives in in-
dustry have not come true. This is because the cwSPMSM has two significant characteristics
that bring great challenges to the researchers of sensorless control. Firstly, because of the homo-
geneous distribution of its rotor permanent magnet flux, the machine has very weak inductive
saliency, on which most sensorless control technologies are based, especially for low and zero
speed operation. Secondly, evoked by their special winding structures, the machine shows
strong multiple saliencies, which causes strong torque ripples if traditional sensorless control
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technologies are still used. Due to these problems, especially the latter one, sensorless control
has not been successfully realized yet in practical applications for commercial cwSPMSM. To
be more specific, the difficulties impeding the application of sensorless control for such machine
types are summarized as below

1) The saliency has different harmonics that arise from the machine design principle or
change of operation points. These harmonics are usually decoupled or removed from
estimation loop, which is effective when their magnitudes are weak. The stronger the
harmonic magnitudes are, the more difficult it is to decouple them.

2) Initial position information is required for starting a PMSM at standstill but its estimation
still faces challenges due to the multiple saliencies.

3) In higher speed range applications, the fundamental model based method is preferred. It
has several types and their evaluation and in-depth comparison need to be addressed.

4) Most fundamental model based methods are machine parameters-dependent. Thus, on-
line or off-line parameter identification become necessary.

1.1 Contributions

This dissertation deals with the analysis and development of sensorless control methods for
PMSM with strong multiple saliencies (cwSPMSM). In order to simplify the explanation of
different saliencies in advance, they are classified into two types in terms of their physical
origin periods: primary saliency and secondary saliency. To be more specific, the asymmetrical
rotor permanent magnet flux distribution (saliency between rotor d and ¢ axis), whose period is
half of an electrical period, is called the primary saliency. The higher order harmonics of rotor
flux distribution are all called secondary saliencies.

In this work, firstly, the multiple-saliency model of cwSPMSM is built based on existing
research conclusions from literature as well as massive experiments in the lab. The saliency
model is the foundation of a saliency tacking based sensorless control method and its accuracy
affects overall performance of the whole system. Then, the physical origin of cwSPMSM’s
secondary saliency and its relation to frequency of injected voltage signals are theoretically
and experimentally analyzed, which gives deep insight into sensorless-capability and machine
design principle.

Secondly, three saliency tracking based sensorless methods are proposed from different per-
spectives to solve the low speed and standstill sensorless control problems of cwSPMSM. A
multi-signal injection method, which is developed on the basis of a combination of different
saliencies, is proposed. In this method, two separate HF signals with different magnitudes and
frequencies are injected into the cwSPMSM at the same time. Their HF current responses,
which contain the same rotor position information but different content of saliencies, are de-
modulated and then combined together to get a clear primary saliency signal. This synthesized
signal is then utilized to identify the rotor position afterward. On the contrary to the multi-signal
injection method, a secondary saliency tracking method based on primary saliency signal de-
coupling is proposed as well. Instead of processing the primary saliency signal in most cases,
secondary saliency signal that has a better signal to noise ratio and more precise resolution is
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processed by a specially designed band pass filter and an adaptive notch filter for speed and
rotor position estimation. As a supplementary to the decoupling method, a repetitive control
method in an angle domain is adopted. This repetitive control originating from traditional in-
ternal mode theory can periodically update its memory and effectively decouple the unwanted
saliency signal.

Thirdly, to implement sensorless control of the cwSPMSM at medium and high speeds, three
revised fundamental model based methods, Model Reference Adaptive System, Sliding Mode
Observer and Extended Kalman Filter, are comparatively investigated and applied. Their ad-
vantages as well as disadvantages are summarized. These fundamental model based methods,
however, are machine parameters-dependent (e.g., permanent magnet flux, stator resistance and
inductance). Hence, the parameter identification is expected to further improve the system ro-
bustness. Among the selected sensorless model based methods, Model Reference Adaptive
System and Extended Kalman Filter are capable of not only the rotor position and speed es-
timation but also the on-line machine parameter estimation by means of different selections
of state-space variables. The corresponding problems regarding parameter estimation such as
parameter identifiability and inverter non-linearity are studied as well.

The experiments of all sensorless methods are performed on a self-made testbench, which
consists of a CPU (Core 2 Duo) and an FPGA (Cyclone 3). Although the main hardware of the
system and basic software for machine control have already been developed by other colleagues,
three aspects have been further improved for the existing system. A resolver demodulation
circuit and its control software in the FPGA based on VHDL are developed to decode the
position and speed signal measured by a resolver. Then, a space vector Pulse-Width-Modulator
(PWM) technique is implemented inside the FPGA, which releases the calculation burden of the
CPU and shows the advantage of the FPGA’s parallel operation. At last, a C code and a VHDL
code generation on the basis of Matlab®/Simulink® are investigated to achieve a seamless and
reliable transition between the simulation model and the execution code. The simulation-model
based design will become more popular in a complex algorithm development in the future and
there are some other similar types like Matlab-FPGA, Matlab-DSP. They can tremendously
accelerate the development progress and shorten the research period.

1.2 Related work

Sensorless control of AC machine with multiple saliencies has been studied in publications
since 1998. They focused on sensorless controlled IM and PMSM with decoupling of saturation
induced or cross-saturation induced secondary saliencies. To be more specific, the saturation-
induced secondary saliency results from the fundamental excitation or permanent magnet flux
harmonics, while the cross-saturation induced secondary saliency arises from a load-dependent
rotor flux displacement.

In 1998, the characteristics of multiple saliencies in AMs have been reported in [1]. In this
study, the sensorless control was realized for an IM using the decoupling method, where higher
orders of the saliency were decoupled from the primary saliency. In a later publication [2], the
saturation induced as well as cross-saturation induced saliencies of an IM and their effects on
HF signal injection based sensorless IM drives were discussed. These studies showed that the
rotor flux information of an IM exists also in the magnetizing flux- and stator leakage flux-
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induced secondary saliencies except in the primary saliency. Nevertheless, the rotor position
of AMs which has a slip difference from the rotor flux position can be estimated only if there
exists a manually created rotor-structure saliency. As a consequence, the estimations of these
two positions need to be clarified clearly for an AM. On the contrary, the rotor position and
permanent magnet flux position of a PMSM are exactly the same. Thus, the rotor position
information exists in the multiple saliencies but it has little relation to the stator leakage.

Another attempt using the decoupling method was researched in 2008 with an IPMSM [3],
where the higher order saliencies were only present in loaded condition which is not true for
cwSPMSM. A neural network based decoupling method was developed in this paper but it was
of complex structure and needed a longer time training process. In 2010, a comprehensive
comparison of two general used sensorless methods, the rotating HF signal injection and the
pulsating HF signal injection method, were published in [4] taking also the characteristic of
multiple saliencies into consideration. From the mathematical expression point of view, both
saturation induced or cross-saturation induced secondary saliencies have the same form. The
respective errors introduced by these two kinds of secondary saliencies were analyzed in this
paper as well. But, no concrete solution was presented and it was only valid for an IPMSM with
distributed windings, which is different from a cwSPMSM.

A very interesting work was published in 2011 to study the principle of multiple saliencies
phenomena in a PMSM [5]. This work proved that the higher order saliencies were evoked
by the zigzag leakage of the rotor flux in the stator teeth. And this effect is more significant
in machines with concentrated windings than with distributed windings. The author designed
a cwSPMSM with a reversed saliency, Lq > L,. The design can not only mitigate the load-
dependent cross-saturation but also make the saliency ratio AL /> L independent of load condi-
tion. As a matter of fact, it is impractical to design such a special machine for general purposes
and a common sensorless control method is expected. Other similar works are also seen in deal-
ing with multiple saliencies for sensorless control, not only for SMs [6], but also for AMs [7-9].

In 2013, an arbitrary injection method was applied to the cwSPMSM in [10] and the au-
thor claimed that two original decoupling methods failed when the magnitude of the secondary
saliency signal is higher than that of the primary saliency signal. The essence of this method was
to build a multiple-saliency model, which demanded mass commissioning testes. However, no
full-load test and standstill test were presented. In fact, it is still a challenge for position estima-
tion at standstill with existence of strong secondary saliencies. The full-load test can reflect the
rejection ability of the sensorless method to cross-saturation-induced rotor flux displacement
and is therefore mandatory for evaluating a sensorless controlled PMSM drive system.

Summarizing the available literature, it can be seen that most of these studies were focused
on the decoupling idea, where the higher order saliencies were compensated or removed from
the control loop. This concept is effective if the higher order saliencies are weak compared
to the primary saliency. Unfortunately, only few publications cope with sensorless control of
cwSPMSM that shows strong multiple saliencies, which means the magnitude of secondary
saliency signal is greater than half of primary saliency magnitude regardless of load condition
and fundamental excitation. In this case, eliminating these secondary saliency signals means
loss of information. In addition, the cwSPMSM under test also shows significantly different
properties as the machines reported in the literature, which will be described in the Chap-
ter (Ch.) 5. Therefore, the objective of this work is to investigate the detailed properties of
cwSPMSM and to realize a feasible saliency tracking based sensorless control at standstill and
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low speed range and eventually a full-speed range hybrid sensorless control system combining
both saliency tracking based and fundamental model based method.

1.3 Outline

Following this introduction, Ch. 2 gives an overview of the state of the art of sensorless control.
The two sensorless control categories are systematically introduced and analyzed. Meanwhile,
the advantages and disadvantages of both types are summarized. In order to clearly explain the
proposed methods, Ch. 3 introduces mathematical models of both PMSM and multiple salien-
cies. The symbols and notations for describing the system are defined as well in this chapter
and utilized uniformly in the dissertation. The first 3 chapters provide required basic knowl-
edge and lead to the solution of the multiple-saliency problem. Some hardware and software
implementations are described in Ch. 4

In Ch. 5, three saliency tracking based sensorless control methods are proposed for the low
speed range and standstill operation. Firstly, a Multi-Signal Injection (MSI) method is pro-
posed in the manner of combining all saliency signals together with injections of two HF sig-
nals into the cwSPMSM. Secondly, a Secondary Saliency Tracking (SST) is designed based
on the primary saliency decoupling. It utilizes the rotation difference of the primary and sec-
ondary saliency signal. Thirdly, a Repetitive Control (RC) method that decouples the secondary
saliency signal is developed as a second decoupling attempt. Ch. 6 shifts the attention from
saliency tracking based methods to fundamental model based methods for higher speed oper-
ation. There are also three types, Model Reference Adaptive System (MRAS), Sliding Mode
Observer (SMO) and Extended Kalman Filter (EKF). Their operation mechanism and stability
analysis are presented. Comparisons in terms of parameter-sensitivity and dynamic perfor-
mance are carried out as well. In order to improve the system-robustness and self-adaptation,
a multi-parameter identification of PMSM is studied in Ch. 7 on the basis of MRAS and EKF.
Moreover, parameter identification related issues like identifiability and consideration of in-
verter non-linearity are investigated. Finally, this work is concluded in Ch. 8.



CHAPTER 2

State of the art

2.1 Introduction

Sensorless control of AC machine has been studied for a long time and there is a lot of literature
dealing with different methods for different machines. This work focuses only on the sensorless
control of PMSM drive system especially PMSMs with strong multiple saliencies.

As introduced in Ch. 1, there are two categories for the sensorless control of PMSM, the
saliency tracking based method and fundamental model based method. The former one derives
from the machine’s saliency, which is actually a phenomenon of asymmetrical distribution of
machine rotor flux due to the physical structure or saturation. Therefore, the differences between
all saliency tracking based methods are the excitation signal, which excites or exaggerates the
existing saliency in a PMSM, and the corresponding demodulation method. The latter one is
built based on the mathematical model of a PMSM. However, the PMSM model has different
expressions such as transfer function, state-space equations and simultaneous equations accord-
ing to different requirements. Each of them has its own advantages as well as disadvantages.
But, they have one thing in common: the parameters of the PMSM in the model change with
the operation point and they should be on-line or off-line adaptively estimated. In this chapter,
these sensorless method related issues and the state of the art will be addressed.

2.2 Saliency tracking based sensorless method

The saliency of a PMSM is the characteristic of a machine itself and has a close relation to the
saturation property of permanent magnet material and especially machine design technique e.g.,
stator winding distribution, slotting and installation of permanent magnet [11-13]. For instance,
the IPMSM has normally a higher saliency ratio than the SPMSM due to its asymmetrical
installation of rotor magnets [14]. Obviously, the sensorless control of SPMSM is more difficult
because of its weak geometrical saliency. Normally, the saturation-induced saliency of SPMSM
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is utilized to estimate the rotor position. With the help of a Finite Element Analysis (FEA) tool
provided by simulation software, the exact inductive or resistive saliency can be calculated and
the simulation results are in high accordance with experiment measurements [15]. Thus, the
sensorless-capability of a PMSM can be evaluated in case of knowing the exact machine design
parameters. In reality, however, it is always impossible to get the detailed data of a commercial
PMSM.

Saliency tacking (geometrical or saturation-induced saliency) based methods are usually
adopted to estimate the rotor position at standstill and in low speed range. In these methods,
additional HF signals are required to inject into the PMSM and excite or exaggerate the saliency
signal. In terms of the injection signal pattern, saliency tracking based methods can be classi-
fied into two main groups: carrier-signal based and Pulse Width Modulation (PWM) switching
pattern based. The carrier-signal based method means that the HF signals are superimposed on
the fundamental signals and then the combined signals are fed as references to a PWM modu-
lator. As a consequence, the carrier-signal based method is of simple structure and do not need
to modify the existing hardware. But, the resolution of the PWM frequency has a significant
impact on restoring the HF signal. Moreover, The inverter’s non-linearity deteriorates further
the problem. On the contrary to the carrier-signal based method, the PWM switching pattern
based method focuses on either using the existing fundamental PWM excitation or modify-
ing the switch-on and off times without introducing interference with the fundamental signals.
In other words, this method pays attention to the modulator but not the reference. However,
in most cases, the PWM switching pattern based method requires either oversampling of phase
currents or additional hardware, e.g., current derivative sensors, midpoint wire of star-connected
machine and inverter DC link voltage.

2.2.1 Carrier-signal based saliency tracking method

2.2.1.1 Rotating HF signal injection method

The rotating HF signal injection method was first proposed by Prof. Lorenz in [16] for an IM
and later in [4] for a PMSM. The method treats the machine itself as a resolver and the same
excitation and demodulation techniques employed by a resolver-to-digital converter are applied
to estimate the position and speed of the machine.

The principle of the rotating HF signal injection method is depicted in Fig. 2.1. The outer
blue line and inner red dotted-line represent the trajectory of the injected HF voltage signal
u. and its induced HF current signal i, respectively. The excitation voltage signal rotates at a
speed of w, periodically in the Stationary Reference Frame (SRF) i.e., o« —  frame which is the
origin of its name “rotating". At the presence of a single saliency, the trajectory of i, becomes
an ellipse whose major axis is always aligned with the d axis. It is obvious that the rotor position
information is hidden in the ellipse and a special demodulation technique is required to decode
the rotor position e.g., Phase Locked Loop (PLL), phasor transformation and observer. More
details can be found in Ch. 3.

2.2.1.2 Zero-sequence voltage or current based method

For the rotating HF signal injection method, the HF Negative-Sequence Current (NSC) contains
the rotor position information. If the neutral point of a star-connected IM or PMSM is available,
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Figure 2.1: Rotating HF signal injection method in o« — 3 frame.

the Zero-Sequence Voltage (ZSV), which can be measured by three phase-to-neutral point volt-
ages or other auxiliary hardware connections [17], contains also the rotor position information
like the NSC. Similar demodulation techniques and estimation methods from the NSC based
method can be applied to the ZSV based method.

The corresponding Zero-Sequence Current (ZSC) based sensorless method was proposed in
[18] for a delta-connected machine. This method requires access to the machine phase windings
and an additional current sensor. Another ZSC based sensorless method can be found in [19].
It adopted test voltage injection and a current derivative sensor was required, which increases
the cost of the whole system. A comparison between NSC, ZSV and PWM-induced ZSV were
performed in [20] and their performance was similar because all of them share the same physical
principle.

There are two obvious drawbacks for ZSV based sensorless methods compared to the NSC
based method. Firstly, rare commercial PMSMs provide neutral-point access and thus a modi-
fication of machine winding is needed in advance. Secondly, the additional voltage or current
sensors and their accessories result in additional cost.

2.2.1.3 Pulsating HF signal injection method

The Pulsating (or alternating) HF signal injection method was first seen in [21] for a PMSM.
The method injected a sinusoidal HF voltage signal into the ¢ axis and a corresponding de-
modulation technique utilizing 7.4 was presented as well. The name “pulsating” means a HF
pulsating signal is injected in the estimated d — g frame. Nonetheless, the ¢ axis injection
scheme introduces noises and torque ripples to the system even if the estimated position con-
verged to the real one. Thus, the estimated d axis HF signal injection method was proposed later
in [22-26]. By contrast, it can avoid the disadvantages of its counterpart but maintain the same
advantages. Therefore, the latter one was adopted widely in industry applications [27] and its
detailed principle is explained in Fig. 2.2.

The outer blue solid-line represents the amplitude profile of the injected HF voltage signal
u. which pulsates along the estimated d axis and rotates together with the rotor at the same
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time. The red double-arrow-line denotes the induced HF current signal i, which is decomposed
further by i,y and i, in d— q frame, respectively. If the d axis coincides with the d axis, the
estimated position 6 and speed w converge to real values and i.q = i. i, = 0 in the ideal
case. Hence, the value of i, can indirectly reflect the mlsahgnment of the d — ¢ frame and the
d — § frame and is proportional to the estimated position error § = 6 — 6. All pulsating HF
signal injection methods rely on the estimation error either i.4 or i., in accordance with ¢ or
d injection. The demodulation of estimation error, however, has different forms such as [22—
24,28] in accordance with different purposes. In addition, in terms of the shape of injected HF
voltage, there are two popular types: sinusoidal form and square-wave form [25,29]. The latter
one shows better dynamic performance than the former one but it requires special demodulation
technique.

Figure 2.2: Pulsating HF signal injection method in d— q frame.

A particular pulsating HF signal injection method performed in the o — 3 frame was proposed
recently, including both the sinusoidal-wave type [26] and the square-wave type [30]. The visual
description of this method can be found in Fig. 2.3, where the definitions of symbols are the
same with Fig. 2.2. The difference is that the i., and i3 in o — [ frame instead of i, or i., are
amplitude-modulated by the rotor position and need to be demodulated.

2.2.2 PWM switching pattern based method

2.2.2.1 INFORM and its related method

The name INFORM stands for “Indirect Flux detection by On-line Reactance Measurement".
It was proposed by Prof. Schroedl in 1988 and applied to different types of AC machines e.g,
AM, PMSM, RM in [31]. The INFORM method was further improved in [32] so as to minimize
the induced noise and losses by test voltages. Interruption of the fundamental PWM pattern
for a specific period of time is required by the INFORM method to inject a manually designed
sequence of test voltages, which are the basic six active vectors i.e.,v; — vg and two zero vectors
1.e.,9, v7 as shown in Fig. 2.4. As a result, the INFORM method is fundamental PWM pattern
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Figure 2.3: Pulsating HF signal injection method in av — 3 frame.

independent and the duration time and magnitude of the test voltages can be flexibly chosen by
the designer according to different operation points or different machine types.
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(a) Three-phase two-level inverter (b) Definition of voltage vectors

Figure 2.4: Inverter and voltage vectors.

The INFORM reactance xnrorm and stator voltage model of a PMSM are presented in (2.1)
and (2.2) respectively.
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where u,, 2, and e, are the stator voltage vector, stator current vector and back EMF, respec-
tively. R is the stator resistance, L is the stator inductance matrix. 1), is the stator flux vector,
Ypy and Ypy are vector representation and scalar magnitude of the permanent magnet flux of
the PMSM, respectively.

Almost all saliency tracking based methods including INFORM treat the machine as a pure
inductance load while the voltage drop R%; and back EMF e; are neglected when the machine
runs at low speed range. xnrorwm, therefore, is actually the inductance matrix L in the stator
voltage model. The saliency orientation position can be observed by the variation of TNrorMm,
which is the basic idea of the INFORM method. A space phasor Az, combining the changes of
the three phase currents during the duration interval of the test voltage is derived as in (2.5) to
demodulate the rotor position that is included in the space angle of the phasor (2.6)

F(ALy) = Nig + Adpe T + Niges (2.5)
argf(Ais) = 20, + 7, (2.6)

where Az,, Ai,, Az, are the changes of three phase currents during the duration time interval
At of active voltage vector vy, v3, v, respectively.

As introduced before, the fundamental PWM pattern is not consecutive during test voltage
injection and the duration time selection of these active test vectors should be a tradeoff between
the interference with fundamental PWM and the SNR of the current derivative signals.

Another similar attempt, where a slight modification of the inherent fundamental PWM pat-
tern was necessary, can be found in [33]. Within this method, the transient ZSV of the stator
winding was measured through three phase currents in response to specific modified PWM
transients. In terms of implementation, this method is similar to the INFORM method but the
modification of the PWM pattern and its related rotor position demodulation are different.

2.2.2.2 Fundamental PWM-integrated method

On the contrary to the INFORM method, the Fundamental PWM-Integrated (FPWMI) method
[7,10,34-36] relies only on the inherent fundamental PWM-induced effects. As a result, the
interruption of the PWM and HF signal injection are not necessary. Most of these FPWMI meth-
ods utilize a SVPWM technique in which the switch sequences are symmetrical and flexible to
adapt changes of duration time without introducing interference to the fundamental compo-
nents.

In [34], a classical FPWMI method was introduced and it showed higher dynamic response
than the INFORM method. The basic principle is that the phase inductance is rotor position
modulated. Hence, the derivative of phase current during the excitation of active vectors reflects
the variation of inductance, and indirectly implies the rotor position information. As mentioned
in [34], a space phasor whose angle is the rotor position was skillfully formulated based on three
phase current derivatives. Obviously, the measurement accuracy of current derivative affects the
overall estimation performance. In addition, the required current derivative sensor itself dose
not exist in a normal industrial control platform and thus the implementation of this method still
faces several obstacles in practice.

During recent years, an arbitrary injection scheme based sensorless control has been proposed
in [10, 35, 36] for the whole speed range operation of a PMSM. Its essence is to build an ideal
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isotropic model of a PMSM which has actually an anisotropic characteristic i.e., saliency. Thus,
the rotor position information of a PMSM exists in the difference between the isotropic model
and the anisotropic model (real machine model). At lower speed range without load, the inher-
ent SVPWM modulator is dominated by zero space vector i.e.,vy and v;. The duration time of
the six active vectors, in this case, is not long enough to excite observable current ripples, on
which the arbitrary injection method highly relies. A slight modification of the PWM pattern,
therefore, is required to extend the duration time of active vectors, whereas the modification is
unnecessary in the high speed range or at loaded-condition due to enough excited current rip-
ples. The arbitrary injection method depends also highly on the accuracy of measurements of
the current derivative. Moreover, the precise sampling of current signal during specific switch-
ing instance is still a challenge for an off-the-shelf industrial control platform. It needs to be
further improved to adapt to practical applications where the sampling frequency and precision
of the current sensors are limited.

