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Abstract

This work is an extensive research on model predictive contidor electric drives. Fol-
lowing are its main contributions: several typical conventonal model predictive control
strategies for electric motors with both finite control setsand continuous references are
compared and analyzed; based on traditional finite control st predictive control, two
guasi-continuous predictive control strategies are intrauced, which maintain the cost
function while generating continuous voltage referencesof SVPWM; a series of control
set minimization strategies are proposed, which can simgdly the control and reduce calcu-
lation efforts; a disturbance observer for torque disturbance inhibition are designed and
investigated on different predictive control systems; twosolutions of predictive control
without weighting factor, which are easier for implementaion and conceptually intuitive,
are realized.

Index Terms—Predictive control, continuous, finite control set, distubance observer,
weighting factor, voltage source inverter, electric drives.






Zusammenfassung

Diese Arbeit ist eine umfassende Untersuchung der modellgdiktiven Regelung fir
elektrische Antriebe. Folgende sind ihre wesentlichen Ba#ige: Eine Reihe von pradik-
tive Regelungsstrategien fur Elektromotoren mit sowohl entichen Steuerungssatzen als
auch kontinuierlichen Referenzen werden verglichen und aalysiert. Basierend auf der
herkdmmlichen modellpradiktiven Regelung mit endlichen 3$euersatzen werden zwei
guasi-kontinuierliche modellpradiktive Regelungsstrakgien eingefiihrt, die die Kosten-
funktion aufrechterhalten und gleichzeitig kontinuierliche Spannung fur Raumzeiger-
modulation (SVPWM) erzeugen. Eine Reihe von Strategien zur Mimmierung von Sollw-
erte, die die Regelung vereinfachen und den Rechenaufwandduzieren, werden vorgeschla-
gen. Einen Stérungsbeobachter fir die Unterdriickung der Dramomentswelligkeit wird
entgeworfen und auf verschiedenen modellpradiktiven Redengsystemen untersucht.
Zwei Losungen zur pradiktiven Regelung ohne Gewichtungsfaldr, die einfacher zu im-
plementieren und konzeptionell intuitiv sind, werden realsiert.
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CHAPTER 1

Introduction

In 1834, the first electric machine prototype was inventedhegy German-speaking Prus-
sian Moritz Hermann Jacobi. Since then, this machine has berving to convert electrical
and mechanical energy from each other at all industrial ardestic areas [1]. After almost
two centuries’ development, various types of electric nmaeh have been invented. With re-
spect to different machines and application requiremamis as the continuous improvement of
controllers and electronics components, the system (eetri drive system) as well as corre-
sponding control techniques of electric machines have baeverlasting interest of electrical
engineers and control scientists.

The history of the electric drives has experienced thefohg evolutions:

» Change 1- From Analog Control Era to Digital Control Era.

Before the micro control unit (MCU) was applied as the congrodif electric machine,
all regulations in electric drive systems are realized bgraponal amplifiers (OPA). The
analog control system is conceptually intuitive and itstoansignal flow is easy to to
be understood. However, the fixed and complex circuit makéslexible and non-
universal. Moreover, the control performance is sensittbe component characteristics
and physical environmental factors such as temperatureidity, voltage and mechani-
cal vibration. In contrast, the MCU-cored digital controbtgm contains hardware circuit
with high standardization, low cost of manufacturing, amohsusceptible to temperature-
caused component characteristic drift. Its software eabficontrol makes it more flex-
ible, stable and reliable. What's more, it enables the caraf®d logic judgement and
other operations. The application of digital control ofatte drives, as computer based
control, requires discretization and A/D and/or D/A comvens. Simultaneously, pe-
ripheral control hardware and technology correspondindjgdal control, such as pulse
width modulator (PWM), are therefore designed and devel¢pediscrete power con-
vertors with high frequency switching components, suchGBT and MOSFET based
voltage source inverter (VSI) and current source inve@SI} are invented and applied.
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» Change 2- From Differentiated Control to Unified Control.
As we know that direct current (DC) motors have seperate gfegmature) and flux(field)
producing windings, thus the control of DC is linear and denplternative current (AC)
motors had not been capable of adjustable or smooth spegohgarontrol until the
1970s, when field oriented control (FOC), which decouplesathgap flux and electro-
magnetic torque producing components, was introduced séland Blaschke [1, 3].
This was realized by reference frame transformation ardréeircuitry equivalence [4].
Since then, the control of AC machines has become as easy esritrol of DC machines
and it is equivalent to the control of DC machines under FOQisTkhe controls of DC
and AC machines were unified [5]. As a result, AC motors areslyidsed and serve as
the main machines for high performance servo control systeswadays [6].

» Change 3- From Open Loop Control to Close Loop Control.
The transform process from open loop to close loop contrppbas parallelly with the
discovery of decoupled torque and flux producing componeitsl it bases also on the
space vector notation as well as the theories of refererreefrtransformation of the
machine variables. The coupled sinusoidal currents thattago both torque and flux
information could not be fed back to the system. Insteadjueacy proportional voltage
signal can be controlled in open loop manner to achieve syagation, which is named
the "V/f control’ [7, 8]. This control satisfies the situati® when rough control is enough,
such as fans and pumps. However, when faster torque and spgmuhse is required,
close loop control should be applied. With the direct anddgatéc current components
corresponding to flux and torque producing currents in timelsgonous reference frame,
which are constant in steady state, both the currents ad speed/position are fed
back to the control system. Thus, for most high performaraging speed regulation
(VSR) and all servo drives systems, current sensors aressyeand speed encoders are
optional, depending on whether the close loop control i®dadess [9-12].

» Change 4- From Linear Control to Nonlinear Control.
In close loop control system, the essence of control is thzeea convergence mecha-
nism enabling the real machine to track its reference, wtsatither torque, speed, or
position. Pl and PID controller are typical and classic colidgrs that can realize this
tracking process in linear way but with limited bandwidtii8,[14]. For cascade con-
trols such as FOC, in order to guarantee the best controlipeaftce, the inner PI control
loops should behave at least 10 times faster than the outen@&bl loop. Thus, the linear
based methods, though simple in concept, have limitatidfwseover, the P,1 and D pa-
rameters require tuning efforts, which is tedious and ufagfor inexperienced workers.
An alternative is nonlinear hysteresis based control sgaflirect torque control (DTC)
proposed by Depenbrock and Takahshi in 1984 [15-17], whastfdster torque response
and is less sensitive to parameter variation. Howeverstd@er total harmonics distor-
tion (THD) and large torque ripples. In the past two decattesgdevelopment of modern
control theories in industrial control bring more diffeteronlinear control methods into
the areas of electric drives. This includes artificial ilngelnce (Al) based control such
as fuzzy logic control and neural network control [18-20¢lf&daptive based control
and sliding mode variable structure control [21, 22]. Mdsthese are optimized control
strategies or compensation methods based on the funddrsieataures of FOC or DTC,



and have complex algorithms. Model predictive controls @hcluding genetic pre-
dictive control (GPC) [23] and deadbeat control [24, 