2.3 Fundamental model based sensorless method

In the previous section, the first category of sensorless control methods has been comprehen-
sively introduced. It can be seen that most of the saliency based methods except FPWMI neglect
the back EMF term in the machine model (2.2) in order to simplify the machine model as a pure
inductive load, which is a reasonable approximation in the lower speed range. But, the assump-
tion does not hold true when the speed goes higher especially near its rated speed and the back
EMF term dominates e in the right hand side of (2.2). As a result, saliency based sensorless
method, in this case, would have a higher estimation error of position and should be replaced
by a fundamental model based method. The hybrid sensorless control becomes more popular
and is regarded as a complete solution for the whole speed range sensorless control [27,37]. e,
can be further expressed in o« — 3 frame as follow

es = —w,Ypmsinb. + jw,pmcost. = eq + es. 2.7)

It is obvious that the rotor position can be calculated as

0. = arctan_—ea. (2.8)
€s
This is the theory basis of several fundamental model based methods and it is straightforward
to realize. However, other fundamental model based methods utilize the adaptive estimation
mechanism [38] based on the observer design theory. In the following subsections, some im-
portant branches of the fundamental model based method are introduced briefly.

2.3.1 Active flux observer

The Active Flux Observer (AFO) originates form the machine voltage model and was summa-
rized in [39] as a general sensorless method for almost all AC machines. The concept of AFO
refers to the torque-producing flux in the electromagnetic torque formulas of AC machines. In
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this work, only PMSM is considered and thus its equation derivation is performed as an ex-
ample. However, the AFO can be applicable to other types of AC machines as well [39]. The
active flux is ¥py in a PMSM and it can be calculated as

wPM = / (us - Rsis + ucomp)dT - Lsis~ (29)

where ucomp 1S @ compensation component and it accounts for the inverter non-linearity and
other effects e.g., dead time, integration dc-offset and stator resistance variation. The wcomp 18
considered in (2.9) for practical issues in order to solve the drift problem resulting from a pure
integrator.

The block diagram of AFO is shown in Fig. 2.5 where the rotor position is estimated through
a PLL @. The PLL can be replaced by an arctan calculation (I) as well. The structure of the
AFO is simple and straightforward. As a consequence, it has been adopted by [8,38,40,41] with
different compensation calculation. However, machine parameters e.g., L,, R, and 1)py affect
the overall performance of the AFO and need to be adaptively estimated by other observers. The
combination of AFO with parameter observer has been implemented and detailed procedures
and results can be found in Ch. 7.
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Figure 2.5: Active flux observer with PLL.

2.3.2 Model reference adaptive system

The basic structure of a Model Reference Adaptive System (MRAS) is shown in Fig. 2.6 where
a reference model and an adjustable model are adopted. All parameters in the reference model
are assumed to be known in advance from either the nameplate or measurements. Whereas,
an unknown parameter or parameter vector y exists in the adjustable model depending on the
machine model. In this work, 4 is 0, or &,. They can be estimated through an adaptive controller
that is designed based on Popov’s stability theory. The outputs of these two models are x
and  that represent the same physical quantity. The output can be any specific signal e.g.,
current [42,43], stator or rotor flux 15 1), [44] and reactive power [45] for PMSM. An error
signal ¢ is produced by comparing y and y and then fed to the adaptive controller.

Normally, a Proportional-Integral (PI) controller is adopted as the adaptive controller, which
simplifies the implementation of MRAS in a digital signal processor. The feasibility of choosing



2.3. FUNDAMENTAL MODEL BASED SENSORLESS METHOD 15

| Reference Model |
Ug | Bl +te T / T [~]1Y |

| + |

! |

| A |

L — - — _— _— _— _ _— _— _— _— _ L}

I_f___gc__.__a“?_f‘g+

Bt / C 10
+ | e
I T - |
, TS
Adaptive
| [

Adjustable Model Controller

Figure 2.6: Model reference adaptive system.

the adjustable model makes it more competitive than other fundamental model based methods.
However, MRAS has the same drawback as AFO. It is machine parameters-dependent i.e., Ry,
L, v¥py. As a result, the on-line parameters identification is also necessary for obtaining a
high-dynamic and operation-point independent control performance.

2.3.3 State-space based observer

The state-space equation describes the PMSM model in matrix form which enables a concise
and effective analysis of system performance e.g., stability, observability, dynamic improvement
through pole placements. In general, an arbitrary system can be written as

Tz = Ax + Bu

2.10
y = Cx (2.10)

where A, B and C are matrices with different dimensions in accordance with the system order,
x and y are referred to as state variables and outputs, w is the system input. The basic principle
of a state observer is to construct an estimated model having a similar structure as (2.10). It can
be described as

m—f}w—l—BujLKf(y Y) 21

y=Cz%
where ~ represents the estimated quantity of a parameter in accordance with (2.10). The only
difference between (2.10) and (2.11) is the additional adjustable item K f(§ — y). K is a gain
matrix and it forces the estimated parameters in A, B and C to converge to their real values.
And then, the stability of the whole observer can be guaranteed. The selection criteria of K
relies on stability theories of different observers, and thus, is a symbol to differentiate the type
of observer as well. Meanwhile, the f(.) indicates a linear e.g., f(z) = z or nonlinear e.g.,
f(z) = sign(z) function, which is another symbol for distinguishing different observers. The
possible combination of K and f(.) are summarized as follows. Note that, the state variable
vector & in each observer is changeable and not always the same. They can be performed even
in different frames.
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2.3.3.1 Luenberger observer

» K = Constant or Speed-dependent, f(z) = z

\ Adaptive

Controller

Figure 2.7: Luenberger observer.

The Luenberger Observer (LO) as shown in Fig. 2.7 is deterministic and applicable to a
linear and nonlinear system (Extended Luenberger Observer (ELO) is required). The stability
of the error dynamics of the LO and also other observers mentioned in the next subsections
can be guaranteed by Popov’s hyper-stability theorem or Lyapunov’s stability theorem. The
corresponding procedures of stability proof can be found in [38].

The feedback gain matrix K has constant or speed-dependent values, depending on the eigen-
values chosen for A — K C'in a way that the system is stable and the transient of the designed
observer is faster than the PMSM model. The feedback error §§ — y is the difference between
the measured and estimated state variables or outputs of interest. In order to apply the LO or
ELO for sensorless control of PMSM, the speed or position of the PMSM that exist only in
the system matrix A should be estimated. The adaptation mechanism of estimating speed or
position is deduced from stability analysis, which follows the similar way as MRAS. The con-
vergence rate of LO is K times faster than that of MRAS. However, K can not be chosen too
high because the environment and measurement noise are magnified as well. A compromise for
choosing K should be made such as making it speed-dependent. The drawback of LO or ELO
is the low robustness to parameters variation and noise interference.

2.3.3.2 Extended Kalman filter
e K = Time-Variable, f(z) = z
The Kalman Filter (KF) shown in Fig. 2.8 belongs to the class of stochastic observers and
it takes the system noise and measurement noise, which are normally neglected by other ob-

servers, into consideration. The gain matrix K of the KF is updated adaptively at each cal-
culation step with the goal of minimizing the state or output errors § — y, and therefore, it is
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Figure 2.8: Extended Kalman filter.

time-variant. The traditional KF can be extended to a nonlinear system as well and it is called
the Extended KF (EKF), which is popular in high-performance servo systems because of its
accurate estimation in a wide speed range and even in noisy environment.

The EKF is proposed based on the minimization theory of the mean square error. Each
calculation step, it can predict the most probable states i.e., the optimum outputs in the next
step, which are utilized together with the noise matrix for updating the gain matrix K. Detailed
information of implementing an EKF in sensorless control of PMSM can be found in Ch. 6.
Owing to the complex calculation involved in EKF, the execution of EKF in a digital controller
occupies more resources than other observers.

Bl [ Tlol¥%g
+R+ e
i F
\ Adaptive
Controller

Figure 2.9: Sliding mode observer.



18 CHAPTER 2. STATE OF THE ART

2.3.3.3 Sliding mode observer

* K = Constant or Speed-dependent, f(z) = sign(z)

The Sliding Mode Observer (SMO) as shown in Fig. 2.9 is described and analyzed on a super-
plane of system states, where a sliding motion is guaranteed by Lyapunov’s stability theorem.
The value of the gain matrix K is constant or speed-dependent and should be high enough to
ensure the convergence of the SMO. In comparison with the previously introduced EKF and
LO, the remarkable difference of the SMO is its feedback error expression f(z) = sign(z),
which always leads to a high feedback gain even if the error is small. High feedback gain
enhances system robustness to parameter variation. The chattering problem resulting from the
stg function is the main obstacle that impedes the wide application of SMO.

2.4 Parameter identification of PMSM

In the observers mentioned in the previous section, A, B and C contain not only speed w, or po-
sition 6, but also other machine electrical parameters e.g., V.., ¥pu, Rs and Lg, which are treated
normally as constant values for every operation point. In reality, however, they change with the
load, temperature and saturation. As a result, the on-line or off-line parameter identification be-
comes necessary so as to make the system itself adaptive to parameter variation, or detect faults
to avoid further damage of the control system. For example, in certain high-performance con-
trollers or control strategies e.g., Dead-Beat (DB) control, MTPA control and copper/iron loss
minimization control, the electrical parameters are required inside the controller for achieving
different purposes adaptively. Moreover, fault prediction/detection or system health monitor-
ing become more and more important in the application of PMSMs like aerospace or remote
control. The machine parameters behave actually as monitors that give feedback to the system
controller for justifying if there is a fault. As a consequence, the parameter identification is
important for strengthening the system robustness. In this section, three categories of parameter
identification method will be introduced.

2.4.1 HF signal injection based off-line parameter identification

In general, saliency tracking based sensorless methods are independent of machine parameters.
In several cases, however, the inductance e.g., Lg, L,, Lq,-incremental inductance (I, l;, liq-
apparent inductance) or flux linkage e.g., ¥4, 14, ¥4, are required by saliency based algorithms
[26,46,47]. Fortunately, the HF signal injection method and its related demodulation technique
can be applied also to identify machine parameters in the entire ¢; — i, plane. The identification
is usually performed with the help of an encoder or resolver integrated with the PMSM. The
results, in most cases, are calculated off-line and then stored as a Look-Up Table (LUT) in
memory. In practice, other parts of the controller that need these measured parameters pick up
data from the LUTs in accordance with the operation point.

For example, the HF pulsating signal and rotating signal injection methods were adopted
in [26,47,48], respectively. In [26] and [48], the HF signal u. = V_.cos(w.t) was injected into
the d— axis to obtain the relevant dg— axis HF currents i.e. i4.; and %4, and then applied to



2.4. PARAMETER IDENTIFICATION OF PMSM 19

g— axis to get 142 and ¢4.2. These voltages and currents are applied to the HF machine model
which is assumed as a pure inductance load, as shown in the following equation

¢ 0 Ly Lag| d |ider tac
U _ d dg | @ Z‘d 1 Z.d 2 ‘ 2.12)
0 Ue qu Lq dt lgel g2
Both sides of (2.12) are multiplied by a 2cos(w.t) and then applied to a Low Pass Filter (LPF)
to give
V. 0 Ly L Laer 1agc
~ d  Lag| [Lder Lde2 2.13)
0 ‘/c qu Lq chl ]q62

where Igc1, Lac2, I4e1, 14e2 are amplitudes of the corresponding HF currents. Then the inductance
matrix is obtained by solving (2.13) as

-1
L L 1 uc O I C [ C.
d ldg| _ 1 det a2 (2.14)
qu Lq We 0 Ue chl chg
In [47], the L4, L, and L4, were measured through the HFI method and an off-line curve fit-
ting. The data was finally stored in a LUT. Then, a Recursive Least Square (RLS) was applied to
further estimate the R, and ¢py; based on the existing LUT. Detailed procedures are described as

follows. A pulsating HF voltage signal u, = V_sin(w.t) is injected into the stationary reference
frame and its excited HF current vector is expressed as

500 = Lope? @72 4 [ eI el 2betomm/2) (2.15)

Ld _ ‘/C([C o Icn \/ tan(20;7»)2+1)

we(IZ — 12,
. Vellep + Ien\ | g yet)
“ we(13, — 13,)
. Velentan (20er, )y | morzyers
we(I3, = 12)

(2.16)

The HFI based parameter measurement is insensitive to operation point and accurate in prac-
tice. Moreover, there is no divergence problem in comparison with observer based parameter
identification method. However, the noise and loss resulting form the injected HF signal and
the phase shift introduced by filters in the demodulation part should be considered.

2.4.2 Fundamental model based parameter identification

As explained already, the fundamental model of a PMSM contains machine parameters. As a
consequence, if some of the parameters are measured during experiments, the other unknown
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parameters can be calculated. The method follows the linear algebra theory. For example, the
voltage equations in the synchronous d — ¢ coordinate frame are

iy dig di,

=i4Rs + — L — Wethg = 1q Ry +de + Lgg—— i — Welq
4 wq di, dig
Vg = 1gRs + —— L + wethg = igRs + Lg—— il + Lag—— i + Wethyg 2.17)

where w, is the sychronous speed, I, is the phase resistance, and 14 and 1), are the d— and ¢—
axes flux linkages. At steady state operation i.e.,constant speed with constant load, considering
only fundamental components in (2.17), the derivation of (2.17) can be substituted by

Vg = Z‘dRs - We¢q
Vg = ig Ry + wetby. (2.18)

From (2.18) and using the measured values of the vy, v, and 74, i, the ¢4 and 9, can be
calculated [49]. Assuming the ¢py is constant and the cross-coupling inductance Lg, = Lyq =
0, the apparent [; and [, can be obtained by

ld(zd, @q) ¢d ;d¢PM
ummz%. (2.19)
q

And the transient inductance can be acquired from the slope of the flux linkage curves and
shown as

o 0 o 0
Ld(zdazq) = % qu(zdazq) = %
q
o 0 o 0
L,(ig,14) = % Lyo(ig,iq) = %. (2.20)
q

Another fundamental model based parameter identification method can be found in [50,51].
In [50], a position offset-based method was proposed to measure the 1py and R;. The con-
ventional quantum genetic algorithm was adopted in the method. In [51], two Recursive Least
Square (RLS) algorithms were utilized to estimate L4, L,, 1?5 and 0. on-line.

These methods listed in this subsection are straightforward and simple to realize in practice.
Nevertheless, several issues e.g., magnet heating, core loss need to be taken into account for
getting more accurate results.

2.4.3 Observer based on-line parameter identification

In addition to the two previously mentioned categories, there are other observer based parameter
estimation methods e.g., EKF and MRAS, which can be applied to estimate machine electrical
parameters as well. Moreover, the stability analysis of observers for machine electrical parame-
ter is the same as the previously introduced sensorless observers. However, not all the electrical
parameters can be estimated simultaneously [52]. In addition, several requirements should be
satisfied in advance to guarantee the identifiability of the PMSM electrical parameters.

On the contrary to the HF injection based parameter identification, the observer based param-
eter identification is performed on-line and the results can be adopted by any other parts of the
controller immediately without any delay.
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2.4.3.1 EKF based parameter identification

The structure of the EKF observer has been demonstrated in Fig. 2.8 where it is used to estimate
w, and 6. The same principle of EKF observer design can be extended to estimate other ma-
chine electrical parameters [42,52-54]. Especially in [54], two kinds of EKF i.e., current based
or stator flux based were analyzed and summarized in a table, which gave a comprehensive
introduction about the application of EKF in parameter identification of PMSMs.

The virtues of EKF based parameter identification is that the estimation performance is robust
to noisy environments since the system noise and measurement noise are considered in the
derivation of the optimum gain matrix. Moreover, the gain matrix K is updated each step
according to the minimization of the state’s mean square error. As a result, it is an adaptive
observer that is robust to operation points in comparison with other observers with fixed gain
matrix K e.g., LO, MRAS.

2.4.3.2 MRAS based parameter identification

As introduced in Fig. 2.6, the MRAS observer can be extended to estimate other machine elec-
trical parameters as well. The examples can be found in [52,55, 56], where different adaptive
controllers were adopted taking advantage of the flexibility of the MRAS design principle.

Particularly in [55], a hybrid sensorless method combining MRAS and alternating HFI
method was proposed for PMSM. MRAS was adopted to estimate w, and 0. based on the d—
axis current error i.e. iy = iy — iq. The estimation error signal € generated by the alternat-
ing HFI method was brought into the adaptive controller of MRAS as an auxiliary correction
factor when the speed of PMSM was low. Meanwhile, the R, was estimated based on € as
well through a second order tracking observer (cascade PI and an Integral). On the contrary,
when the speed was higher, € was removed from the MRAS loop. Instead of estimating R,
the 1py Was estimated on the basis of g— axis current error i~q. The method introduced in [55]
was proven by stability analysis and then validated by simulation and experimental results. It
showed the flexibility of MRAS that can be easily combined with any other schemes. In [56], a
similar parameter estimation scheme for a PMSM was proposed.

The MRAS based parameter identification has merits of precise estimation and low computation-
burden for a digital controller. The flexibility of combining it with other schemes is a superiority
as well. It, however, has lower robustness to environment noise i.e., it is sensitive to the accuracy
of the measured current and voltage signals.

2.5 Summary

This chapter gives a comprehensive literature review of sensorless control methods for PMSM
drives. The saliency tracking based method, fundamental model based method and parameter
identification are introduced.

In general, the saliency tracking based sensorless method is machine parameter-independent,
because the saliency that results from asymmetrical geometry or saturation is an intrinsic char-
acteristic of the machine itself. As a consequence, this method is normally adopted for the
low speed range and even at standstill. On the contrary, the fundamental model based method
works better in the middle and high speed range because of the high back EMF and high SNR.
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It results in a more accurate estimation of the position compared to the saliency tracking based
method, where the back EMF is neglected and noise and losses are produced. However, the
drawback of the fundamental model based method is machine electrical parameter-dependent.
Therefore, parameter identification is necessary to enhance the robustness of the control system.

It can be concluded from this chapter that a hybrid sensorless control system, which adopts
the saliency tracking based method in the low speed range and at standstill and the fundamental
model based method together with parameter identification in the higher speed range, provides
a complete solution.
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CHAPTER 3

Machine model and saliency model

The control theory and the parameter estimation theory rely highly on the accurate model of
the machine, which is normally represented by a set of mathematical equations or matrices. In
order to clearly demonstrate the relation between different models, the symbol definition and
nomenclature inside these equations or matrices are introduced firstly in this chapter. Then,
the machine models of the PMSM in different reference frames are derived. They are the
foundation knowledge of various observers mentioned in the Ch. 2. Finally, the saliency and
multiple-saliency model of the PMSM are presented so as to ease the understanding of HFI
based sensorless methods. Meanwhile, the multiple-saliency model is utilized by different de-
modulation techniques to estimate the rotor position and speed.

3.1 Symbol definition and nomenclature

The analysis of machine model and control theory is performed by mathematical equations in
which various symbols are utilized to distinguish different physical or visual quantities. Without
a uniform definition, the understanding of any theory becomes impossible. Therefore, the sym-
bol definition and nomenclature are introduced before the introduction of the machine model
and saliency model which contain more sophisticated expressions.

3.1.1 Symbol explanation

The symbol which represents both a variable or constant adopted in this work is demonstrated
as

i (3.1)

777

where x, j and i represent the variable name, reference frame and types of quantity, respectively.
In addition, the top-script = represents a math operation or the origin of the variable e.g.,
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estimated or measured quantity. In the following tables, each part of the general symbol is
introduced in detail and they are represented in the standard international unit.

Symbol Description
u,1)  voltage and flux linkage
' current and back EMF

J 1maginary axis or imaginary part of a complex quantity
f fundamental electrical frequency

p pole pairs of PMSM
l

R, L, resistance, incremental inductance and apparent inductance
T,w, 0 torque,speed and angle

J, F' 1inertia and friction coefficient

x, X arbitrary quantity for general introduction

Table 3.1: List of symbol representations

The symbol refers to a scalar time-variant quantity (lower-case) or a scalar constant (upper-
case). In order to simplify the expression with a set of individual equations, a matrix expression,
in which vectors and matrices are adopted, is used in some cases. As a result, in addition to
the scalar symbol, the default n x 1-dimension column vector and n X m-dimension matrix
are represented by a bold lower-case symbol e.g., ;. and a bold upper-case symbol e.g., L3,
respectively.

Subscript Description
s stator quantity
r rotor quantity
e fundamental or electrical component
m  mechanical component
c HF component
ref reference instruction quantity
err error signal
cp, cn - HF positive and negative component
a,b,c stator phase winding
a, stator fixed Cartesian axes
d,q real rotor fixed Cartesian axes or any rotation Cartesian axes
e.g., ig,. means the HF current vector in negative sequence current frame
cz, q estimated rotor fixed Cartesian axes
x,y arbitrary Cartesian axes
3, A average and difference
PM abbreviation of permanent magnet

Table 3.2: List of subscripts

The subscript and superscript identify the reference frame and the type of each quantity,

respectively, e.g., i/, means the d— axis current in the rotor fixed frame. For simplicity, because
both superscript and subscript can refer to different frames, if one of them exists already, the
other one can be omitted e.g, iy = ig and 1, = 1" = 24,.
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Superscript Description
s stator fixed frame
r rotor fixed frame
7 estimated rotor fixed frame
cn HF negative sequence fixed frame
T transposition matrix

—1 inverse matrix or reciprocal of a quantity

Table 3.3: List of superscripts

Top-script Description
z  differential operation
estimated quantities
error between measured and estimated quantity

=
|
&
|
S

Table 3.4: List of top-scripts

The different types of top-scripts can be combined e. gz; = 4, — 1, which means the transient
dynamic difference of the current and is useful for concise stability analysis of an observer.

3.1.2 Reference frame

The most used AC machine is constructed with three phase symmetrical windings located 120°
electrical away from each other. The analysis on the basis of three phase winding equations
is theoretically feasible but mathematically complex. As a consequence, the transformation of
the machine parameters from the three phase frame to the two phase frame (e.g., stator fixed
or rotor fixed frame) is necessary. The conversion principle is that the magnetomotive force
stays the same in all frames. The relation between the four commonly used frames is shown in
Fig. 3.1. The four frames comprise the following: stator three phase winding axis fixed frame
a — b — ¢, stator two phase equivalent winding fixed frame o — f3, rotor flux fixed frame d — ¢
and estimated rotor flux fixed frame d — §. The one-pole pair structure of a permanent magnet
rotor is illustrated in Fig. 3.1 so that the North (N) and South (S) poles and their relation with
the d — ¢ frame is clearly demonstrated. From Fig. 3.1, it is also clear that the « axis is aligned
with ¢ axis. In addition, the rotor position 6, is defined as the position difference between d
axis and a axis. The anticlockwise is the increase direction of position quantity. These artificial
definitions can simplify greatly the transformation matrix, and therefore, are adopted in most
control theory of AC machine.

3.1.3 Space vector representation

In order to further simplify the analysis of any symmetrical three phase machine and perform
transformation between different frames, a general space vector is defined as

2
x = g(ma + zpa + z.0%), (3.2)
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C

Figure 3.1: Orientation of reference frames.

where x is a defined space vector in a — b — ¢ frame and z,, x; and x. are transient three phase
components in a, b and c axis, respectively. The rotation factors are a = ¢/2™/3 a? = ¢/**/3 and
they are actually the spatial locations of the b and c axis. Assuming three phase symmetrical
quantities exist in the windings, they can be represented by

z, = Xcos(wt),
xp = Xpcos(wt — 27/3),
x. = Xccos(wt — 471/3),
0=ux,+xp + 2, (3.3)

where X,, X, and X, are the magnitudes of each component and they are equal, w is the
angular velocity of each axis component in rad/s and wt = 6 is the space angle of the defined
space vector. The scale sum of the symmetrical three components is 0, which means they have
only two degrees of freedom. Then, = 2/3(z,+xpa+x.0%) = (2/3)(3/2) X/ = X,/ =
Xel. Thus, the magnitude of = , X, is equal to the magnitude of each axis component such
that the scale factor % is adopted. For example, when an arbitrary space angle 6 is considered,
the resultant vector of the defined space vector is shown in Fig. 3.2 where the red, green, purple
and blue line represent the z,, =, x. and x, respectively.

As described in the previous subsection, the space vector resulting from components in a —
b — ¢ frame can be expressed in o — [ frame as well. Its Cartesian form (o — 3 frame) is

2 ,
T = 5(% + rpa + mcaQ) = Xel = To +JTg = Tas, (3.4)

where x, and x are respective components in the o— axis and 3— axis, which can be observed
in Fig. 3.2. If a = /™3 = cos(27/3) +sin(27/3)j = —1/2 + v/3/2j and a® = &/*/3 =
cos(47/3) +sin(4n/3)j = —1/2 —+/3/2; are substituted into (3.4), the general transformation
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Figure 3.2: Space vector definition.

from a — b — ¢ frame to o — (3 frame can be derived as

_2( 1 1 )
Lo 3 Lq be 21'0 )
2 V3 3
Tp = g(oxa + 71’[, — 71’0) (35)
Its matrix form is
T
] 2t~z 2 (3.6)
Y V3 V3 bl - :
el 310 % =H] |,
\-V-/ \ - / C
Tap C SN~
Labe
And, the inverse transformation is
Tq 1 0
Loy
n| =5 % [ ] (3.7)
Te 1 V3 o
2 2
—_——
Cfl

The aforementioned coordinate transformation theory is called the Clark/inverse Clark trans-
formation. Based on the matrix representation, Clark and inverse Clark transformations can be
represented in matrix form by

Lap = C"Babca (38)
Tape = C ' T0g. (3.9)

The analyzed transformation is applicable to voltage, current or flux linkage (x can be sub-
stituted by u, 7 and ). Note that, the matrix C~! is only a symbol and it does not represent
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C

Figure 3.3: Vector transformation from o« — 3 to d — ¢ frame.

the inverse matrix of C' due to the fact that they are not square matrices. Next, the space vec-
tor will be further transformed to d — ¢ frame as indicated in Fig. 3.3 where the space vector is
x = XeI0+9) Tts projections on the o — 3 frame and d — g frame are x5 and @, respectively.
According to the trigonometric function theory, they are

zo = Xcos(f. + ¢) = Xcos(¢)cos(f.) — Xsin(¢)sin(f,.) = z4c08(6.) — z,sin(6.),
rg = Xsin(f. + ¢) = Xsin(¢)cos(0.) + Xcos(¢)sin(f.) = z,c0s(0,) + x4sin(6,). (3.10)

To|  |cos(fe) -sin(6e)| |4
Lﬁ] \[sin(ﬁe) cos(ee)] [xq] ' (3.11)

/

and in matrix form

-~

P=eibe

Tq cos(b.) sin(f.)| |za
Lq] N [-sin(Ge) cos(Ge)] LJ ' (3.12)

. /

The inverse transformation is

P—1—PT—ci0e

The transformation from the o« — [ frame to the rotor fixed d — ¢ frame is called Park trans-
formation and is applicable to voltage, current or flux linkage as well. It is clear from (3.11)
and (3.12) that the transformation matrix P is an orthogonal matrix, which guarantees a con-
stant power conversion between the two frames. The default angle adopted in P is the rotor
electrical angle 0., i.e. P = P(6,.) without specific definition. Note that, the matrix P behaves
equivalently as a rotation factor ¢/% in o — 3 Cartesian frame where x5 can be expressed as
Zqo + jxz as well, and therefore, Park and inverse Park transformations can be represented in
matrix form by

Tos = Pxoy = 14 + jrg = Tgpe’® = x4, (3.13)

Ty = P_la:ag = To +JT8 = a:age_jee = e_jeemaﬁ, (3.14)
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as well. The multiplication sequence of P/P~" and x4,/ is fixed due to the matrix calcula-
tion theory. But in vector form considering e /%, the sequence does not matter.

Actually, the Park transformation is applicable to transform an arbitrary quantity from an
« — (3 frame to an arbitrary two-axis x — y frame, whose x— axis (like d— axis) has an angle
difference equal to # with the a— axis. As a consequence, the general Park transformation can
be realized by

Zop = P(0)xyy = 0+ jap = wxyeje = ejewxy, (3.15)
Tpy = P71 (0)T0p = 7o + jas = Tage = e x5 (3.16)
For instance, if § = ée, the transformation from the o« —  frame to the estima}ed d— q frame
is realized. In the following section, a negative sequence frame, in which 6 = 6., will be intro-

duced. The transformation theory and implementation method are the same as these defined in
this subsection.

3.2 Machine fundamental model

3.2.1 Assistant matrix introduction

In order to concisely describe the electrical machine model, vector/matrix equation are adopted
in this section. Several assistant matrices are defined in advance to ease the derivation and make
the expression uniform.

I—= Lo 3.17

o1 G.17)
T |0 —1

J:P(eezi) [1 o] (3.18)

_ |20 3.19

@=1 | 3-19)

I is a identity matrix and does not influence a vector. J is referred to as an orthogonal rotation
operator which helps to simplify the derivative of P

P P
ap = oP do =JwP =wPJ,
dP~t oP~'d# ’
— = _JuP = —wpP!
dt a0 a - T wP—J,

where P/P~! and J can switch their positions. @ performs a complex conjugation operation
and it flips the second component of a vector.

3.2.2 Machine fundamental model in o — 5 frame

According to Kirchhoff’s Voltage Law and Faraday’s Law of Induction, the stator voltage equa-
tion in the v — [ frame consists of two parts: a resistive voltage drop and a derivative of the
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stator flux linkage. It is
dypg
dt ’
where uf = [u,  ug]?, 45 = [in )" and S = [, 1] are the stator voltage, current and
flux in o — 3 frame, respectively. R, is the stator phase resistance.
The stator flux linkage can be further represented by

u = Ry + (3.21)

]T

Y = Lii; + Ypy, (3.22)
where

La Laﬁ
L= 7 (3.23)

Log  Lg

cos(6.) -sin(6.)| [¥pm

S Pl — . 3.24
Pew Pew sin(f.) cos(6,) 0 (5-24)

To get the inductance relation between L, which is defined in (3.25), and LZ, (3.22) can be
rewritten as (3.26). Both sides of (3.26) are multiplied by P~ to get (3.27)-(3.28).

Ly 0
L' = , (3.25)
0 L,
P, = L] Pi, + Py, (3.26)
S~~~ ~ =
L 3 PYpum
Y = PTLIPi; + bpy = Ly, + Ppy, (3.27)
L'=P'L‘P or L:=PL P (3.28)

Based on (3.28) and (3.23), the relation between L’ and L? can be further demonstrated in

Lo = Lgcos®(0.) + Lysin®(0,),
Los = (Lqg— Ly)sin(0.)cos(0,) = Lga,
Lg = Lysin®(6,) + L,cos*(0,). (3.29)

If the trigonometric simplification and Ly, = (Lq + L,)/2, La = (Lq — L,)/2 are applied to
(3.29), it becomes

Lo, = Ly, + Lacos(26.),
Laﬁ = LASil’l(Qge) = L/ga,
Lg = Ly, — Lacos(26.). (3.30)

So far, the basic quantities in the @ — 3 frame and the inductance relation L; and L, of the
machine model have been explained. If L and ¢py are assumed to be constants, a linear model
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is obtained. Then, the stator voltage equation (3.21) can be further demonstrated as

o dis
S — RS S S
u, 1, + o |
— Rsli + dLsZs + d,(/)PM
déis dgtw (-3
=Ra°+ L— -~ 7PM
bt LT T T
: di?
= Ryi + Li—> + wJ iy

The electromotive torque produced by the PMSM is the result of the vector product of the
stator current ¢; and the stator flux linkage ¢ in o — (8 frame, and written as

3 ., ., 3 . .
T, = 5pstJqps = §p(¢azﬂ — Pgia), (3.32)

where p is the machine pole pairs as defined in Table. 3.1. Note that, the scalar 3/2 in (3.32)
results from the definition of space vector in (3.2) that adopts the 2/3 as a factor. It must be
taken into consideration if energy, power or torque need to be calculated.

The system dynamic behavior including mechanical conditions is described as

dw,,

IJn—— =T, —T,, — F,wpn, 3.33
L w (3.33)
db,,

— = W, 3.34
el (3.34)

where J,,, 1), Fin, wp, and 6, represent the rotor inertia, mechanical load, load torque, me-
chanical friction coefficient, mechanical rotor speed in rad/s and mechanical rotor position in
rad, respectively. The relation between w,,/0,, and w./0. is w. = pw,, or 6, = pb,,.

3.2.3 Machine fundamental model in d — ¢ frame

In analogy to the derivation of the machine model in o — [ frame, the machine model in the
d — ¢ frame can be obtained from (3.21) and shown as in (3.35)

APy’
Pu’ = R,Pi’ + Td’% (3.35)
d r
u, = Rsi, + wJYP] + ;/;S, (3.36)
di
ul = Ry’ +wJ + L1 (3.37)

Sdt

With further derivation, (3.36) and (3.37) can be acquired.
The electromotive torque equation in the d — ¢ frame is derived from (3.32) as well. It can
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be rewritten as

T, = Sp(Pif) TPy
= il

2
3 (3.38)

= ép(@bdiq - ¢qid)

3 . )
= §p<(Ld - Lq>2dzq + wPMZ(I>7

where ©g = Lgiq + ¥pm and ¢, = Li,.

3.3 Multiple-saliency model

In 3.2, the machine fundamental models in both o — 3 frame and d — ¢ frame are introduced.
In this section, the HF machine model considering the injection of a rotating HF signal into
a PMSM is firstly introduced. And then, the single saliency and multiple- saliency models
are derived based on the spacial inductance harmonics. Finally, the demodulation of the rotor
position and speed together with the multiple saliencies decoupling method is presented.

3.3.1 Primary saliency model

The notable difference between the fundamental model and the HF model of the PMSM is
the dominant component in the machine impedance, which is denoted as Z = R + j2n f.L.
It is obvious that, when the frequency f. of the HF signal is higher, j27 f.L, the inductive
component of the machine impedance, becomes dominant and the input voltage applies mainly
to the inductance.

As aresult, the HF model of the PMSM can be described as a pure inductive load in equations
(3.39-3.40), which is performed in the o — 3 frame, [4] under the following assumptions:

1) The frequency of the HF signal is much higher than the frequency of the fundamental
signal, f. >> f;

2) The back electromotive force (EMF) and the resistive voltage drop can be neglected com-
pared to the inductance-induced voltage drop in low speed ranges.

, di?
5 — | elwet — [s¢ 33
u, = Vee S (3.39)
s | Lz + Lacos(20.) — Lagsin(26.) Lasin(26.) + Lg,cos(26,) (3.40)
s Lasin(26.) + Lg,cos(26,) Ly — Lacos(26,) + Lg,sin(26,) |’ ’
_7 10 LI CcOoS (203> sin (296) —sjn(206) COS(QQG) (3.41)
T 7F o1 A sin(26.) —cos(26,) da cos(26.) sin(26,) '

(.
-~ -~

Primary saliency Cross-saturation
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where u] is the HF rotating voltage vector, V. is the magnitude and w, is the rotating speed in
rad/s.

Solving equations (3.39-3.40) and considering that there is no cross-saturation (Lg, = 0), the
HF current vector in the stationary reference frame is [4]

R B (3.42)
where

I, = V.Jw.(Ls/(L% — L?)), is the magnitude of the Positive-Sequence Current (PSC) de-
pending on the mean transient inductance;

I, = V.Jw.(La/(L% — L?)), is the magnitude of the Negative-Sequence Current (NSC)
depending on the differential transient inductance. The term containing 26, is the primary
saliency in the NSC;

we = 2nf. = (df./dt) carrier-signal frequency.

From (3.42), it is seen that the rotor flux angle 6. is only contained in the NSC component of
the excited HF current signal. One successful method to estimate the flux angle from the NSC
is to use a demodulator and a PLL estimator [57] as shown in Fig. 3.4.

'S S yCT yCNn ~
(2% V\ Z%ejwcf dg '_\ Ldaen _»/ wp:/
"

BPF LPF PI |

>
9

\ 4
A 4

ej(2é6+@_7r/2)

Demodulator F?LrL

Figure 3.4: Demodulation and PLL.

Firstly, the HF signal is extracted from the measured motor current using a Band Pass Filter
(BPF). Then, the NSC is obtained through a LPF after a coordinate transformation. After the
demodulator, it is

Bfnen = Ton€? /% (3.43)

Finally, the pure NSC (normally for 26,) is used to estimate the rotor flux position and the
velocity with the PLL.

3.3.2 Multiple-saliency model

As a matter of fact, the inductance matrix (3.40) contains only the main flux saturation induced
primary saliency L. If machine structure-induced or cross-coupling-induced secondary salien-
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cies are considered as well, the inductance matrix (3.40) becomes more complicated (See (13)
in [4]) and the resultant HF current can be expressed as

1 = ]cpej(wct—ﬂ/Q) + Z I, el (wetth(Octen)—m/2) (3.44)
h

Iy, 1s the magnitude of h-th component of the NSC;

h is the harmonic number of the saliency causing the h-th component. It is not consecutive
and more information can be found in [58] and in the following part;

vy, 1s the phase shift of the ~A-th component relative to the hf. reference frame.

The general inductance model and the HF response current for the rotating HF voltage injec-
tion are derived and classified as below for different values of h. For simplicity, 6., = 0. +
is considered.

1) forh=1,4,7,...
) 10 cos (hBen)  —sin (hfep)
Li= Ly 0 1| TEan| _gin (hBer) — cos (hbep) (3:45)
Seconda?yrsaliency
7’(8; _ Icpej(wct—w/Q) + Icnej(—wct—hOeh—ﬂ/Q) (346)
2) forh =2,5,8, ...
1 10 cos (hlep)  sin (hf.) A
s PR 01 + Lan sin (hfep) — cos (hfen) (3.47)
Seconda?):saliency
15 = Lpe? @t/ 4 I, el (et thben=r/2) (3.48)
3) forh =3,6,9,...
10 10
L =Ly 01 + Lap cos (hf.p) 01 (3.49)
i = Ve ed(wet=m/2) (3.50)

< W, (Ls + Lap cos (hf.r))



3.3. MULTIPLE-SALIENCY MODEL 35

where
1o — 2n(Lan+ L)
b 2h )
Lap = Lan, — th’
2
I VeLs,
P we (LE - L3,)
I VeLan

We (L% - LQAh).

Lap, Ly, are the h'" spatial inductance harmonics. Itis clear that the harmonic order h = 1,4, 7, ...
and h = 2,5, 8, ... result in NSC signals rotating in the negative direction and positive direc-
tion, respectively. In addition, they all contain rotor position information and thus can be
utilized to track the rotor position. On the contrary to these two categories, the harmonic orders
h =3,6,9, ... do not contribute to any NSC components. Therefore, they can not be relied on
to estimate the rotor position.

In the presence of the multiple saliencies, for example, considering two harmonics A = 2 and
h = 4, the HF current is expressed by using (3.46) and (3.48) in

iy = Lpe ) 44 (3.51)

cn)

where
’l’in = Icn2€j(_w0t+2962_ﬂ/2) + ]cn4€j(_wct_4954_7r/2)

I Vels,
P we (L3 — L4, — L4, — 2LagLag cos(60, + Ayp))
[ _ ‘/cLs2/2
en2 we (L — LA, — LA, — 2LasLag cos(60, + Ap))
eLsa/?2
Icn4 == Ve 4/

we (L4 — LA, — LA, — 2L a2 Lag cos(60. + Ap))
Ap = 4pg + 2¢9

From (3.51), the NSC is composed of a primary saliency signal,/.,,», and a secondary saliency
signal, /.,4. Both of them contain rotor position information, which can be decoded by using
a PLL or an observer based on either the primary saliency or the secondary saliency. However,
the other saliency signal that is not used for estimation will cause estimation error. Thus, prob-
lems of how to choose the saliency signal for rotor position estimation and how to decouple or
compensate the other saliency signals arise.

3.3.3 Other considerations

The aforementioned derivation of the saliency model neglects the impacts of stator resistance
and cross-saturation. In this subsection, their impacts on the position estimation error of the
rotating HFI method are analyzed and the relative compensation methods are introduced [4].
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3.3.3.1 Resistance impact

If the stator resistance is incorporated in (3.39), it becomes

. di
ud = Vet = Rg5 + Lj%. (3.52)

Thus, the resulting HF current, considering no cross-saturation, becomes
iz — ]Cpej(th‘HPRp) + Icnej(_wct+295+<pR") (3.53)
where

orp = atan((—w.Lq + L,)/Rs) — atan(w.Lq/Rs) — atan(w.L,/R;),
Ypn = m/2 — atan(w. L4/ Rs) — atan(w.L,/Ry).

If the PLL is adopted to extract the rotor position, the estimation error is

_ scn (20 —7/2)
€=1,, ®e7°

~

~ 1,20, —0.) + orn — 7/2) = 0, (3.54)
and the resistance-induced estimation error is
0. — 0, = —1/2(pn — 7/2) = 1/2(atan(w.Ly/R,) + atan(w.L,/Ry)). (3.55)

It is clear from (3.55) that neglecting the stator resistance brings an additional constant esti-
mation error to the PLL based tracking scheme. The error can be compensated for by adding a
constant value to the estimated position with the assumption that the parameters Ly, L, and 12,
remain constants. In order to further compensate the error adaptively, a Look-up Table (LUT)
should be built to include the variation of parameters with the operation point.

3.3.3.2 Cross-saturation and secondary saliency impact

The cross-saturation results from a load-dependent rotor flux displacement and can be expressed
as L4y in (3.41). Comparing the cross-saturation term in (3.41) with the secondary saliency
term in (3.45), it can be deduced that the cross-saturation actually behaves as a special case
of a secondary saliency. For instance, if L,, and 20, in cross-saturation are replaced by Lay,
and hf.,(pn = —7/2), respectively, the cross-saturation term in (3.41) becomes the secondary
saliency term in (3.45).

As a consequence, the impact of the secondary saliency on the estimation error is similar to
that of the cross-saturation. Assuming the PLL is adopted to extract the rotor position as well,
the estimation error is

€= ZEZ ® ej(Qée_ﬂ’/Q)
= ([cmej(?@rw/Z) + [cnhej(herw/ﬂmp)) ® ej(Qée —7/2)
= I,sin(2(0, — 0,)) + Lppsin(hf, — 20, + Ay)) ~ 0, (3.56)
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and then, the cross-saturation and secondary saliency-induced estimation error is

) 1 Icn
0. — 0, = —§arcsin(

"sin(hb, — 26, + Ap)). (3.57)
cn2

Similar to the compensation of the resistance-induced rotor position estimation error, the
cross-saturation and secondary saliency-induced rotor position estimation errors can be com-
pensated by deriving the model of the secondary saliency, which can be obtained through com-
missioning tests. In another way, the cross-saturation and secondary saliency can be decoupled
before they are fed to the PLL, which will be discussed in detail in Ch. 5.

3.4 Summary

In this chapter, the basic symbol definition, machine fundamental model and saliency model are
introduced in detail, which is the mathematical basis of the whole work. Moreover, the impacts
of resistance and cross-saturation on position estimation error are considered as well to give a
comprehensive overview of the saliency based rotating HF signal injection method.



38

CHAPTER 3. MACHINE MODEL AND SALIENCY MODEL




39

CHAPTER 4

Testbench and implementation

In this chapter, the used testbench, on which all the experiments are performed, and its related
software and hardware design are introduced.

In general, there are two popular controllers in motion control systems: Field Programmable
Gate Array (FPGA) and Digital Signal Processor (DSP). The FPGA-based controller has the
advantages of parallel calculation and fast sampling ability. However, it utilizes the fixed-
point data and Very High Speed Integrated Circuit Hardware Description Language (VHDL)
for programming, which are more difficult to manually realize in practice compared with the
DSP-based controller using floating point C language. The DSP-based controller has the limit
of sampling frequency, and thus, it can not be applied to such application where fast switching
frequency (e.g.,>100kHz) is required.

In the used testbench, both FPGA and Central Processing Unit (CPU), which is the core
processor of a normal computer and behaves like a DSP, are adopted as controllers. They
cooperate with each other to implement complex algorithms. This framework maintains the
advantages of both controllers while avoiding their disadvantages at the same time. Several key
modules inside the FPGA and software implementations for both controllers are presented in
this chapter.

4.1 Testbench introduction

The real time system consists of a CPU (Core 2 Duo), an FPGA (Cyclone 3) and a Complex
Programmable Logic Device (CPLD), which is shown in Fig. 4.1.

The CPU is in charge of the configuration of the FPGA and the implementation of key al-
gorithms on account of its fast execution of floating-point data operations. In comparison with
the core-processor CPU, the FPGA is the coprocessor and responsible for the sampling and
preprocessing of input signals and the shaping and verifying of output signals. For example,
the configuration and control of the peripheral devices (e.g., A/D, D/A, Resolver etc.) are han-
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Figure 4.1: Hardware setup.

dled by the FPGA. The FPGA has not only the advantage of parallel calculation but also the
flexibility of executing modules with different excitation clocks. A 16kHz interrupt signal (irq)
is generated by the FPGA and fed to the CPU. The CPLD is a medium device between the
CPU and the FPGA. It decodes the control signals sent by the CPU and makes an interface for
the path of the PWM signals. These are the default configurations for the real time system but
they can be flexibly changed according to different application requirements. For instance, the
FPGA alone can replace the CPU and work as the core-processor as well. Whether the FPGA
or CPU is used as the core-processor to execute complex calculation depends highly on the
application.

It can be seen from Fig. 4.1 that there are 7 modules inside the FPGA but they run with
4 different clocks (default clock is 20MHz), which is helpful for the compatibility of devices
requiring different excitations. The 4 clocks are generated by the Phase-Locked-loop module
of FPGA itself and connected to individual module in the main function. The communication
module runs at 20MHz and it can synchronize all modules to guarantee the effective data ex-
change between the CPU and the FPGA. The other modules and their functions are listed in
Table. 4.1 where the abbreviations of SVPWM, SPWM, DSC and LVDS denote Space Vector
PWM, Sinusoidal PWM, Direct Switch Control (for DTC and PTC method) and Low Voltage
Differential Signaling, respectively.
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Module ‘ Clock ‘ Input ‘ Output ‘ Remark

PWM module 60MHz Reference g, . PWM, 4. SVPWM,SPWM,DSC
ADC module 20MHz LVDS 744 Digital ¢4, 12Bits,unsigned
Encoder/Resolver | 20MHz | Pulse/Analog signals Digital 6., w, 12Bits,unsigned

DAC module 200MHz Digital X Analog X Range:+-10V

LCD module 100kHz Digital Info. LCD Info. System condition display
Protection 20MHz Digital 7, Enable/Disable PWM | Over-current protection
Communication. 20MHz | From CPU or FPGA To FPGA or CPU Data exchange

Table 4.1: Functions of the modules inside the FPGA.

In spite the fact that most of the hardware and software has already been developed by other
colleagues, improvements in two aspects are still expected. Firstly, a resolver demodulation
and an SVPWM sub-module are developed to further enhance the system flexibility. The ne-
cessity and internal structure are presented in the following sections. Secondly, although the
implementation of the algorithm is done in the CPU as a default setting, it is also flexible to
move the core-algorithm calculation into the FPGA. Consequently, the Matlab/Simulink based
C code and VHDL code generation will be introduced to relieve the programming effort in both
situations.

4.2 Space vector PWM implementation

PWM technology is widely adopted in machine control systems based on Voltage Source In-
verters (VSI). Among these PWM technologies, there are two popular types: Sinusoidal PWM
and Space Vector PWM.

SPWM is a popular technology, which utilizes the comparison of a sinusoidal modulation
signal and a triangle carrier signal to generate the PWM signals. Its algorithm is simple and
thus easy to realize. Nevertheless, it only uses 78.55% capacity of the DC link voltage and
needs some compensation methods to improve this ratio. Compared to SPWM, SVPWM is
a promising alternative. It can reach 90.7% efficiency of the DC link voltage and meanwhile
reduce voltage and current harmonics obviously by using a symmetrical waveform of the PWM.
However, the implementation of SVPWM is complex in comparison with SPWM.

The existing PWM top-module in the FPGA contains an SPWM generator and a DSC gener-
ator which is invented exclusively for the DTC or PTC methods. Certainly, the implementation
of SVPWM in the CPU is possible and the merit is the super capability of the CPU in han-
dling complex algorithm calculations. But, the sampling frequency of the CPU is limited and
it processes data sequentially, which leads to a slower cycling period of the PWM signal. On
the contrary, the FPGA that deals with parallel data calculation can adopt a much more higher
sampling frequency than the CPU. As a result, the development of an SVPWM generator based
on an FPGA is necessary to further improve the performance and flexibility of the used real
time system. On the one hand, if the CPU is the core processor, the design relieves the calcu-
lation burden for the CPU. On the other hand, the design makes the FPGA totally independent
from the CPU and the FPGA can work as the core processor. In this case, all control algorithms
including input and output signals are handled by the single FPGA.

However, compared to SPWM that needs only a simple comparison calculation to generate
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Figure 4.2: SVPWM implementation.
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Figure 4.3: PWM module and SVPWM sub-module in FPGA.

PWM signals, the SVPWM generator requires more computation effort, for instance, the dura-
tion time for applied adjacent vectors to synthesize the reference vector (11v, + Thvy = vT5)
as shown in Fig. 4.2. In addition, the judgment of the sector location of the reference vector is
needed. Hence, the obvious difficulties of SVPWM implementation in the FPGA are the data
processing including math calculation and logic execution.

The overview of the PWM top-module and its SVPWM sub-module are described in Fig. 4.3.

Among the input signals, the v, vg are the references generated by the CPU or other modules
of the FPGA. The “PWM_Mode” is an option switch for choosing SPWM, SVPWM or DSC .
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The “Frequency” is an option to set the PWM frequency. The rest signals of the inputs are other
configurations for synchronization the PWM module with other parallel modules. The output
signals of the PWM module are three PWM signals and an interrupt ‘irq’ for the CPU, which is
fed back to the CPU as a sampling clock and guarantees the synchronization between the CPU
and the FPGA at the same time.

4.3 Resolver demodulation

In most electrical drive systems, the rotor position/speed is measured by an encoder or a re-
solver. The encoder is a simple coding device and it outputs pulse signals according to the rotor
position/speed without any excitation signals except a single power supply. It is cheaper and
has lower accuracy in comparison with a resolver. The resolver, however, needs sine/cosine
excitation signals (specific voltage and frequency range) and it outputs sine/cosine signals as
well which require a special device or program to decode. After decoding, the digital rotor
position/speed signal can be obtained and used by a digital controller.

In our existing real time system, only an encoder demodulation module is developed inside
the FPGA. It is not enough to decode position/speed signals from a resolver which is usually
a default device equipped together with a high-performance servo-motor. As a consequence,
the corresponding resolver demodulation module in the FPGA and its related decode circuit
are developed considering the system compatibility, which is necessary to enhance the system
flexibility. A decode device AD2S1210 is chosen because of its flexibility of output format,
configuration range and interface standard. It has also the ability of fault diagnosis and selection
of precision level of decoded position and speed signals. In addition, it can emulate the encoder
signals for the adaptation of different controller interfaces.

The resolver decode schematic diagram and PCB are demonstrated in Fig. 4.4 and Fig. 4.5,
respectively. The overview of the main function of AD2S1210 and its implementation are illus-
trated in these figures. The decode circuit is located between the resolver module of the FPGA
and the position sensor integrated with the tested machine, which is not shown in Fig. 4.1. The
configuration and control of the AD2S1210 are done by the resolver module inside the FPGA,
and meanwhile, the serial digital signals of speed/position and the corresponding diagnosis sig-
nals are fed back to the resolver module of the FPGA for formatting and ratio adaptation. After
processing, the converted 12 bit parallel unsigned speed/position signals are transferred from
the FPGA to the CPU for the implementation of control algorithms, which is the default way
for data communication.

Obviously, the converted speed/position signals can be handled by the FPGA itself as well
when it is chosen as the core-processor. In this case, the CPU runs as a coprocessor and only
monitors the system conditions and gives reference instructions. Naturally, the data transfer
of speed/position as well as three phase sampled currents from the FPGA to the CPU become
unnecessary. This kind of development of control systems will be discussed later.

The AD2S1210 has different operation modes and interface options for both inputs and out-
puts so as to adapt different speed/position resolvers (excitation frequency range from 2kHz to
20kHz) and different data formats (parallel or serial, 10-16bit). The settings of these modes and
interfaces are set through register configurations of the AD2S1210, which can be conveniently
done by the FPGA at the initialization procedure.
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4.4 C code generation through Matlab/Simulink

The executable code in the CPU or other types of DSP is a standard C code. Normally, it is
required to program the C code manually, which is a time-consuming work and the debug-
ging work may last even longer than the programming work. In recent years, the software
Matlab®/Simulink® was promoting a model based C code generation tool. It is powerful and
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becoming more and more popular in the development of complex algorithms for industrial
applications. dSPACE® product is a successful example based on Matlab®/Simulink®. It pro-
vides a seamless connection between the Matlab/Simulink model and executable codes both
for the DSP and the FPGA. It is convenient to design and test any control algorithm based
on Hardware-In the Loop (HIL) of dSPACE®. Nevertheless, the cost of a dSSPACE® product
is much higher than the used real time system. The concept of C code generation through
Matlab®/Simulink®, fortunately, is still applicable to our real time system. The corresponding
toolbox in Matlab®/Simulink® is called Matlab Coder, which is utilized in this section.

Matlab /Simulink
-m File

Generated C code
~Traceability
-Verification
-Application

Configuration
-Interface
-Target file
-Report

-Simulink Model
-S function

Figure 4.6: C code generation procedures.
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Figure 4.7: Generation report.

The development procedures for C code generation are illustrated in Fig. 4.6. There are 3
steps: modeling, configuration and generation of C code. Firstly, the Matlab model containing
the m file, s-function or Simulink model should be completed and simulated off-line successfully.
The model is the objective that we want to translate to C code. Secondly, corresponding general
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Name Type Date Modified
B L htm Folder 7/1042015 3:25 PM
=l Model_Name.bat Windows Batch File 7/10/2015 3:25 PM
c] Model Name.c C Source 771072015 3:24 PM
c] Model Name_data.c C Source 7/10/2015 3:24 PM
c] rt_nonfinite.c C Source 7/10/2015 3:24 PM
c] rtGetlnf.c C Source 771072015 3:24 PM
] rtGetNaM.c C Source 771072015 3:24 PM
"] Model_Name.h C/C++ Header 741042015 3:24 PM

1] Model_Name_private.n C/C++ Header 741042015 3:24 PM
1] Model_Name_types.h  C/C++ Header 741042015 3:24 PM

1] rt_defines.h C/C++ Header 7/10/2015 3:24 PM
7] rt_nonfinite.h C/C++ Header 741042015 3:24 PM
"] rtGetlnf.h C/C++ Header 7/10/2015 3:24 PM
1] rtGetNalN.h C/C++ Header 7/10/2015 3:24 PM
"] rtmodel.h C/C++ Header 7/10/2015 3:24 PM
1] rtwtypes.h C/C++ Header 7/10/2015 3:24 PM

Figure 4.8: Generated file list.

and specific settings should be made through the configuration window of the Matlab Coder.
For example, the objective language, C or C++, the symbol definition rules, input and output
signal settings are configured in this procedure. Note that, the report option should be chosen
so as to have the bi-directional traceability (between the model and the C code). In addition,
the comment option is recommended on account of that it can ease the understanding of the
generated C code. Finally, the anticipated C code of the appointed model is generated in a
specific path (Model_Name_ert_rtw) after clicking the generation button.

When the C code generation procedure has finished, a window called “Code Generation
Report” pops up as expected, which is demonstrated in Fig. 4.7. It gives an overview of the
generated code including a subsystem report, code interface report, traceability report etc.. It
is convenient to find all useful information here and helps to understand the structure of the
generated files.

The generated C code files are shown in Fig. 4.8, in which there are 9 header files (.#) and 5
source files (.c). The most important files are explained below.

The source file Model_Name.c is the main file and it refers to the objective model in
Matlab®/Simulink®. Inside the Model_Name.c, there are two main functions: Model_Name_step
and Model_Name_initialize. If it is needed, other functions like trigonometric functions would
be included in Model_Name.c as well and they can be called by the Model_Name_step. The
Model_Name_step function is called once each sampling period by the controller and all al-
gorithms are executed in it. More detailed information of its implementation can be acquired
through the traceability function. Model Name_initialize contains the definitions of variables
and default action when there is an error.

The source file Model_Name_data.c includes all adjustable parameters used in Model_Name_step
e.g., PI parameters, delay time constant, saturation value, initial value of some matrix and etc..
Other .c files and corresponding .h files are generated by system default and they handle the
errors.
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The header file Model _Name_private.h includes the definitions of input and output signals.
They need to be modified according to the existing C project, in which you want to merge the
generated C code. Another header file Model_Name_types.h gives definitions of all variable
types. The rest two .h files rtwtypes.h and rtmodel.h are system files and can be ignored.

The functions of several important generated files are explained. Next, it is convenient to
merge the generated files into any existing C project. In practice, several fundamental model
based sensorless observers for PMSM have been developed successfully by using the C code
generation.

4.5 VHDL code generation through Matlab/Simulink

As introduced before, there are two kinds of controllers which are popular in drive control
system: DSP based and FPGA based. The former one adopts C or C++ as a programming
language. In the case of the FPGA based controller, programming in VHDL or Verilog is
necessary. Fortunately, the VHDL or Verilog code generation toolbox and its related verification
toolbox were already released by Matlab®/Simulink® as well (HDL coder and HDL verifier).
Consequently, the programming burden of VHDL or Verilog can be lightened greatly. In this
section, several key points for HDL coder and HDL verifier are introduced and explained.

Practice 1:

Algorithm and System Design <
with FixedPoint Quantization Analysis

Y A

Practice 2: Practice 3:
Automatic HDL Code Generation HDL Cosimulation

Y

A

Implement Optimization

Pipelining, Streaming, Sharing...

_ Practice 4: ‘
g FPGA Hardware-in-the-loop -

Figure 4.9: VHDL code generation procedures.

The development procedures of VHDL code generation are illustrated in Fig. 4.9. The first
step 1s modeling and simulation according to the requirements of any controller based on float-
ing point data. And then, a toolbox named Fixed Point Tool shown in Fig. 4.10 is utilized to
convert the floating point model to an optimized fixed point model. The second step is gen-
erating a readable, traceable VHDL or Verilog code for the FPGA. The generation report is
shown in Fig. 4.11 that is similar with the one for C code generation. It is helpful for users to
understand the generated VHDL code by means of the function of bi-directional traceability.
Note that, there is a High-Level Resource Report in the pop-window and it gives the resource
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utilization including multipliers, adders, registers and multiplexers. According to the utiliza-
tion and the FPGA capacity, the optimization should be performed (e.g., pipe-lining, streaming,
sharing etc.). After the appropriate optimization, a Matlab-Modelsim®/Questa®/Cadence® co-
simulation can be generated in the third step. A general overview of this function can be found
in Fig. 4.12. The co-simulation is an effective verification tool to validate if the function of
generated VHDL code is exactly the same as the original Matlab model. Finally, the FPGA
hardware-in-the-loop simulation shown in Fig. 4.13 can further verify the effectivenss of the
generated VHDL code. If the VHDL code passes these tests, it is ready for use.
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In this section, VHDL generation is introduced briefly, which is helpful for designing any
new algorithms based on an FPGA. In practice, the basic FOC controller for PMSM has been
developed successfully by using the VHDL code generation. However, the performance is not
so good as the CPU based controller due to the difficulty of debugging work. As a result, in all
the experiments in following chapters, the CPU is still the core-processor.

4.6 Summary

In this chapter, the testbench used for verifying all proposed algorithms is introduced briefly.
Two improvements inside the FPGA, SVPWM sub-module and resolver demodulation, are de-
veloped, which makes the testbench more flexible to adapt for more application areas. More-
over, two popular code generation methods based on Matlab®/Simulink® are introduced and
applied to the existing controller for both CPU and FPGA. These tools can accelerate the de-
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velopment of any complex algorithm, whether with a CPU or an FPGA, and save time for code
debugging.



51

CHAPTER 3

Saliency tracking based sensorless method

This chapter deals with the sensorless control based on the saliency tracking method, which is
good at the low speed and standstill sensorless control. However, the most difficult problem
of sensorless control for cwSPMSM s its strong multiple saliencies. Thus, three individual
methods from different perspectives are proposed in this chapter to solve the problem.

Firstly, a Multi-Signal Injection (MSI) method is proposed to combine two sets of saliency
signals and synthesize a virtual saliency signal, based on which the sensorless control is per-
formed. Secondly, on the contrary to utilizing both saliency signals, a Secondary Saliency
Tracking (SST) method is proposed where only the secondary saliency signal is extracted tak-
ing advantage of the rotation difference between saliency signals of different orders, and of an
Adaptive Notch Filter (ANF). Moreover, the corresponding initial position estimation is imple-
mented. Finally, a Repetitive Control (RC) method is brought into the PLL loop for decoupling
of the secondary saliency and the traditional primary saliency tracking is realized again. All
these three sensorless methods are verified by experimental tests and show satisfactory perfor-
mance.

5.1 Background

5.1.1 Sensorless control based on the HF signal injection

Fig. 5.1 gives the structure of a sensorless FOC system for a PMSM using the rotating HF signal
injection method [37]. The input is the speed command w,.¢. The HF voltage u; is superim-
posed on the fundamental component «; in the stationary reference frame. There are two control
loops: a fundamental current control loop and a speed control loop. The fundamental current
t; 1s obtained through a LPF, because the measured phase current 7° includes both fundamental
and HF carrier components. The rotor position and speed, which are normally measured by
an encoder, are calculated by a demodulator and a PLL estimator using the measured motor
currents 7°. The estimated rotor position 6, and speed w, are fed back to the regulator.
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Figure 5.1: Sensorless control system using the HF signal injection method.

The demodulation and PLL parts have been introduced in Fig. 3.4. In the following methods,
they all adopt FOC control and the PLL technique to estimate the rotor position and speed.

5.1.2 Saliency behavior of the tested cwSPMSM
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Figure 5.2: Waveforms of NSC and their FFT Analysis (1kHz 35V), left: (normal BPF), right:
(proposed BPF).
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As an example to demonstrate the phenomenon of multiple saliencies, a cwSPMSM is taken
into consideration. The results of using the rotating HF signal (1kHz 35V) injection method are
shown in Fig. 5.2. Fig. 5.2(a) gives the waveform of the NSC ig; ., extracted through a normal
BPF in the demodulator, which has a bandwidth of [0.9kHz 1.1kHz] with 1kHz in the middle.
The design can extract all effective saliency signals from the measured current signal regardless
of their rotation directions. Fig. 5.2(c) is the Fast Fourier Transformation (FFT) analysis result
of Fig. 5.2(a). Fig. 5.2(b) and Fig. 5.2(d) are corresponding results obtained through a specially
designed BPF, which will be explained in 5.3.

It can be observed from Fig. 5.2(c) that the machine reveals different orders of saliency
h = 2,4, 8, among which the magnitude /.,s of hg = 8 has a poor SNR and can be neglected.
So based on the multiple saliencies model (3.44), the NSC response for cwSPMSM can be
expressed as (5.1) according to its FFT analysis

i2 =Tl T  L) el en)

(—wet—40e+pa—m/2)

, 5.1
Iopa(we)ée’ ) -1

Note that, since the 4-th order frequency component rotates in the opposite direction as the
second order component, it is marked with a minus symbol [59].

5.1.3 Challenges of strong multiple saliencies

As described in (3.42) and (3.44): 20, and hf.(h # 2) are general primary and secondary
saliencies, respectively. And the saliency ratio D is defined in (5.2), which is an important
parameter for describing multiple saliencies

Icnh

D= (5.2)

Icn2

The existing decoupling methods using modeling [2] or look-up table [60] and other similar
attempts (e.g, [3], [7], [61]) are presented for decoupling the secondary saliency signals. They
work well when the magnitude of the secondary saliency signal is weak D < 0.5. However, as
reported in [10] and [62], these decoupling methods fail if D > 0.5. From Fig. 5.2, it can be
seen that the saliency ratio D = §—23 of the tested cwSPMSM is near 1.7 (D~! > 0.5), which is
beyond the working range of existing decoupling methods (i.e., traditional decoupling method
for either primary saliency signal or secondary saliency signal dose not work any more). In
order to solve this problem, three attempts are carried out.

Firstly, in addition to the high saliency ratio property of the machine, the dependency of the
saliency signal on the injection frequency (AL; = f(w,)) is another property that did not get the
proper attention and is the foundation of the MSI method and will be explained in the following
part of the MSI method. The first method can be seen as a combination method, while the other
two are decoupling methods.

Secondly, on the contrary to the traditional primary saliency tracking method, the secondary
saliency tracking method is proposed. This method utilizes a special designed BPF, which is
designed based on the rotation difference between the primary and secondary saliency. An
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adaptive notch filter acts as a supplementary to decouple the remaining primary saliency signal
around zero speed.

Thirdly, another primary saliency tracking method is considered again. The repetitive control
concept is brought into the PLL part so as to decouple the secondary saliency signal. It is not
restricted by the saliency ratio and shows satisfactory performance.

5.1.4 The analysis of multiple saliencies

The former analysis has shown clearly the problem of multiple saliencies for the cwSPMSM.
In this section, the physical mechanism of the strong secondary saliency is experimentally and
theoretically verified and explained through two aspects: stator background and zigzag leakage
flux. The stator background, taken literally, covers information of the stator. The zigzag leakage
flux was already studied in [5,63], which helps to explain the interaction between the stator and
the surface-mounted PMSMs in this work. Finally, it can be concluded that the secondary
saliency is a result of the combination of these two aspects.

5.14.1 Stator background

The main differences between the cwSPMSM and a normal distributed winding SPMSM
(dwSPMSM) are the stator winding distribution, physical geometry and slotting (in summary,
the stator background). Saliency tracking based sensorless methods substantially rely on the
stator background and rotor permanent magnet position. In order to realize the impact of the
stator background on the cwSPMSM, the alternating HF signal injection method is applied in
this subsection.

The cwSPMSM was driven at constant speed of 50 rpm and a 1kHz 20V alternating signal
was injected along the real d axis whose information was provided by an encoder. Because
this injected HF signal was always along the d axis, its HF current response contained only the
information of the stator background. The same tests have been done for a normal dwSPMSM
as well. The parameters of both machines are listed in Table. C.3and C.4. It can be assumed in
advance that, the trajectory of the HF current response should be a circle if the stator background
is symmetrical within one electrical period.

The experimental results are given in Fig. 5.3. The outer dashed blue line represents the
trajectory of the injected HF voltage signal in an electrical period, while the inner dashed red
line represents the trajectory of its induced HF current response. Because the d/q axis HF
currents obtained from the experimental data formulates a filled shape, only the profile that is
of most importance is provided to show clearly the difference. From Fig. 5.3, it can be observed
that the current response trajectory of the tested cwSPMSM shows a hexagon form in Fig. 5.3(b)
compared to the circular trajectory of the normal dwSPMSM in Fig. 5.3(a).

The circular trajectory of the tested dwSPMSM shows, as expected, that the dwSPMSM’s
stator background is symmetrical. On the contrary, the hexagon form for the tested cwSPMSM
results from the asymmetrical characteristic of its stator background. A reason is that each stator
winding of the cwSPMSM locates around one tooth (tooth winding) [5] whose width is wider
than that of the normal dwSPMSM. The self inductance of the cwSPMSM is more significant
than the mutual inductance. As a consequence, the current flow inside the stator winding is
more sensitive to the change of rotor flux distribution in comparison with dwSPMSM whose
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Figure 5.3: Stator background comparison.

mutual inductance distribution is significant in the total phase inductance. Moreover, the shape
of the hexagon can serve as a hint to infer the stator structure of the tested cwSPMSM.

The cross section of the tested cwSPMSM is speculated and a structure is demonstrated in
Fig. 5.4 in accordance with the hexagon form. There are six teeth within one electrical period.
Only two windings of phase A are shown and other phases’ (B and C) windings are omitted for
simplicity. However, the stator winding distribution mentioned in Fig. 5.4 is only one possibility
and does not reflect the real machine structure. The main target of Fig. 5.4 is to explain the
relation between the zigzag leakage flux and the main flux in the next subsection.

When the HF voltage signals are injected into the special stator windings of the cwSPMSM,
its HF current response can reflect the interaction between the stator winding distribution and

the rotor flux distribution. The interaction information recorded in the HF current response is,
in fact, the saliency signal.

5.1.4.2 Zigzag leakage flux

In addition to the special stator background of the cwSPMSM, there is another phenomenon
called the “zigzag leakage flux" which is the physical mechanism of the secondary saliency as
well.

Both, the main flux (two big ellipses, single line) and the zigzag leakage flux (two small
circulars around the stator winding, double line), are shown in Fig. 5.4 for a one-pole-pair
PMSM model, which is a sketch map to show the special phenomenon of the “zigzag leakage
flux". The zigzag leakage flux can be more significantly observed by the cwSPMSM compared
with the dwWSPMSM [5]. Moreover, the superimposed rotating HF flux is a leakage flux around
the stator winding [64] and its HF current response reflects the flux distribution near the stator.
As a result, when the rotating HF signal scans one electrical period (one circumference in
Fig. 5.4), it can detect that the main flux distribution changes twice, which is the physical origin
of the primary 2nd saliency signal (L, < L4 for HF components [64]).

On the one hand, the zigzag leakage flux locates in the ¢ axis (actual d axis winding) and
it decreases L, and makes the difference between L, and L, smaller. On the other hand, the
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Figure 5.4: Flux distribution.

zigzag leakage flux and its equivalent part of the main flux near the tooth winding can be treated
as a periodical saliency. Its period is half of a pole pitch and it results in the secondary —4th
saliency [58].

In general, different from the primary saliency signal (saturation induced saliency signal,
highly depending on operating points of the motor), the secondary saliency signal is mainly
induced by the mechanical configuration (e.g.,slots/poles combination, winding distribution,
magnet installation etc). In this work, for the tested cwSPMSM, the reason is the zigzag leakage
flux combined with the tooth winding structure, which means it is less sensitive to operating
points and is therefore more reliable [65]. The insensitivity of the secondary saliency signal
will be shown later in the experimental section.

Note that, in practice, the frequency of the excitation HF signal should be much higher than
the frequency of the fundamental signal in order to make sure the easy separation between
fundamental signals and HF signals. Therefore, in this work, a 1kHz signal is chosen for both
alternating (only used in previous subsection to detect the stator background) and rotating (for
the rest sections) HF signal injection methods.

5.1.4.3 Impact of slot/pole combination

There are already some papers [5, 65] dealing with the effect of slot/pole combination on the
performance of the PMSM. It is demonstrated that the combination indeed has an impact on
saliency creation including the zig-zag flux-based saliency.

In [5], the authors have listed a table containing several possible slot/pole combinations for
the cwSPMSM. The influence of the slot/pole combination on sensorless capability was also
shown. A selection rule for choosing the combination was recommended and validated through
a Finite Element Analysis (FEA) tool in the paper. Moreover, there is another paper [65], which
gave a deep insight into the relation between the d — ¢ inductance and the slot/pole combination.
The theoretical analysis was performed based on detailed machine parameters. As a result, the
effect of the slot/pole combination on saliency signals should be taken into consideration by
machine designers to design a high sensorless-capable machine.
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5.2 Multi-signal injection method

In order to further investigate the saliency behavior of a cwSPMSM, a series of experimental
tests have been developed. It has been found that the behavior of the multiple saliencies of the
cwSPMSM is principally frequency dependent. Based on the characteristics of such machines,
the Multi-Signal Injection method for realizing sensorless control is proposed. This method in-
jects multiple HF signals with different frequencies and magnitudes into the machine. Different
frequency components in the response current signals are demodulated and then combined to-
gether to get the clear primary saliency signal, which is used to identify the rotor position. This
new method was validated using a cwSPMSM at low speed. The experimental results proved
the effectiveness and accuracy of the new method.

5.2.1 Derivation of the proposed MSI method

5.2.1.1 Precise multiple saliencies model

Further investigation of the machine saliencies reveals that the saliency behavior often changes
depending on the frequency of the injected carrier signals. The changing rates of the magnitudes
1.1, for different saliencies, are also dependent on frequencies. The saliency behavior has a
relationship to the voltage magnitude of the injected signals as well but it plays a less important
role in this variation [64]. In this section, we focus on the relationship to the frequency. Thus,
the multiple saliencies model should be more precisely represented as in

i =Lop(we) /TR Yy Lo (we)e! et O o) (53)
h

The magnitudes of the positive and negative carrier currents of the h-th order saliency become
carrier frequency dependent (nonlinear relationship), and are redefined in

Ve SL(w.)
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where AL; represents the inductance difference of the related hth-order saliency. k is the
saliency order.

If a single carrier signal with a constant frequency is used, the saliency behavior does not
show any difference compared with the model of (3.44). However, this frequency dependent
property can be used to observe the rotor position by simultaneously injecting multiple carrier
signals with different frequencies.



58 CHAPTER 5. SALIENCY TRACKING BASED SENSORLESS METHOD

5.2.1.2 Principle of MSI method

If multiple carrier signals with different frequencies are applied on the machine, the multiple
saliencies model is described as

iflqc - Z [ICp(Wcm>€j(wcmt_7r/2)+
i (5.6)
Z [cnh(wcm)ej(’%m”h‘)”‘pmh’“/”
h

wherem =1,2,...Mandh=1,2,... N.

If M signals with different frequencies are injected into the machine, the response current
will contain M frequency components. Suitable BPFs can be used to separate them. The result
is

ifqum :Icpmej(wemtiw/m‘k
3" Ly ettt e =/2) (5.7)
h

where Icpm = Icp<wcm)’ Icnmh = Icnh<wcm)-

By multiplying e/(“em%) on both sides of each equation in (5.7), the new term of the positive
sequence current has twice the frequency of the former one, which can be removed using a LPF.
Thus, the pure rotor position information (5.8) can be extracted from the response signals (5.7).

N
=3 Lol 00t inn/2) (5.8)
h=1

cn
qucnm

The signal processing will usually introduce different phase shifts to the current signals. Most
of them are phase lag effects resulting from different filters and they are represented with ¢,, in
(5.8). They can be calculated from filter design parameters or experiment analysis. Whereas,
¢y, has the same value for different injected signals. The term e’ can be moved to the left side
by multiplying a e=°" on both sides of (5.8). The result is shown in

N

. —0m __ j(hOe+pp—m/2
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If M = N, by combining all responses of /N different signals, we can obtain the following
expression (detailed process is explained in the Appendix)

M
fcom = Y Qmiipeme ™" = BelMWeten=n/2) (5.10)
m=1

where «,,, and [ are combination parameters of I.,,,,. The combined signal ¢4, iS @ combi-
nation of all measured currents.

As a result, (5.10) only contains the information of the h-th order saliency, and all other
saliencies are eliminated. Therefore, the multiple-saliency model is transformed to a single
saliency model, and the rotor position can be easily estimated with the PLL, as in Fig. 3.4. To
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get the best accuracy, usually the equation representing the most significant saliency is used for
rotor position estimation. Here, this concept will be further explained with a model, which has
only two saliencies, as an example for better understanding. In this case, two voltage signals
with different frequencies are injected into the machine. Therefore, (5.9) becomes

: —01 j(h16e —7/2 j(ho0e —7/2
{Zégcnle ' = Icnllej( 10ete1-7/2) + Icn126]( 2letp2=m/2)

) —b2 — j(R10c+p1—7/2 i(hot /9
ldgen2€” ° = Iopore?Mibetor=n/2) o [ o el(habetia=m/2)

(5.11)

Supposing the first saliency h,0, is to be used for rotor position estimation, it can be defined
icom = [chZZf[chle_él - [cn12i225n26_62 (512)

Substituting (5.11) into (5.12), it is (5.13)
icom = (Ien1Ien22 — Iengt Lemz)e? "0 177/2) (5.13)
(5.13) proves that the combined current signal ¢..,, only contains the information of the first
saliency. And the original double-saliency model is now converted to a single-saliency model.
However, in practice, (5.12) is used to calculate the combined current signal i.4.,. A more

practical variation of (5.12) is (5.14)
el

Lot o1~ jen (5.14)
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tcomy 18 the final signal that is to be input into the PLL for flux angle estimation. Using this

equation, only the relative ratio ﬁz—;i of the same saliency magnitudes under different injection

conditions and the phase difference ¢°* 2 are necessary. Exact values are not required. This can

make the application much easier. The complete flux estimation procedure can be illustrated
with Fig. 5.5.

In Fig. 5.5, two HF signals with different frequencies are injected. “1" represents the first
signal with lower frequency, “2" represents the second signal with higher frequency. The criteria
to choose these two signals is that they can result in significant different saliency ratios (e.g.,
Dy = 0.56, Dy = 2.25 in the experiment Fig. 5.6 of this work). These two NSCs are obtained
through a respective demodulator. This combination procedure is expressed in (5.14), in which
€979 can be acquired by comparing with a reference signal of multiple saliencies generated by
an encoder. Afterward, they are combined to get only h,0, saliency, which will drive the PLL
in the next step.

5.2.1.3 Remarks of MSI method

For the machines which show strong multiple saliencies, the ratio D is remarkable, which inval-
idates the existing decoupling methods [10]. On the contrary, the multi-signal injection method
utilizes another characteristic, AL, = f(w,.) to implement sensorless control. This method has
the following advantages:

e Complicated modeling and training process based on mass commissioning are not re-
quired.

e The NSC responses reflect intrinsically the same multiple saliencies information, which
guarantees the precise combination.

o If the primary saliency (26,) is chosen as the final combined saliency, the existing polarity
identification methods can be applied for the initial position estimation.



60 CHAPTER 5. SALIENCY TRACKING BASED SENSORLESS METHOD

i° i
—T > LPF Ieondamena Component for Motor Cont Bl

ifichl 1
—>|Demodl —> comf L
2Uell1Ve %!
CN
qucn2 1le
—>|Demodz > RA

Figure 5.5: Multi-signal injection method.

5.2.1.4 Other related issues

All HF based sensorless methods have the disadvantage of increasing the losses, both in the rotor
and in the stator. These issues are really great research topics and need to be studied individually.
Fortunately, some related HF loss analysis such as eddy current loss [66], hysteresis loss [67],
temperature issues [68] for HF injection based methods have already been studied during the
recent years. Especially according to the conclusions of [69], the cwSPMSM is better suited for
HF injection based sensorless methods and it has minor impact on the HF losses. Furthermore,
for higher speeds, the switchover to a model-based sensorless method is mandatory since then,
the loss issues resulting from the HF injection are no longer present. On the other hand, it
is a time-consuming work to give the precise loss analysis based on FEA due to the lack of
knowledge about the detailed stator, rotor, and material information of the tested cwSPMSM,
which is a commercial product from the company SEW. As a result, we did not include loss
analysis due to the above reasons and the limited scope of this work. But it will be the topic of
ongoing research.

Another issue of the HF based sensorless methods is the so called HF-induced resistance
effect or eddy-current-reflected asymmetric resistance presented in [6, 66, 70]. Most of all,
in [6], the authors gave a comparison between inductance-based and resistance-based sensorless
control for the cwSPMSM. The conclusion of this work shows that the inductance-based method
1s more suitable than the resistance-based method for the cwSPMSM, which has a lower SNR.

The inverter non-linearity effects of the HF injection method are also important and have been
studied in [4,71,72]. In the experiments of this work, the dead time of the inverter is set to 0.8
s which is shorter than [71,72] and comparable with [4]. According to the conclusion of [4],
for such dead-time the non linearity effects are small for both rotating and pulsating carriers.
Furthermore, the magnitude and phase become sensitive to the loading of the inverter, but this
effect is also not very significant either. We have tested the saliency ratio of this cwSPMSM
based on other test benches with different controllers and similar dead time inverters. They all
demonstrate that these non linearity effects are not so significant.
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Figure 5.6: NSC trajectory and FFT Analysis, left: (455Hz 15V), right: (1kHz 20V).

5.2.2 Behavior of the frequency-dependent saliencies

In this part, all the expressions and experimental results are carried out using the traditional
rotating HF injection method.

For a normal SPMSM with distributed windings, the trajectory of the NSC, depending on the
flux angle, is a circle due to the presence of only one primary saliency 26, as depicted in (3.43).
However, the relatively lower stator slot numbers, combined with the concentrated winding
structure in cwSPMSMs, bring extra saliencies into the machine. Experimental results of the
NSC trajectory for a cwSPMSM are given in Fig. 5.6.

From Fig. 5.6(a) and 5.6(b), it is seen that the NSC trajectory is eccentric and shows a form
with lobes [58], [73]. With the spectral FFT analysis given in Fig. 5.6(c) and Fig. 5.6(d), this
NSC contains two major frequency components, 26, and —46,.

According to the multiple saliencies model (5.3), the NSC response for the cwSPMSM can
be expressed as

eSS [Cp(wc)ej(wctfﬂﬂ) + Lo (wc)ej(fwct+29e+s0r7r/2)+

(—wet—40e+pa—m/2)

‘ 5.15
Icn4(wc)€j ( )

It contains the primary saliency 26, and the secondary saliency —46..

Furthermore, from Fig. 5.6 we can also find that this trajectory changes with the frequency
variation of the injected signals. Fig. 5.6(c) gives the result of the injected signal with 455Hz
15V and the magnitude of the 26, saliency is nearly 1.5 times the magnitude of the —46,
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saliency. Whereas in Fig. 5.6(d), when the injected signal is 1kHz 20V, the magnitude of the
—446, saliency is twice the magnitude of the 26, saliency. Note that, saliency magnitudes under
1kHz 20V are relatively lower compared to the result of the 455Hz 15V condition due to the
inverse relationship between the saliency magnitude and the frequency of the injected signal
I,mh X %

To investigate more about this special characteristic of the cwSPMSM, many experiments

were done and the conclusion is summarized in (5.16) (saliency ratio D = %

0.6 <D <1 iff.<500Hz,
D = < Resonance if 500Hz < f. < 600Hz, (5.16)
D>15 if f. > 600Hz

where f, is the frequency of the injected signal and w,. = 27 f,..

The results of injection conditions between S00Hz and 600Hz have not been performed due
to the mechanical resonance problem. Even without these results, the provided measurements
based on many tests can reveal the variation tendency of this saliency ratio according to the
frequency of the injected signal.

From this conclusion (5.16), it is obvious that the magnitude of the secondary saliency of the
cwSPMSM is comparable or even larger than the primary saliency. This conclusion confirms
the former relationship AL; = f(w.).

5.2.3 Application of MSI Method

The multi-signal injection method is suitable for the sensorless control of cwSPMSM which has
strong multiple saliencies. As described above, the primary saliency ho = 2 and the secondary
saliency hy = —4 can be found in its NSC responses. The example of the double-saliency
model in (5.11)-(5.14) can be used. Then, only the primary saliency is left after this combina-
tion. Based on the saliency signal obtained with the multi-signal injection method, traditional
sensorless methods can be applied.

5.2.4 Implementation and experiment results
5.2.4.1 Combination parameters

There are two parameters during the combination procedure. The ratio, §_£’ which is measured
by an FFT analysis, and the angle difference, 6; — d2, which is obtained by comparing with a
reference signal of multiple saliencies generated by an encoder. It has close relation to the

parameters of designed filters and the sampling frequency of the controller

e Utilizing BPFs and LPFs, we can get the separate saliency responses as shown in (5.8)
for different HF conditions ( (5.17) is for 1kHz and (5.18) is for 455Hz). Then an FFT
tool is adopted to obtain their individual magnitudes including .,11, Icn12, Len21 and 1,00
as they are shown in Fig. 5.6.

e In order to acquire the angle difference 9; — d9, the position 6, measured by an encoder
will be used as a parameter to produce a reference signal of multiple saliencies as shown
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in (5.19) and (5.20), in which the parameters \;_, are adjustable. A; and A3 represent the
phase lags and A\, and A, denote the phase shifts between these two saliency signals.

e Using real time D/A channels of our control system, we can output (5.17) and (5.19) or
(5.18) and (5.20) signals to an oscilloscope at the same time. Then, adjusting parameters
A1_4 can make the outline of (5.19) coincide with (5.17) and the outline of (5.20) coincide
with (5.18). Comparing the equations (5.17)-(5.20), we get (5.21)-(5.22). Then it is easy
to get the angle difference d; —d, in (5.23). (Normally, ¢ is treated as 0 for simplification
without introducing any difference)

ldgen1 = L@/ Poetorteor=n/2) o [ el (F40etortoam/2) (5.17)
e P A (5.18)
bref1 = ]Cnllej(2(9e+/\1)—ﬂ/2) + [cn126j(—4(9e+)\1)+>\2—7r/2) (5.19)
Irefs = ]cn21ej(2(9e+)\3)—7f/2) + ]cn22ej(—4(9e+>\3)+>\4—7f/2) (5.20)
2\ =01 (5.21)

2)\3 = 0y (5.22)

01— 0 =20 — 23 (5.23)

5.2.4.2 Flux angle estimation

In practice, the experimental data should replace the corresponding ones in Fig. 5.5: “1" repre-
sents 455Hz 15V signal, “2" represents 1kHz 20V signal. The saliencies information in Fig. 5.6
is depicted in

Lpe = 67TmA, I,y = 38mA  f. = 455Hz15V
Lon = (5.24)

Iepo = 4mA I, = 9ImMA fe = 1kHz20V

The combination parameters are ﬁ"—éz =4.22,61 — 0y = .
After the signal combination, we kept the 26, saliency instead of the —46, one. The following
two reasons support this selection.

e The primary saliency of signal “1" has a higher SNR. This is an advantage to get a more
precise position and speed estimation.

e The secondary saliencies (always high order e.g., —46,, 86.) are considered as interfer-
ences for initial polarity identification, which is essential to start a PMSM, and thus should
be eliminated

Based on the experimental results, the NSCs were extracted and the d axis components are
demonstrated in Fig. 5.7. The first two curves show the d-axis components of the NSCs re-
sponses of signal “1" and signal “2", respectively. The third curve shows the d axis component
of the synthesized signal using the multi-signal injection method. The last curve shows the
estimated rotor position, which is precise enough to implement closed-loop control.

Observing Fig. 5.7, it is obvious that the synthesized signal, i4com g, shows a regular sinu-
soidal form. This indicates that the signal precisely expresses the rotor position information.
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Figure 5.7: Flux angle estimation results of the multi-signal injection method.

5.2.4.3 Sensorless experimental results
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Figure 5.8: Block diagram of the decoupling method.

For comparison, the decoupling method mentioned in [1], whose structure is depicted in
Fig. 5.8, was tested for sensorless control of the cwSPMSM. The HF condition is 455Hz 15V.
It failed, however, because the estimated rotor position was not accurate enough for the closed-
loop control. Therefore, only the open-loop estimation performance at 100 rpm (0.03 rated
speed) is shown in Fig. 5.9. The blue line represents the reference rotor position ¢, measured by
the encoder, which was fedback for the speed control loop. The red line denotes .. Obviously,
this decoupling method fails to estimate the rotor position in the presence of strong multiple
saliencies. The ée and 6, have almost 180 electrical degree difference, which is because the NS
poles identification function is not added to this traditional method and they have 50% chance to
converge to S pole (180 degree) or to N pole (0 degree). We took the result that the tracking has
180 degree error in order to clearly show the difference between the reference and the estimated
values.

The proposed multi-signal injection method for closed-loop estimation was firstly tested at
100 rpm speed without load. The measured speed w. and position 6., the estimated speed
w, and position 6., and the position error 0 are presented in Fig. 5.10. The speed error (not
shown) w is limited within £10 rpm and the peak value of the position error of 0 is less than
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Figure 5.9: Position estimation performance at 100 rpm speed using the traditional decoupling
method.
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Figure 5.10: Sensorless performance at 100 rpm speed without load using the multi-signal
injection method.
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0.2 rad. The error mainly arises from the speed filter parameter- and speed loop PI parameter-
tuning. However, the average value is almost zero. This test verifies that the multi-signal
injection method has a better estimation performance than the traditional decoupling method
for machines which show strong multiple saliencies.
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Figure 5.11: Sensorless performance at 100 rpm speed with a rated load torque using the multi-
signal injection method without compensation.
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Figure 5.12: Load dependent angle compensation.

As described before, HF based sensorless methods have the the disadvantage of increasing
the losses. With higher speed, the switchover to a model based sensorless method is mandatory.
Therefore, it was verified on the test bench that the model based method such as the MRAS can
work well at the speed reference higher than 200 rpm with or without load. Thus, sensorless
control of cwSPMSM will be implemented by using model based methods in the middle and
high speed ranges to eliminate the noise and losses induced by the HF injection based methods.
Therefore, only different loads at 100 rpm have been investigated based on the multi-signal in-
jection method. The results showed that the system was stable at different loads. For a load less
than 30% of the rated load, the position error 0 was similar to that in Fig. 5.10. However, for a
load greater than 40% of the rated load, the position error 6 increased. A full load test at 100 rpm
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Figure 5.13: Sensorless performance at 100 rpm speed with a rated load torque using the multi-
signal injection method with a compensation.

rotating speed is presented in this work. Experimental results are given in Fig. 5.11. Compared
to the no-load test, the peak of the position error became larger and reached 0.3 rad, which
resulted from the load dependent variation of the flux displacement [74]. This error can be
compensated by either a LUT or a polynomial function. To compensate this error, the LUT was
built as shown in Fig. 5.12. The picture introduces a curve regarding the relationship between
the compensated angle and the rate of the load. The data was collected on the test bench. The
same test with a rated load at 100 rpm was investigated by considering the compensation with
this LUT method and experimental results are depicted in Fig. 5.13. The parameter definitions
are the same with Fig. 5.10 and the g-axis current ¢, is presented as well. From Fig. 5.13, the
position error 0 has obviously decreased compared to the previous one without compensation
and the average error of the position is almost zero.

The system dynamic performance was observed by implementing a low speed reverse test.
The speed reference varied from 100 rpm to -100 rpm and vice versa. The results are given in
Fig. 5.14, which shows the same parameters as in Fig. 5.13. From Fig. 5.14, the highest 0 is
about 0.17 rad, while the mean error of  at steady state is less than 0.07 rad. Because the speed
command trajectory is manually planed in this case, the dynamic response does not reach its
fastest limit.
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Figure 5.14: Sensorless performance of =100 rpm speed reverse using the multi-signal injection
method.

5.2.5 Conclusion

A novel multi-signal injection method for solving a specific problem in sensorless control of
cwSPMSMs is proposed in this section. For such machines, traditional sensorless control meth-
ods, based on a single HF signal injection, fail. Furthermore, if the high order saliencies are
stronger than half of the primary saliency, even the decoupling methods, which are specifically
designed for sensorless control of machines with multiple saliencies, fail too. In this situation,
the multi-signal injection method proposed in this section provides a successful solution. This
method utilizes another property of machines with multiple saliencies (i.e., the dependency of
different orders of the saliencies on frequency).

This method was tested in an experimental system with a cwSPMSM. Although the machine
showed very strong high order saliencies, especially with the fourth order saliency being even
higher than the primary one above a certain frequency level, the multi-signal injection method
still eliminated the influence of the fourth order saliency successfully and provided clear in-
formation about the rotor position, also in load condition. With the same method, the initial
position of the rotor can be also estimated accurately within £ 3 electrical degrees.

Theoretical analysis reveals that the proposed multi-signal injection method is not limited to
machines with only two saliencies. It is a general method and can be used for any machine with
any order of saliencies. It has been proved that this method can remove any number of multiple
saliencies and only leaves one saliency for the identification of the rotor flux position.

This multi-signal injection method has no restriction on the frequencies of the injected sig-
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nals. This freedom makes it possible for engineers to select the optimal frequencies based on
specific problems, such as to achieve the best SNR or to avoid mechanical resonances.

5.3 Secondary saliency tracking method

In this section, in addition to the Multi-signal injection method, a novel Secondary Saliency
Tracking (SST) algorithm is proposed to implement the sensorless control exclusively for such
machines in the low speed range. Instead of processing the primary saliency signal, the sec-
ondary saliency signal, which has a better signal to noise ratio and more precise resolution, is
processed by a specially designed band pass filter and an adaptive notch filter for speed and
rotor position estimation. The effectiveness and accuracy of the newly proposed SST method
are verified by experimental results.

5.3.1 Secondary saliency tracking method

In this section, the selection principle of the most appropriate saliency signal to drive the PLL is
firstly derived, which is a general rule for all saliency based sensorless methods. Then, the SST
method together with a special BPF design are introduced in detail. At the end of this section,
initial position identification based on the SST method is proposed accordingly.

5.3.1.1 Selection principle of saliency signals

For saliency based sensorless control methods, several selection principles of saliency signals
for the position estimation are described as follows:

e The saliency signal should be a rotor position-dependent signal, which demonstrates ex-
actly the physical characteristic of the rotor.

e The SNR of the saliency signal should be high enough to guarantee the accuracy of posi-
tion estimation.

e The saliency signal should be less sensitive to operation points.

According to these three principles, comparisons between primary and secondary saliency sig-
nals are performed.

Firstly, it can be found in (5.1) that both primary and secondary saliency signals contain
the rotor position information. There is no difference for both saliency signals. However,
the secondary saliency signal has higher order and thus is of more precise resolution than the
primary saliency signal.

Secondly, the saliency ratio of a cwSPMSM is D = 1.7. The secondary saliency signal has
an obvious higher SNR than that of the primary saliency signal.

Finally, the primary saliency signal can be influenced by the cross-saturation and especially
by secondary saliency signals. On the contrary, the secondary saliency signal is a structure-
induced effect and it is less sensitive to operation points.
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Figure 5.16: Decoupling of the primary saliency signal with ANF.

5.3.1.2 Secondary saliency tracking

Based on the previous analysis, the advantages of utilizing the secondary saliency signal for po-
sition estimation is clear. The SST method can operate also with the PLL as shown in Fig. 5.15.
The comparatively weak primary saliency signal can be eliminated by two individually designed
filters: a BPF and an adaptive notch filter.

Firstly, note that, a benefiting characteristic of the secondary saliency signal can be utilized:
it rotates in a different direction compared with the primary saliency signal [58]. This makes it
easier to extract only the secondary saliency signal through a specially designed BPF which lo-
cates in the upstream of the PLL as shown in Fig. 5.15. Its design procedures will be introduced
in the following subsection. After the attenuation of the primary saliency signal by this BPF, the
saliency ratio D becomes greater than 2 (D~! < 0.5) and then the stability of the decoupling
method is valid again, which means the primary saliency signal can be decoupled effectively.

Secondly, in order to further eliminate the effect of the residual primary saliency signal at
very low speeds, an ANF mentioned in [75] is adopted between the demodulator and the PLL
as a supplement. The structure of the ANF is illustrated in Fig. 5.16. It is of simple algorithm
and only one parameter p is needed. p is set with 0.005 (it behaves like the PI parameter and has
no unit) in practice. The ANF can adaptively change its output in accordance with operation
points so that the primary saliency can be effectively decoupled.
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5.3.1.3 Band pass filter design

Because the different rotations of the primary and secondary saliency signal result in different
NSC signals, when the frequency of fundamental current is f. = 10Hz, 6, = 27(10Hz)t,
w, = 2m(1kHz), these two saliency signals are

]chBj(—wct+26’e+<p2—7r/2) _ IchGj(QTr(—QSOHZ)t+<p2—7T/2) (525)

lcn4ej(—wct—495+g04—7r/2) _ Icn46j(27r(—1040Hz)t+<p4—7r/2) (526)

From (5.25) and (5.26), it can be seen that with an increase of the fundamental frequency,
the frequency difference between the primary and secondary saliency signals also increases.
Moreover, they locate in different sides of the injected frequency, which can be utilized to
separate one from another by a specially designed BPFE. With the help of filter design functions
in Matlab and a cascaded Second Order Sections (SOS) filter as shown in (5.27), it is convenient
to implement a digital filter with any-order and any-expected performance. The final SOS filter
needs only an L(rows)-by-6(column) matrix containing the coefficients of each second-order
section in its rows (5.28).

L L

bow + bigz ™" + bopz 2
H(z) = H.(z) = (5.27)
( ) g’H k< ) g]:!_‘[l 1 +a1kz—1 —|—CL2]€2_2

bor b1 by 1 an ax

502 bia by 1 ajp ag

SOS = | . i .. ) (5.28)
bor, bir ber 1 air aop

According to the previous analysis, an elliptic bandpass filter that has a steeper cut-off char-
acteristic than the others is designed and the bode diagram of this example is shown in Fig. 5.17.
The pass-band frequency is [ f. f.+4f.] and f. locates in the left edge. This BPF can extract only
the secondary saliency signal at a positive speed. In Fig. 5.15, it is i%,, = Z~'{ H(z)}ij, where
Z~! represents the inverse Z transformation. When the speed goes to negative, the rotations of
both saliency signals change their signs, that means the NSC is i5, . = i3, — 27 {H(2)}i5,.

The designed BPF guarantees that the secondary saliency signal can be fully extracted out
from current signals and meanwhile the magnitude of the primary saliency signal is attenuated
greatly. The results of the NSC using the newly designed BPF are shown in Fig. 5.2(b) and
5.2(d). Itis clearly seen that the secondary saliency signal dominates all saliency signals, which
ensures a better SNR of the secondary saliency signal and a successful rotor position estimation
based on the SST method. With the aid of the ANF demonstrated in Fig. 5.16, the primary
saliency signal can be even suppressed so that the SST method works better.

5.3.1.4 Initial position estimation

Initial position is important for starting a PMSM. For the tested cwSPMSM, the secondary
saliency signal rotates four times as the rotor flux completes one revolution. Therefore, similar
to the fact that the primary saliency (2nd) signal solely cannot identify the N and S magnetic
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Figure 5.17: Specially designed BPF (Sampling frequency is 16kHz).

poles of the rotor, the secondary saliency signal solely cannot distinguish any two angles with
a m/2 difference (or nm/2, where n = 0, £1, 2 total 4 points). In this work, an initial position
estimation based on the —4th saliency signal is proposed and the 4 convergence points are
clearly distinguished as illustrated in Fig. 5.18.

During the initial position identification procedure, the +d axis pulse excitation method men-
tioned in [28] is extended for distinguishing another 2 points i.e., 7/2 and —7/2 away from the
N pole. o is a threshold of the +d and —d axis current difference. If b6 converges to the N or
S pole, o should be large enough. On the contrary, if 6o converges to 7/2 and —7 /2, o should
be small since the flux path is vertical to the main flux. In this case, a 6, — 7/2 correction of
the park transformation is adopted to make the estimated position return to the N or S pole and
then the same procedure will be done again. Once the initial position is corrected, it is ready to
start the machine with a sensorless closed-loop control. In practice, o = 0.21A is set through
trial and error tests.

5.3.2 Experimental results

The open loop estimation result (encoder measured position and speed are fedback to the FOC
controller) of the primary saliency tracking method for the cwSPMSM was shown in Fig. 5.19,
in which 6, and 6, were included. Because the SNR of the secondary saliency signal is much
higher than that of the primary saliency, the frequency of 0, is twice the frequency of .. More-
over, they have opposite directions which results from the rotation difference of these saliency
signals. The result illustrated that the primary saliency tracking method fails for a cwSPMSM
because of its lower SNR and it is in accordance with the previous analysis.

To verify the sensitivity of the SST method to machine operation points, the load-dependent
position estimation error of the SST method was compared with that of the MSI method. The
experimental results of the comparison were shown in Fig. 5.20, where the red line is for the
SST method and the blue line is for the MSI method. It can be observed from this figure that the
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load-dependent error of the SST method is only half of that of the MSI method, which validated
the insensitivity of the proposed SST method. In practice, the error was compensated by the
LUT that was built according to the data in Fig. 5.20.

As analyzed before, the estimated 6. of the SST method at standstill may converge to 3
wrong points: +7/2 and 7 away from the correct position (N pole). Therefore, in order to
verify the proposed initial position estimation method, experimental results of corrections at
—m/2 and 7 were shown in Fig. 5.21(a) and 5.21(b), respectively. A flag is defined in the first
sub-figure to illustrate the different stages in Fig. 5.18. Its values O, 1, 4 and 3 represent the
acquisition of ée, 7 and 0, £7/2 and the final correction stage, respectively (2 is reserved for
another purpose). From Fig. 5.21, the difference of ¢ for these four convergence points is clear.
The proposed initial position estimation method works well without load. Nevertheless, the
frequencies of both saliency signals are zero at standstill and thus the designed BPF does not
work. With the increase of load, the initial position estimation method becomes more sensitive
to load and unstable. As a result, only a slight load (below 10% rated load) can be applied to
the cwSPMSM at standstill right now. Further research will focus on the improvement of the
zero-speed performance.

To verify the decoupling effectiveness of the ANF, a sensorless closed-loop test at 20 rpm
(0.0067p.u.) with 50% rated load was done and the results were delivered in Fig. 5.22. From
0 second to 3.5 second, the ANF was disabled and the 5,3 was great and reached near 0.2 rad.
From 3.5 seconds on, the ANF was enabled. The QNG became smaller than 0.1 rad. The test
demonstrated that the ANF works well and is especially important for very low speed range
sensorless control.

The speed tracking performance of the SST method was shown in Fig. 5.23. The speed
command varied from 0 to 200 rpm and then back to 0. During the acceleration and deceleration
transients, the w, is below 10 rpm and the ée is below 0.2 rad. At the steady state of 200 rpm,
both @, and 6, are around 0. When the speed goes higher than 200 rpm, a model based method
can substitute the proposed SST method. The hybrid whole speed range sensorless control will
be the topic of further work.

The proposed SST method for a sensorless closed-loop estimation was tested at 100 rpm
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Figure 5.23: Sensorless closed-loop performance from O to 200 rpm without load.
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(0.03pu) speed with a rated-load. The measured speed w,. and position 6., the estimated speed
w, and position 0., the position error § and ¢ axis current 1, were presented in Fig. 5.24. The
peak value of the position error of 6 was less than 0.1 rad and the average value was almost
zero. The test proved that the SST method has a comparable estimation performance with other
traditional sensorless methods.
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Figure 5.24: Sensorless closed-loop performance at 100 rpm speed with a rated load using the
SST method.

Another system dynamic performance of the SST method was observed by implementing
a low speed reverse test with a rated load. The speed reference varied from -100 rpm to 100
rpm. The rated load, produced by the load induction machine, kept the same direction for both
speeds. The results were given in Fig. 5.25, which includes the same parameters as in Fig. 5.24.
The highest 6 is about 0.17 rad, while the mean error of 6 at steady state is less than 0.07 rad.

5.3.3 Conclusion

This section proposed a secondary saliency tracking method for machines with strong multiple
saliencies. The experimental investigation of the saliency behavior of the cwSPMSM has il-
lustrated the possibility of utilizing a secondary saliency signal instead of the primary saliency
signal for extracting rotor position information.

A specially designed BPF enhanced the estimation performance of the proposed SST method.
It is convenient to be implemented in most existing digital controllers. Meanwhile, the initial
position estimation is done by extending the + d axis pulse excitation method to differentiate
4 convergence points. The proposed SST method shows accurate estimation results and is
less sensitive to operation points.Theoretical analysis reveals that the proposed method is not
restricted only for the cwSPMSM but can be applied to other AC machines.
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Figure 5.25: Sensorless closed-loop performance from -100 to 100 rpm with a rated load.

5.4 Repetitive control method

In this section, a novel Repetitive Control (RC) based sensorless control method, which is
straightforward and machine parameters-independent, is proposed. The traditional RC method
aims to solve the periodic control problem in a time domain but it can be extended to an angle
domain. The concept of angle domain RC is applied to compensate the additional secondary
saliency signal of a cwSPMSM which is a periodic function of the rotor angle [76]. The pro-
posed RC is easy to implement and requires less computational effort compared with other
methods based on the time domain. The proposed decoupling method is then applied to the
cwSPMSM. The contributions of this method are addressed as follows:

* anovel RC method based on angle domain RC is proposed, and it is effective regardless
of the saliency ratio;

* a nonlinear gain learning method is adopted to avoid the interference from strong noisy
environments.

5.4.1 Repetitive control in time domain

The principle of RC originates from the internal model theory. That is, the controlled output
can track a set of reference inputs without steady-state errors only if the model that generates
these references is incorporated in the stable closed-loop system. For example, when the system
is required to have a zero steady-state error to a step input, the model of the step function (1/s)
should be also included in the loop gain. Similarly, if a periodic disturbance is injected into the
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system, the controller itself also needs to generate the same periodic signal to compensate for
it [77].

|£*

Y
)
O

&

I
2
fab)
=

+

Figure 5.26: The structure of a Plug-in repetitive control.

The RC is usually implemented as a plug-in module to the primitive controller [78], shown
in Fig. 5.26. In the presence of high periodic disturbance, the steady-state error can not be
eliminated due to the limitation of the bandwidth of the regulator and the lack of a disturbance
model in the closed-loop system. Therefore, the RC is inserted into the original control loop as
a supplement to compensate the external periodic disturbance [77].

5.4.2 The design of RC in angle domain

For the cwSPMSM under test, although it is a surface-mounted permanent magnet type, it
shows a remarkable saliency ratio by using the rotating HF signal injection method at standstill
and low speed owning to its special stator windings, which has been demonstrated already in
previous sections. In this section, the same demodulation as explained in Fig. 3.4 is adopted
and its output NSC is

(e te2=m/2) 4 [ oI(—A0etpa—m/2) (5.29)

cn 7
/I’dqc - cn26

e i(20+0:-7/2)  |g

Figure 5.27: The proposed Plug-in repetitive control in an angle domain.

The error signal <., is obtained by taking the cross-product between the measured current
452, and the estimated current 57, = €/(2<*%277/2) _expressed as
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Figure 5.28: Realization of RC in the angle domain.

berr = Kot X 850 = Lo sin(2(0e — 0.)) + Lnasin(—46, — 20, — Ayp) (5.30)

-~

dne

where K, is a proportion parameter and can be taken into account in the magnitudes of /.,
and /.,4. When 6, tracks 6., the estimated position contains a 6th-order harmonic disturbance
dne in (5.30) relative to the rotor electrical angle. Its period in angle domain is obtained as
below

27 ™
Op = — = — 5.31
T="F =3 (5.31)

where O is a periodic constant in angle domain. Every time i.,, is sampled together with
ée. When ée approaches 6., RC generates an output 2zc to approximate d,s, which is then
subtracted from the input of the PLL. Gradually, the 6th-order harmonic disturbance can be
totally compensated by RC if the term ., reaches zero.

The z-transfer function of RC, shown in Fig. 5.27, is given by

70
701 — F1

where the F} is a LPF which increases the stability of RC. To avoid the influence of the strong
noise at steady states, an adaptive nonlinear gain f(e) expressed in (5.33) is adopted inside the
Kpre. When the error i, is large, the gain is also large to accelerate the convergence and vice
versa [79]. When the error is under the uncontrolled error limit, the gain becomes zero and
learning process stops.

RC(2) = Kne (5.32)

1 |Ger| > 02,
fe={ msllel =) 0 <lig,| < d, (5.33)
0 e < 0.
The gain K rc is expressed as
Kro = A X f(e) (5.34)

where A is the amplitude that regulates the speed of convergence.

In order to implement the proposed RC in a digital controller, a discrete RC should be de-
signed. The angle period 7/3 is divided into N components equally, shown in Fig. 5.28, and
each component has a length of A¢ = 7/(3N).
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Figure 5.29: Flow chart of calculation of the proposed RC.

To describe the proposed RC more clearly, Fig. 5.29 shows detailed processes at k7. At
every sampling instance, the calculations of the proposed RC consist of a one-order LPF, a
modulo operator to determine the location of 6., a multiplication and an addition to update the

storage array i..,. A limitation will restrict the output of RC.

— 67 —

< <

£ g

4T —

> <>

< 2§ <
0

0.8 1

A

04 0.6 0.8 1 0 0.2
Time[s]

0.4. 0.6
Time[s]

(a) PLL without proposed RC. (b) PLL with proposed RC.

Figure 5.30: Comparison of PLL without and with RC at 40 rpm.
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(a) PLL without proposed RC at 100 rpm. (b) PLL with proposed RC at 100 rpm.

Figure 5.31: Comparison of PLL without and with proposed RC at 100 rpm.
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(a) PLL without proposed RC. (b) PLL with proposed RC.

Figure 5.32: Comparison of dynamic performance under step half rated torque at 100 rpm.

5.4.3 Implementation and experimental results

5.4.3.1 Application of the proposed RC

There are three steps to train RC. Firstly, the cwSPMSM runs with an encoder closed-loop
control in order to reach a steady state. Secondly, the RC begins to learn based on its estimated
position rather than the encoder provided position. After several periods of learning, the RC
can generate an exact disturbance signal to compensate the existing one. Finally, the data of the
generated disturbance signal is stored by the software. After the leaning process, the system
can switch to the sensorless closed-loop control with an RC compensation.

The frequency and magnitude of the rotating HF voltage are 455 Hz and 10 V respectively.
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(a) PLL without proposed RC. (b) PLL with proposed RC.

Figure 5.33: Comparison of dynamic performance under step speed change with half rated
torque.

The parameters of the PLL are: Kp = 600, K; = 8000, K, = 0.26. The cutoff frequency of L,
is 27 Hz. N = 300 is selected in the experiments through trials. The RC gain Kr¢, according
to experimental adjustment, is set with 0.1 in the experiments. d-axis current reference is 3 A
(to increase saliency ratio) and the motor operates under sensorless speed closed-loop control.

5.4.3.2 Experimental results

Position tracking performance of the PLL without (Fig. 5.30(a)) and with (Fig. 5.30(b)) RC at
40 rpm (f. = 2 Hz) with half rated torque (about 3.6 Nm) is illustrated. It can be seen from
Fig. 5.30(a) that both the real position and the estimated position contain a 6th-order harmonic
(12 Hz). The magnitude of 6th-order harmonic is approximately 0.2 rad. After adopting the
proposed method shown in Fig. 5.30(b), the real position and the estimated position become
much smoother and the magnitude of 6th-order harmonic is near 0.

Fig. 5.31 shows the similar results as demonstrated in Fig. 5.30 but at 100 rpm (f. = 10 Hz).
The 6th-order harmonic (60 Hz) is also suppressed effectively.

Fig. 5.32 shows the results of using the PLL without RC (Fig. 5.32(a)) and with RC
(Fig. 5.32(b)) under a step change of half rated torque at 100 rpm. Although the original
PLL can track the step change, the estimated speed and current contain many harmonics in
Fig. 5.32(a) due to the high ripple of the estimated position. By adopting the PLL with the pro-
posed RC, the ripple of the estimated position, estimated speed, and g-axis current is reduced
in Fig. 5.32(b).

The dynamic performance of the step speed change with half rated torque is shown in
Fig. 5.33. When speed command steps from 100 rpm to 200 rpm are applied, using the pro-
posed method, the estimated position, the estimated speed and the g-axis current shown in
Fig. 5.33(b) (PLL with proposed RC) become more accurate than these in Fig. 5.33(a) (PLL
without the proposed RC).
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5.4.4 Conclusion

In this section, a novel repetitive control method is proposed to decouple the secondary saliency
in sensorless controlled cwSPMSM drive. The method is parameter independent and requires
less computational effort compared with the existing decoupling methods. Only the frequen-
cies of multiple saliencies are needed, which can be easily acquired by advanced experimental
analysis. This method is valid for all AC machines and can also be applied for machines with
three or more saliencies with repetitive control in parallel mode. The application of this novel
decoupling method is done with a cwSPMSM and the results validate its effectiveness.

5.5 Summary

In this chapter, three saliency based sensorless methods are proposed for solving the multiple-
saliency problem of a cwSPMSM. They are Multi-Signal Injection method, Secondary Saliency
Tracking method and Repetitive Control method. These methods view the problem from dif-
ferent perspectives but lead to the same destination. The MSI method is a combination method
and it utilizes the frequency-dependent characteristic of saliency signals. On the contrary, the
SST method is a decoupling method and it is realized based on the rotation difference of dif-
ference saliency signals and specially designed filters. The RC method is another decoupling
method and it adaptively models the unwanted saliency signals that are periodical functions of
rotor position. It is a general decoupling scheme and can be further extended to other similar
situations.
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CHAPTER 6

Fundamental model based sensorless method

In the previous Ch. 5, the saliency tracking based sensorless method has been introduced ex-
clusively for the tested cwSPMSM at low speed and standstill. However, when the speed goes
higher, it is mandatory to switch to a fundamental model based method that has lower energy
consumption and higher accuracy. In other words, a hybrid scheme is the complete solution
for the whole speed range sensorless control. In this section, three fundamental model based
sensorless methods that are already introduced in Ch. 2 are comparatively investigated and
experimentally verified for the higher speed range. They are the Model Reference Adaptive
System (MRAS), Sliding Mode Observer (SMO) and Extended Kalman Filter (EKF).

6.1 Model reference adaptive system

The structure of MRAS has been described in Fig. 2.6 and the basic design principle is explained
as well. We know there are various types of MRAS. In this section, a current-error based MRAS
is chosen for the position and speed estimation.

(3.37) gives the matrix form of a PMSM model in the d — ¢ frame. It can be rewritten as

_WEL_(I

0
o ] .6

If we redefine the state variable as @ = [x1; x5], input variables as u = [uy; us| and output
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variables as y = [y;; yo] for the system description [42],

; Ypm
‘7’/‘ paat A7
z = ||| 6.2)
) Zq
[ T [ ug Rsipem
w = ||| T 6.3)
| Y2 i Lq
L -
n 0 T1
y - N R | (6.4
RE 0 7 T

The new system is adopted as the reference model (actually it is the machine itself and only
the output y is useful for MRAS) and it can be describes as

d _ | TR YL + — Az +u. (6.5)
dt | a9 _weL_Z _L_: T2 U

The adjustable model containing the estimated W, is exactly the same as the reference model.
It is shown in

N B Rs ~ L N
L Y = B2 o + u1 — Az 4 u
dt | iy ke B ] g u ’
L € Lq Lq 2 2
- L, X
. Y1 o 0 Ty
| Y2 Tu 2

The principle of the MRAS observer is to compare the outputs of the adaptive model and
reference model and then use a mechanism to make them equal to each other. The estimation
error of the state variable e and the output €, are determined by

. Upm 2 Ypm .2
e — CC—:f:: 7’d_’— Ly Zd+ Ly _ 1q 1q
. A . A )
i lq lq lg — 1q
B Ld A, Ld
B . L_q 0 1 — I . L_q O 67
i Tu To — T2 Tu

Then the estimation error dynamics is given by

d - ~ .
ge:Aw—Azﬁ:Aa:—Az?;—i—A:i—A:i::Ae+(A—A)z?3:Ae+p. (6.8)

The goal is to make the estimation error converge to zero. In this case, when the hyper-stability
criterion

t1
n(0,t) = / e, pdt > — : ;% >0 (6.9)
0

we_(ﬁe

t1 t1 t1 R
n(0,t;) = / e, pdt = / e, (A—A)zdt = / e, (A—A)z
0 0 0

t1
= / e Ap®(Wwe — &) dt > —72 Y0 > 0. (6.10)
0

we_(ﬁe
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is fulfilled [38], the MRAS is stable and the estimation goal can be achieved. Usually, this can
be guaranteed by applying a PI type controller

t1
we = K / e, Aa dt + Kp - €, Ao + ©(0). (6.11)
0
Substituting (6.3) into (6.11), we get
t1
W = K / [z’diq —liglg — wﬂ(z’q - z'q)] dt
0 Lq
+Kp - [icﬁq — iglg — wﬂ(iq - iq)} + & (0). (6.12)

Lq

The rotor position can be estimated by integrating the estimated speed

A tl A
ee:/ e dt + 6(0). (6.13)
0

6.2 Sliding mode observer

The SMO is widely used because of its simple algorithm and robustness. The general structure
of an SMO has been shown in Fig. 2.9. In this section, because an oo —  frame based SMO will
be introduced, the original PMSM model in this frame is derived by substituting (3.23)-(3.24)
into (3.22) and shown as

di,, )
Lsé = Uq — RsZa — €Eq,
di )
Lsd—f = ug — Ryig — e, (6.14)

Ca = _¢PMw681n967
eg = Ypmw,cosl,,

where Ly = L, = Lg = Ly = L, since an SPMSM is considered only in this work.
The SMO for the position and speed estimations is demonstrated as

di,, - -
Lsé — o — Ritn — kF (1 — ia),
d/i\ﬁ ~ ~ )
LSE =ug — Rslﬂ — /{ZF(ZB — Zﬁ), (6.15)

b = kF (iq — ia),

és = kF(is — ig),
where k is a constant and F(x) is the switch function. In a traditional SMO, the switch function
sign is commonly used. However, it causes chattering problems. To avoid this problem, an
improved SMO is proposed in [80] and presented in this section. The switch function is replaced
by a sigmoid function, which is shown as

2

F(x):[m

-1, (6.16)
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where a is a constant.

Comparing (6.15) with (6.14), it is clear that the back EMF terms e, and e can be estimated
by the kF' (zAa —i4) and kF(jl\ﬁ — i), respectively. However, these estimates contain HF ripples
and can not be applied directly for position calculation. Thus, another back EMF observer is
further proposed in [80] to solve this problem. It is described as

d/\a AN ~
% = —Weg — l(eq — €a),
e
% = 08, — (65 — ep),
do (6.17)
Ve (G — ea)Es — (€5 — e5).
dt a a)Es B B)Ca;
= —arctan(i—a).

€s
where [ is the observer gain. The stability of both observers, SMO and back EMF, can be

found in [80]. In this work, the introduced SMO serves only as a standard SMO example for
comparison.

6.3 Extended Kalman filter

EKEF is an optimal recursive estimator, which can be used for estimating the states of nonlinear
systems [81]. The general structure of the EKF has been presented in Fig. 2.8. The system state
equations are expressed as

#(t) = flz(@)] + Bu(t) + w(t),

y(t) = Ca(t) +v(t). (6.18)

where w(t) and v(t) are system noise and measurement noise with covariance Q(¢) and R(?),
respectively. wu(t) and y(t) are the input and output variables, respectively. The initial state
vector x(tg) is expressed as a Gaussian random vector with covariance P,. B is the input matrix
and C is the output matrix. f(z) is the system transition function.

In a digital controller, the system state equations should be converted from a continuous form
to a discrete form. Therefore, the discrete state equations are derived as

T = f(rp—1) + Bugp_1 + wr_1

6.19
Y = Cxp + vy ( )

where the subscript £ and k£ — 1 represent the k-th and (k-1)th instance, respectively. Other
symbol definitions are the same as (6.18)

The EKF algorithm contains two steps: a prediction step and an innovation step. The pre-
diction step performs a prediction of the state vector x;/,—; and the error covariance matrix P
based on previous estimates xj_1 /1. It is described as

Tkt = Tho1/k—1 + [lTe-1/p—1, u(k — 1)]T

(6.20)
Pipo1 = JeaiProimdi s + Q,
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where flxy_1/p—1,u(k —1)] = flzr_1/k-1] + Bu(k — 1), and the Jacobian matrix is defined
0T k1

0Tk _1/k1

respectively. 7 is the sampling period.

asJ,_1 = . P and Q denote the error covariance matrix and the system noise matrix

The innovation step updates and corrects the predicted state estimate x;,/,—; and the covari-
ance matrix P. It is represented by

Tk = Thk—1 + Ki(yp — Cp/p-1)

(6.21)
Pijk = Prj—1 — KiCPy 1,

where the EKF gain is defined as K, = P /,_1C* (CPy/,._1CT + R)™.

In order to estimate the rotor position and speed, the o — 3 frame based machine model is
chosen. The corresponding matrices are

Up = [ua Ug]T (6.22)
o= [ia 15 @ 6 (6.23)
v = [ia 5] (6.24)
rl
£ 0
0 L
B = L. 6.25
00 (6.25)
0 0
(1 0 0 0
C= (6.26)
010 0

r_Rs; DeVPM i f) 1
Tola + =3 sind, + - Ua

R We¥P M ) 1
— g — LUPM oogf), + —u
flau)y=| B7 L ¢ TLP (6.27)
0
L We
_1—%Ts 0 w%MsinéeTs wf—SMLDecoséeTs
J = 0 17%2Ts fwf—SMcoséeTs w’L’SM QesinbeTs | . (6.28)
0 0 1 0
L 0 0 Ts 1
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The initial values of P, Q and R are chosen as

001 O 0 0
0 001 0 O

(6.29)
0 0 200 0
0 0 0 10
002 0 0 0
0 002 0 0
(6.30)
0 0 400 0
0 0 0 02
(02 0
6.31)

0 0.2

6.4 Theoretical comparison of MRAS, SMO and EKF

In previous sections, the implementations of MRAS, SMO and EKF are introduced. The the-
oretical comparison of these three estimation methods is performed in this section so as to
demonstrate their similarity as well as their difference. They are listed in Table 6.1

Feature MRAS SMO EKF
Coordinate d—q a—pf a—p
Convergence Popov | Lyapunov | Lyapunov
Computation effort | Middle | Simple High
Initial values - - PQR
Tuning parameters | Kp, K k,l -

Table 6.1: Theoretical comparison of MRAS, SMO and EKF.

6.5 Experimental comparison

6.5.1 Estimation accuracy and limitation

The speed step and load step experimental results of all the three sensorless control methods are
given in Fig. 6.1 and Fig. 6.2, respectively. The w,, w., @, and 0. are shown in each figure. The
machine parameters used in each method are the same and they are listed in Table C.3.

From Fig. 6.1 and Fig. 6.2, it can be observed that the EKF shows the best performance in
both dynamic state and steady state among these three methods. The position estimation error
0. of the SMO is the biggest and that of MRAS is in the middle.

The minimal speed at which the observer still works is experimentally detected. The corre-
sponding values are listed in Table 6.2
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Figure 6.1: Speed step performance comparison (200 rpm-500 rpm-200 rpm).

(b) Speed step performance of SMO
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(c) Speed step performance of EKF
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Figure 6.2: Torque step performance comparison (0 N.m-7 N.m-0 N.m).



6.6. HYBRID SENSORLESS CONTROL 93

Observer | we[rpm] |7}, = 0Nm | we[rpm] |7}, = 1 Nm
MRAS 100 150
SMO 100 160
EKF 80 100

Table 6.2: Minimal Speed.

6.5.2 Parameter dependence and comparison overview

In order to detect the parameter tolerance range of these sensorless methods, the parameter
dependence tests are done by varying the respective parameter value form 50% to 150%. The
criteria is to check if the position estimation error is within the area of [-0.2 rad, 0.2 rad]. The
experimental results are listed in Table 6.3

Observer AR, AL A Upy

MRAS |05-1,3(05-1,5]0,5-1,0
SMO 05-1,107-1,1 -

EKF 05-1,5/05-1,5[05-1,5

Table 6.3: Observers’ parameter dependence range.

Finally, an overview of a comprehensive comparison is given in Table 6.4. It shows that
the EKF has the best performance among these three observers but it consumes the most re-
sources of the digital controller. The other two observers that bring less calculation burden to
the controller demonstrate similar behavior.

Experiment MRAS | SMO EKF
tracking overshoot large middle small
tracking accuracy good good good

minimal speed high high low
parameter dependence | robust | sensitive | very robust

speed reversal good bad good

anti-noise ability high low high

Table 6.4: Overview of experimental comparison.

6.6 Hybrid sensorless control

To perform a smooth transition between the saliency tracking based method and the fundamen-
tal model based method, a hybrid scheme should be adopted. The estimated position angle is
obtained with a linear combination of results. The switching strategy is the same with [37].
Particularly, when the transition is from high speed to low speed, the estimated position signal
0., from the saliency tracking based method should be corrected by 0. from the fundamental
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Figure 6.3: Hybrid sensorless control performance SST+MRAS, transition region 200 rpm-250
rpm.

model based method on account of its uncertainty of polarity information. Afterward, the con-
trol system will turn to the saliency tracking based method. A successful experimental result is
illustrated in Fig. 6.3 combining the MSI method and MRAS method.

6.7 Summary

In this chapter, three fundamental model based sensorless methods are introduced as necessary
supplements to the proposed saliency based sensorless methods in Ch. 5, which is only appro-
priate for the low speed range and at standstill. They are Model Reference Adaptive System,
Sliding Mode Observer and Extended Kalman Filter. The design procedures of each observer
are introduced in detail. In addition, the theoretical and experimental comparisons are sum-
marized in respective tables. They reveal that the EKF shows the best estimation performance
among the mentioned three methods at the cost of increasing calculation burden of the con-
troller. The choice of the fundamental model based methods is highly application-requirement-
dependent. Finally, a hybrid sensorless control scheme is introduced in this chapter and the
transition performance is satisfactory.
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CHAPTER 7

Multi-parameter identification

For the implementation of the sensorless PMSM control in the middle and high speed range,
fundamental-model based methods are intensively investigated and applied in industry prod-
ucts. However, an obvious drawback of these methods is the high dependence on the accu-
racy of the machine parameters. Fortunately, two popular parameter estimators, MRAS and
EKF, can remedy this disadvantage. In this chapter, the multi-parameter estimation for these
two estimators is theoretically analyzed and experimentally compared in an identical sensorless
controlled PMSM drive where an improved Active Flux Observer (AFO) is proposed for the ro-
tor position and speed estimation. The AFO exchanges mutually the estimated parameters with
MRAS or EKF. The corresponding issues like identifiability of parameter, inverter non-linearity
compensation, steady and dynamic performance of both estimators are discussed. Finally, the
comparative studies are verified by experimental results.

7.1 Introduction

In the fundamental model based sensorless observer, machine electrical parameters (e.g., the
stator resistance 7, rotor permanent flux ¥py and inductance L) are usually treated as con-
stant values regardless of the operation point. In reality, however, they change with the load,
temperature and saturation. As a result, the on-line [50, 51] or off-line [47, 48] parameter es-
timation becomes necessary so as to make the system itself adaptive to parameter variation.
Moreover, the parameter estimation is more important for a fault prediction/detection or sys-
tem health monitoring [82] in the application of PMSMs like aerospace, remote control. Thus,
the parameter estimation can strengthen the robustness of the system especially in a sensor-
less controlled PMSM drive system. The existing parameter estimation methods were usually
verified by comparing the estimated value with its nominal value. However, they were not ap-
plied adaptively in the controller to further validate its effectiveness. Moreover, in most existing
publications, only a single parameter estimation was verified in the sensorless controller. The
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multi-parameter estimation is still a suspending problem needed to be evaluated. In this chapter,
two popular on-line multi-parameter estimators are theoretically analyzed and experimentally
compared in the sensorless controlled PMSM drive to demonstrate their advantages and disad-
vantages. The conclusions are beneficial for choosing an appropriate parameter estimator in a
specified application.

The structure of MRAS is demonstrated in Fig. 7.1(a). Note that, although Fig. 7.1(a) and
Fig. 7.1(b) look the same as Fig. 2.6 and Fig. 2.8, they estimate different parameters: R,
vpm and L,. The applications of MRAS can be found in [52, 55, 56] where different adaptive
controllers were adopted taking advantage of the flexibility of the MRAS design principle.
Particularly in [55], a hybrid sensorless method combining an MRAS and an alternating HF
signal injection (HFSI) method was proposed for the PMSM. The estimation error signal €
generated by the alternating HFSI method was brought into the adaptive controller of the MRAS
as an auxiliary correction factor when the speed of the PMSM was low. The R, and vpy; were
estimated separately in a different speed range. In [56], another similar parameter estimation
scheme for the PMSM was proposed as well: 6. and R, estimation at low speed range, . and
1py estimation at higher speed range. In [83], two MRAS were connected to estimate 1py;, R
and 6, of the PMSM simultaneously. One of them was in charge of ¥py, I estimation and
the other for . estimation. These two MRAS exchanged bidirectionally their outputs in each
step. The experimental results, however, were not provided to verify the effectiveness of the
interconnected MRAS system. The parameter identifiability that is paramount for defining the
test condition was not mentioned in all previous mentioned papers.

'
Adjustable Model |Controller

(a) MRAS observer. (b) EKF observer.

Figure 7.1: Observer structures of MRAS and EKF.

The other on-line parameter estimator is the EKF, whose structure is illustrated in Fig. 7.1(b)
as well. Comparing Fig. 7.1(a) with Fig. 7.1(b), the difference between these two parameter
estimators is obvious. The estimator gain matrix K of the EKF is adaptively calculated at each
step, while the adaptive controller of the MRAS is normally realized by a fixed PI controller.
The EKF based parameter estimator can be found in [42,52-54]. Especially in [54], two kinds of
EKEF, the current based or stator flux based EKF were analyzed and listed in a table considering
different state variables, which gave a comprehensive introduction to the possibilities of EKF in
the parameter estimation of PMSMs. However, the estimation results of the EKF in the papers
mentioned above were not applied in practice to validate their effectiveness.

In order to validate the effectiveness of the estimated results form both MRAS and EKF, an
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improved Active Flux Observer is designed for sensorless control of a PMSM. The AFO is in
charge of the position and speed estimation and it exchanges mutually the estimated parameters
with MRAS or EKF. The steady state and dynamic performance of parameter estimations in the
sensorless controlled PMSM drive are experimentally verified. The multi-parameter identifia-
bility and compensation of the non-linearity of the inverter have been discussed in this chapter
as well.

7.2 System description

Fig. 7.2 is the detailed version of Fig. 5.1 and shows the detailed structure of a sensorless
FOC controlled PMSM system. It utilizes the AFO to estimated ée and @,. As demonstrated
in Fig. 7.2, MRAS and EKF are adopted to estimate the L, R and vpy, which are required
parameters in the AFO. Meanwhile, the 0, and &, estimated by the AFO are fed to the MRAS
or EKF.

Upc
)
PI PI Vo
Whres @‘ : Yaref @ : Ugref dq Uq v
S e ws  |PWM -
Ldref s o : WUdref B B
éc%
i(l dq < Z'O‘ (Yﬁ - 7:[‘
iy
L af l—2 | Jviw |
Oe Uq UG
@e AFO i i PMSM
éc UAJP[ [ l:/,. L’A'/,,‘\,
R
MRAS/EKF

Figure 7.2: Overview of a sensorless PMSM control system.

7.3 Parameter estimation

In order to make the sensorless control system more adaptive to the variation of machine pa-
rameters, the aforementioned two on-line estimators MRAS and EKF are comparatively inves-
tigated in the existing sensorless PMSM drive employing the AFO.

Firstly, the parameter identifiability of a PMSM is discussed and the prerequisite for the
simultaneous multi-parameter estimation is summarized as well. Secondly, the multi-parameter
identification theory and the detailed mathematical calculation procedures of each estimator are
introduced. Finally, the theoretical comparison between MRAS and EKF is performed, which
is beneficial for choosing an appropriate estimator in specific situation.
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7.3.1 Identifiability

The extended dg-axis equations of the PMSM considering parameter variation are expressed as

did S . + . +
—_— = ——1 Wel —U
dt L., ° 1T,

diq — iy — Wel —l—iu —w
dt L, % et
dR,
dt
dL,
dt
dipm
dt

Vprym
e Ls

I
o

I
o

I
e

(7.1)

We assume that the parameters change slowly compared with the current (unsaturated condi-
tion). As a result, only the first two equations in (7.1) are independent and can be used actually
for parameter estimation.

In order to analyze the parameter identifiability, the dg-axis steady state equations can be
further derived from (7.1) as (7.2) considering only the measurable quantities ¢4, 7, with discrete
time index

wa(k) = Reda(k) = Luwso (k)i (k)
uq(k) = Rsiq(k) + ste(k)id(k) + wPMWe(kj% (7.2)

where k represents the k-th time instance in the control system.

Owing to the rank-deficient problem of the PMSM’s state equations, the multi-parameter (>
3) estimation is impossible and a maximum of two parameters are simultaneously identifiable
[84,85]. Moreover, some further conclusions can be made:

e If 7, = 0 control is applied for the control of a SPMSM, it worsens further the rank-
deficient problem and makes the simultaneous estimation of R, and 1) py; impossible.

o Ifi, = 0 (without load), the simultaneous estimation of L, and ) pj is impossible as well.
Moreover, if the speed w,. of the PMSM is low and without load, only R, is identifiable.

e The accurate estimation of R, and L, can be done only when iq # 0, i, # 0 and w, is
high enough.

It is clear that any two parameters can be simultaneously estimated only if specific conditions
are satisfied. Therefore, a selection has to be made according to the demand of the particular
control system. The aforementioned identifiability is valid for all parameter estimators and
should be respected.

To solve the rank-deficient problem for multi-parameter estimation, a variety of approaches
is presented [84—86]. Basically, they all need to excite an additional ¢, or ¢, at such period when
the estimator works. In this chapter, 74,.f = 1 is set only for L, and 1)py; estimation.
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7.3.2 Parameter estimation based on MRAS

The main idea of the MRAS estimator is to design an adaptive algorithm based on the Popov
criterion. First, the equations of a PMSM (7.1) containing only measurable quantities ¢4, 7, are
expressed as a state-space model,

x = Ax + Bu + Cw, (7.3)
where x = | |, u= , W = ,
iq Uq —We
—a W, b 0 0 0
A — Py B - P} C — s
—We a 0 b 0 c
a:%:, b:Ll’ c:¢fkl

The adjustable model issexactly the same as (7.3) but replaces the measured and unknown
parameters with the estimated ones. The adjustable model is described as

% =A% +Bu+ Cw, (7.4)
. Ed Uq 0
where X = |. |, u= , W = ,
Iq Ug —We
—0 we b 0 0 0
A. — Al B - Al C == Al
—W, —a 0 b 0 ¢
a = %, = %, ¢ = %EM . Note that the w, is measured through an encoder

and assumed known.
The error between ¢4, 7, and 74, 7, can be described as:

e ig— 1
e=x-%=|"=|".1. (7.5)
€q tg — 1q
Summarizing the work presented in [87,88], the adaptive algorithm for the estimation of each
parameter can be obtained as

Rs Rs t “ i o I

50K, / (ediq + eqiq) dt — Ka(eqiq + eqiq) (7.6)
LS LSO 0

1 1 !

— = + K3 (equq + equy) dt + Ky(equa + equy) (7.7)
L, Ly 0

”@PM ~ Ypumo K !
— = — K5 eqwe dt — Kgeqwe (7.8)
LS LSO 0

where K, K3, K5 and K5, K4, K¢ are proportional and integral gains, respectively. Ry, Lso, ¥ pao
represent the initial values of respective parameters, which are set with their nominal values in
experiments.

When the estimated parameters %, Li and % are obtained, the individual fis, f)s and 1& PM
can be acquired as well. Note that, as explained in the previous section, only two parameters are



100 CHAPTER 7. MULTI-PARAMETER IDENTIFICATION

simultaneously identifiable and the rest of the parameters should be set with its nominal value.
Moreover, the 6 PI parameters are really hard to tune at the same time. Thus, the selection of
estimated parameters has to be made for MRAS as well.

7.3.3 Parameter estimation based on EKF

The implementation of the EKF has been introduced in Ch. 6. The EKF can be extended to
estimate R, L, or 1py instead of ée and w,.. Similar to the MRAS method, the selection of
parameters should be made to fulfill the criteria of identifiability. Consequently, three estimation
types are selected and the respective calculation equations are given in detail.

In this section, contrary to Ch. 6, the d — ¢ frame is chosen for implementing the EKF. Note
that, in all the selected estimation schemes, there are three matrices in common

Yo = lia g (7.9)
r1
i 0
0 -+
B = Ls 7.10
00 (7.10)
|0 0
(100 0
C= ) (7.11)
01 00
7.3.3.1 Resistance and inductance estimation
. . - 1 T
o = |ia iq Ry L—] (7.12)
[ R+ Fug
CRep i 1. tpu
flau) = | Toete T wela gt —we TR (7.13)
0
i 0
_1—%2TS weTs —%TS (= Rsigtug)Ts
J — —weTs 1—%7—’5 _%Ts (_Rsiq‘i‘uq_wewP]M)Ts (7‘14)
0 0 T 0
L 0 0 0 1
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7.3.3.2 Resistance and PM flux estimation

. . A ~ T
o= lia iy Ry Ppu] (7.15)
[ Ry . 1
— 1 + Welqg + 7. Ud
RS . . 1 T;P]M
— 2 — Wl Uy — W
fla,u) = | Tzt T Weld F Mg T We T (7.16)
0
0
1_%:Te WeTs _%Ts 0
_ Rs i we
J=| —wers 1-8s7y —fi1, —teT, (7.17)
0 0 1 0
| 0 0 0 1
7.3.3.3 Inductance and PM flux estimation
. . 1 n T
Tk = |la lq 7 pr] (7.18)
B R ; . 1
—i—zzd + Wety + 7. Ud
Rs ; : 1 YpuM
— =g — Welg T 7 Ug — W5
floyu)=| L9 Fed T LT e (7.19)
0
0
1857y W Ty (= Rsig+uq)Ts 0
S
J =] —wTs 1—%;Ts (= Rsiqtug—weppar)Ts —52Ts (7.20)
0 0 1 0
|0 0 0 1

7.3.4 Theoretical comparison of MRAS and EKF

In previous sections, the implementations of both MRAS and EKF are introduced. The the-
oretical comparison of both estimators is performed in this section so as to demonstrate their
similarities as well as differences.

e The goal of the error minimization of output signals and the feedback compensation struc-
ture for both estimators are the same.

e The MRAS aims for the parameter estimation of a deterministic linear system and it does
not take system noise and measurement noise into consideration. By contrast, the EKF
commits itself to a stochastic non-linear system and is an optimum estimation in noisy
environment.

e The stability and convergence rate of MRAS is determined by Popov’s or Lyapunov’s
theory and the adaptive mechanism is usually replaced by a PI type controller with fixed
gains. On the contrary, the gain matrix K is updated adaptively in the EKF and plays a
substantial role in the convergence rate of the estimator.

e The calculation burden of the EKF is obviously higher than that of the MRAS. Therefore,
the EKF requires higher-performance digital controller to implement in practice.
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7.4 Inverter nonlinearity
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Figure 7.3: Sensorless performance with Rs and 1& ps estimation based on EKF. No load, 100
rpm, without (0-1s) and with (1s-) compensation of inverter non-linearity.

In the practical implementation, the current signals are sampled by current sensors while the
reference voltage signals instead of real measured voltage signals are used as inputs to the pa-
rameter estimator. Consequently, the estimated parameters have discrepancy with the nominal
values if the inverter non-linearity (e.g.,dead time, switching delay, IGBT’s voltage drop and
the parasitic capacitance) influence is not considered. Accordingly, in order to provide a better
performance of the control system, some previous work has investigated the compensation of
the inverter nonlinearity [89-92].

Based on the research of [90,92], the inverter non-linearity compensation model can be eval-
uated as

Ug = Uqg0 + Ucomp—inv(28igN0(i4) — sign(ip) — sign(i.))
Up = Up + Ucomp—iny(—sigN(7,) + 2sign(ip) — sign(ic)) (7.21)

Ue = Uy + Ucomp—inv (—sigN(7,) — sign(ip) + 2sign(i.)),
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Figure 7.4: Sensorless performance with }?s and zﬂpM estimation based on MRAS. No load,
100 rpm, without (0-1s) and with (1s-) compensation of inverter non-linearity.

with

) , 1 >0
sign(i) = : (7.22)
-1, 1 <0

The output voltages from the VSI and the reference voltages are represented by u,, up, U
and U0, Upo, Uco, TESPECtIVELY. Ucomp—iny Indicates the compensation voltage, which is given by

teom
Ucomp—inv = ‘/dcT P (723)
PWM

where V. is the dc link voltage and T'pyy 3 is the period of the PWM. ¢,,,,, indicates the com-
pensated time, which is obtained by the dead time of the inverter. In the experiments performed
the values of these parameters were: V. = 582V, teomp = 0.8us and Tpy s = 125us.

The compensation works not only for parameter estimators but also for the AFO and it can
further improve the control performance especially in the low speed range.
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Figure 7.5: Sensorless performance with Rs and Qﬂ py estimation based on EKF. No load, with
compensation, speed changes from 150rpm to 500rpm.

7.5 Experimental results

The online parameter identification based on the EKF as well as MRAS are done in the sensor-
less closed-loop control. And then, the experimental comparison is given and the corresponding
remarks are summarized.

7.5.1 Sensorless control with resistance and PM flux estimation

Sensorless control with parameter estimation using EKF and MRAS at 100 rpm (0.03p.u.) in
steady state are illustrated in Fig. 7.3 and Fig. 7.4, respectively. The estimated rotor speed .
and measured speed w, together with the position estimation error 0. are shown in the figures.
The difficulty of multi-parameter estimation is in the low speed range with a small load, because
in this case, the measured ugq, U4, 14, 74 are quite small in (7.2) and the non-linearity effect of the
inverter is comparatively significant. In this chapter, only lower speed range results are given.
When the speed goes higher and with heavy load, the estimation performance becomes better.
The nominal values of R, ¥py and L are 2.07¢2, 0.31778Wb and 14.2mH. respectively.
EKF and MRAS were utilized separately to estimate fis and 1/AJPM. In the AFO, L, was
set with its nominal value 14.4mH. As can be seen in Fig. 7.3 and Fig. 7.4, from Os to 1s,



7.5. EXPERIMENTAL RESULTS 105

We
C‘Aje

@, [rpm]
(@A)
=3
o
T

We

0-1 T T T T T

0L n ]
-0.1 1 1 1 1

0. [rad]

5 T T T T
/\ R,
g R77,om7',.
o
0 1 1 1 1 1
0.4 T T T T T
’g ‘ \ P ,LZ}P;‘U L
— 0.3 F = PP Mnomi. [
=
=
0.2 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3

Time [s]

Figure 7.6: Sensorless performance with Rs and zﬂp » estimation based on MRAS. No load,
with compensation, speed changes from 150rpm to 500rpm.

the compensation of dead-time was disabled and the position estimation error 0. for EKF and
MRAS were 0.12 rad and 0.1 rad, respectively. From 1s on, the same compensation scheme was
enabled and 9~e decreased to 0.02 (EKF) and 0.04 (MRAS), respectively. The RS resulting from
the EKF (4.5 Q) before inverter non-linearity compensation was comparatively higher than that
of MRAS (2.2 2) and the nominal value 2.07 §2. So was the R, of EKF after compensation. The
ﬁpM estimated from both EKF and MRAS had very similar values even in the transient state. It
is clear that the effect of inverter non-linearity must be considered at very low speed ranges and
especially for resistance estimation using the EKF method.

The speed step tests were done for both EKF and MRAS to demonstrate their dynamic be-
havior. The respective results are shown in Fig. 7.5 and Fig. 7.6. At 1s, the speed command
altered from 150 rpm to 500 rpm. The 6. and ﬂpM for both estimators showed similar results.
Note that, all estimated quantities must be limited in order to avoid the unstable area during the
transient states, which can be observed in the ’IZJPM between Is and 1.5s. The convergence rate
of the estimation of Z%s resulting from EKF was faster than that of MRAS. In addition, the esti-
mation of R, by both estimators converged automatically to its nominal value with the increase
of the speed regardless of the dead-time compensation. That is because when the speed is very
low and without any load (i.e., back EMF terms Lgw, (k)i (k) and Lyw.(k)iqs(k) in (7.2) are
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Figure 7.7: Sensorless performance with }?s and Qﬂ pu estimation based on EKF. Half rated load
added at 1s, with compensation, 500rpm constant speed.

approximately 0), the estimation of R, can only be calculated by the sampled u, and 74. On the
contrary, the back EMF terms in (7.2) become more significant and accurate when the speed
goes higher or with a higher load. In this case, the estimation of R, is calculated by the balance
of the resistive drop and the back EMF in (7.2) and is more accurate.

The load step test was done as well for both methods at a constant speed of 500 rpm. At Is,
a half rated load was added. The results are shown in Fig. 7.7 and Fig. 7.8. The 93, R and ¢pM

had similar behavior for both EKF and MRAS. Exact comparisons are listed in Table 7.1.

Feature EKF MRAS
Estimation Type R, and Ypm(Fig. 8) | Ls and ¢¥py(Fig. 10) | R, and ¥pm(Fig. 9) | Ls and ¥py(Fig. 11)
Estimation Prerequisite ig # 0 iqg # 0 iqg#0 iqg #0
Computation Time 10.8us 10.75us 6.44 s 6.435us
Convergence Rate 1.05s/1.10s 0.88s/1.02s 1.62s/1.63s 1.32s/1.35s
Accuracy at Steady Statex 6.2%/10.5% 94%1/0.4% 3.4%/9.2% 1.7%/0.2%
Accuracy at Dynamic States:x 73%/23% 94%16.6% 82%/23.8% 45.8%/10.4%
Rotor Position Error 0.005 rad 0.02 rad 0.006 rad 0.03 rad
x:(Steady Value - Rated Value)/Rated Value *x*:(Maximum Value - Rated Value)/Rated Value

Table 7.1: Comparative issues of sensorless performance between EKF and MRAS.
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Figure 7.8: Sensorless performance with ]%S and 1@ py estimation based on MRAS. Half rated
load added at 1s, with compensation, 5S00rpm constant speed.

7.5.2 Sensorless control with inductance and PM flux estimation

In previous subsection, the estimation performance of R, and vp); for both EKF and MRAS is
illustrated. In this subsection, another estimation type L and ©)p); estimation is experimentally
compared as well. Note that, the L can be estimated only with load condition if ¢; = 0.

The experimental results of EKF and MRAS under three step load changes are given in
Fig. 7.9 and Fig. 7.10, respectively. The load 0.5 Nm, 1.5 Nm, 2.5 Nm were added step by
step. The performance of 6. and Qﬁ par for both methods are similar. However, there is a slight
difference for L, estimation at dynamic state.

7.5.3 Experimental comparison of MRAS and EKF

The corresponding experimental results are shown in the Table 7.1. Several conclusions can be
summarized:

e Any two parameters can be estimated only when such specific conditions are satisfied
(e.g.,iq # 0 or i, # 0), which is valid for both estimators.

e The convergence rate of the EKF is faster than that of the MRAS.
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Figure 7.9: Sensorless performance with L, and 1ﬂp » estimation based on EKF. 500rpm con-
stant speed, step load:0.5Nm, 1.5Nm and 2.5Nm.

e The dynamic and steady state accuracy of the EKF has less precision than that of the
MRAS.

e The rotor position estimation error for both EKF and MRAS are similar.

e The estimation of the rotor flux is less affected by operation conditions than that of the
resistance and inductance.

e The estimated resistance and inductance for both estimators are not precisely equal to
their nominal values, because they take into account other non-linearities of the control
system (e.g., A/D sampling error, DC link voltage variation and the resistive voltage drops
in the power devices).

7.6 Summary

This chapter presents a comparative study of two popular multi-parameter estimators, MRAS
and EKEF, in sensorless controlled PMSM drives where an active flux observer is adopted. The
parameter identifiability is discussed and reveals that multi-parameter estimation is restricted
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Figure 7.10: Sensorless performance with L, and 1[sz estimation based on MRAS. 500rpm
constant speed, step load:0.5Nm, 1.5Nm and 2.5Nm.

by the ¢y — 7, condition. The potential parameter estimation possibilities for both estimators
are comprehensively introduced and then theoretically compared. In order to avoid the effect of
inverter non-linearity, a dead-time compensation scheme is adopted and improves the parameter
estimation accuracy. In addition, the PMSM sensorless control system with both parameter
estimators is comparatively tested on an experimental test bench. The merits and demerits of
both estimators are concluded according to different standards and requirements.
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CHAPTER 8

Conclusion

This dissertation is carried out mainly to solve the sensorless control problem of the SPMSM
with strong multiple saliencies (cwSPMSM). The four questions mentioned in Ch. 1

1) how to decouple or combine stronger multiple saliencies
2) initial position estimation in the presence of multiple saliencies

3) the comparison of fundamental model based sensorless methods in higher speed range
applications

4) the on-line parameter identification

are answered.

The emphasis of this dissertation is on the saliency tracking based sensorless method due
to the fact that the sensorless control problem in the low speed range arising from multiple
saliencies of the cwSPMSM is more challenging. In Ch. 5, firstly, the experimental results
are obtained to build the special saliency model of the cwSPMSM. The explanation of causing
strong multiple saliencies is also given. Then, three kinds of saliency tracking based sensorless
methods are proposed from different perspectives.

The first one is the Multi-Signal Injection method, which makes use of the dependency of
the saliency signal on the frequency of injected HF signal. It combines the results of two HF
signals and synthesizes a new signal that has the same behavior as the primary saliency signal.
And then, the failed traditional demodulation methods become valid again. The MSI method is
an effective combination method but it consumes more energy and brings more acoustic noise
to the system.

The second one is the Secondary Saliency Tracking method, which belongs to the decoupling
group. This method utilizes the rotation difference of the primary saliency signal and secondary
saliency signal to separate one from another. In this method, the secondary saliency signal is
extracted out from the NSC by means of a specially designed BPF and an ANF. Moreover,
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an initial position estimation scheme is proposed accordingly as well to start the cwSPMSM
smoothly without heavy load. However, the start at standstill with full load is still challenging
for this method and the decoupling performance around zero speed is not satisfactory.

The third one is the Repetitive Control method, whose principle is also decoupling. This
method treats the secondary saliency signal as a disturbance and builds an RC model to elimi-
nate it from the NSC. The new concept of an angle domain RC is proposed in the method and
shows very good tracking performance. Similar to the previous methods, it has a drawback i.e.
the divergence possibility in case of a drastic dynamic change. The proposed three methods
have advantages as well as disadvantages as explained. No single method can solve all the
problems. In addition, the methods are designed for low speed operation and they all require
the injection of HF signals. When the speed of the cwSPMSM goes higher, it is mandatory to
change to a fundamental model based method to eliminate the energy consumption and acaustic
noise caused by HF signals.

As a necessary supplementary to Ch. 5, three popular fundamental model based methods are
comparatively introduced and experimentally compared in Ch. 6 for the higher speed sensor-
less control of the cwSPMSM. They are the Model Reference Adaptive System, Sliding Mode
Observer and Extended Kalman Filter. Any one of them can be combined with one of the meth-
ods proposed in Ch. 5 to formulate a hybrid scheme for the whole speed range operation. A
simple transition region design is used to smooth the switch between the two methods. Aiming
to improve the parameter adaptation of the fundamental model based sensorless method, the
multi-parameter identification based on MRAS and EKF is investigated in Ch. 7. Due to the
rank-deficiency of the state equations of a PMSM model, a maximum of two parameters are
simultaneously identifiable and several prerequisites must be respected in advance. In order
to evaluate the performance of both estimators, the estimated parameters resulting from either
MRAS or EKF are then applied equally to an Active Flux Observer that has the simplest struc-
ture but still works well for sensorless control at higher speeds. At last, the comparison of the
estimation performance is summarized and shows that the selection of the appropriate estimator
highly depends on the needed parameters and special application.

All the above proposed methods are carried out on an experimental testbench, which is in-
troduced in Ch. 4. Three improvements are made to further enhance the performance of the
existing controller. Firstly, an SVPWM algorithm is designed in the FPGA to increase the
utilization of the DC link voltage and meanwhile release the calculation burden of the CPU.
Secondly, a resolver demodulation circuit and relevant decode-software are developed as well
to make the controller adaptive to different interfaces. Thirdly, the C code and the VHDL code
generation through Matlab/Simulink are achieved, which enables the designers get rid of the
programming burden and accelerate the development progress. They will become more and
more popular in various applications in the future.

In this dissertation, a complete solution for the sensorless control of a cwSPMSM is provided
and some key questions are discussed. The comparative studies of saliency tracking based
method, fundamental model based method and parameter identification are given throughout
in the dissertation. It can be found that the same problem can always be solved by different
methods created from different perspectives. Therefore, to balance the benefits and drawbacks
is the key criteria for selecting the proper method, which is fit for other occasions as well.
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Abbreviations

AC

A/D
AFO

IM

ANF
BLDCM
BPF
CPLD
CPU
cwSPMSM
D/A

DB

DC

DSC
DSP
DTC
EKF
EMI
EMF
FEA

Alternating Current

Analog to Digital (converter)
Active Flux Observer

Induction Machine

Adaptive Notch Filter

Brushless Direct Current Machine
Band Pass Filter

Complex Programmable Logic Device
Central Processing Unit
Concentrated winding SPMSM
Digital to Analog (converter)
Dead-beat

Direct Current

Direct Switch Control

Digital Signal Processor

Direct Torque Control

Extended Kalman Filter
Electromagnetic Interference
back Electromagnetic Force
Finite Element Analysis
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FFT Fast Fourier Transformation
FOC Field Oriented Control

FPWMI  Fundamental PWM-Integrated
FPGA Field Programmable Gate Array

HDL Hardware Description Language
HF(SI) High Frequency (Signal Injection)
HIL Hardware In the Loop

IGBT Insulated Gate Bipolar Transistor
INFORM Indirect Flux detection by On-line Reactance Measurement
IPMSM  Interior PMSM

ISA Industry Standard Architecture (bus)
LCD Liquid Crystal Display

(E)LO (Extended) Luenberger Observer
LPF Low Pass Filter

LUT Look-up Table

LVDS Low Voltage Differential Signaling
MRAS Model Reference Adaptive System

MSI Multi-Signal Injection

MTPA Maximum Torque Per Ampere
NSC Negative-Sequence Current
PCB Printed Circuit Board

PI Proportional Integral

PLL Phase Locked Loop

PTC Predictive Torque Control

PMSM Permanent Magnet Sychronous Machine
PWM Pulse Width Modulation

RC Repetitive Control

RLS Recursive Least Square

RMS Root Mean Square

RPM Revolutions Per Minute

RTAI Real-Time Application Interface
SOS Second Order Sections filter
SPMSM  Surface-mounted PMSM

SRF Stationary Reference Frame
SST Secondary Saliency Tracking
SM Synchronous Machine

SMO Sliding Mode Observer

SNR Signal to Noise Ratio

SRM Switched Reluctance Machine

SPWM Sinusoidal Pulse Width Modulation

SVPWM  Space Vector Pulse Width Modulation

SyRM Synchronous Reluctance Machine

VHDL Very High Speed Integrated Circuit Hardware Description Language
VSI Voltage Source Inverter

ZSV Zero-Sequence Voltage

ZSC Zero-Sequence Current
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Testbench data

Figure C.1: The whole testbench

A overview of the whole test bench has already been given in Ch. 4. The complete test
bench is composed of a real-time computer system, four machines, two two-level inverters and
measurement devices. A picture of the test bench can be seen in Fig. C.1. The corresponding
machines’ parameters are listed in Table C.1 to C.4.

The control-side SkW inverter is manufactured and modified by the company SEW® and it
provides full control of the upper side 3 IGBT gates and the other 3 PWM signals for the lower
side 3 IGBTs are generated by the SEW® inverter itself. The dead-time is 0.8 us. Consequently,
only 3 channel PWM signals are produced by the real time system are fed to the control-side
SEW® inverter to implement any control algorithm. The load-side SkW inverter is made by the
company Danfoss® and it is equipped with a micro-controller and can be configured manually
through a front-panel and an LCD display. It drives a load-side induction machine. The power
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Figure C.3: dwSPMSM

connectors and encoder/resolver connectors of both inverters are standardized, and therefore, it
is easy to switch to any machine within the power range.

Table C.1: Parameters for the IM1

| Parameter | Vvalue |
Nominal power Py 2.2kW
Synchronous frequency foyn 50Hz

Nominal current |2, yom| 6.44 A
Power factor cos(y) 0.82
Nominal speed wpom 1420 rpm

Number of pole pairs p 1
Stator resistance R, 2.6827 )
Rotor resistance R, 2.1290 )
Stator inductance L, 283.4 mH
Rotor inductance L, 283.4 mH

Mutual inductance L, 275.1mH
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Table C.2: Parameters for the IM2

| Parameter | Value
Nominal power P,om 1.8 kW
Synchronous frequency foyn 50Hz
Nominal current |2, pom| 4.3A
Power factor cos(y) 0.86
Nominal speed wpom 2830 rpm
Number of pole pairs p 1
Stator resistance R, 3.8094 Q2
Rotor resistance R, 3.2402 Q2
Stator inductance L 285.4mH
Rotor inductance L, 285.4 mH
Mutual inductance L, 278.2mH

Table C.3: Parameters for the cwSPMSM

Parameter H Value
Nominal power P,om 2.2kW
Synchronous frequency foyn 150 Hz
Nominal current |2, pom| 4.95A
Nominal speed wpom 3000 rpm
Number of pole pairs p 3
Stator resistance R, 2.070Q
Stator inductance L, 14.2 mH

Table C.4: Parameters for the dwSPMSM

’ Parameter H Value ‘
Nominal power P,om 2.0kW
Synchronous frequency foyn 150 Hz

Nominal current |2, pom| 4.76 A
Nominal speed whom 3000 rpm

Number of pole pairs p 3
Stator resistance R, 0.9
Stator inductance L, 9.3 mH
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APPENDIX D

Derivation of the MSI method and filter design

D.1 Mathematical derivation

In order to get a combination result of all HF responses, it is necessary to use matrix analysis.
According to (5.9), the following matrix equation (a) can be introduced by considering all M
responses. Each row of this matrix represents a response resulted for one frequency injection
condition.

; -0 j(h16 —7/2
z%cnle 1 I iy ... IIN ej( 10e+p1—m/2)
i220n26_62 Iy Iy ... Doy ej(h205+<p277r/2)
= (a)
i€ M Inn Inp oo Iyn] LedhnOeton—m/2)
A B X

where [,,,; in B represents I.,,.,,,; for simplification. A represents a set of combinations of rotor-
position-dependent multiple-saliency signals. B denotes a set of all magnitudes of multiple
saliencies acquired through an FFT analysis.

A = BX is a linear system. A linear transformation can be applied to matrices A and B.
Finally, matrix B can be transformed to an upper triangular matrix B according to the matrix
theory. I,,,; are the new magnitudes of multiple saliencies after the transformation.

Z.Zchlei(sl Iw Lis ... Iin e (h10e+p1—7/2)
io 0 Iy ... Iy | | eithebeter—m/2)
: 0 .. : :
iM 0 ... 0 Iynl leftnbeton—m/2)
A B
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M:

amlmi am €R (c)

m=1

im = Z Omiggenm€ om q,, €R (d)

If the last equation of this matrix is chosen for an estimation purpose, it is (5.10)

iv = Z € = Iy Oeton=m/2) (5.10)

D.2 Filter Design

The issues regarding the parameters of the designed filters are introduced in Table. II. The
types of filters, the orders of the filter and their cut-off frequencies are presented, respectively.
For higher speeds, the switchover to a model-based sensorless method is mandatory. Then the
filters introduced by the HF method will be eliminated or changed according to a model-based
method.

Parameters Fundamental Signals HF Signals (1kHz/455Hz) Estimated and Measured Speeds
Filter Type LPF(Elliptic) BPF(Elliptic) LPF(Elliptic) LPF(Digital RC)
Filter Order 2 4/6 6/6 1

Cut-Off Frequency(Hz) 300 [950 10501/[405 505] 355/355 100

Table D.1: Filter Parameters of Control System
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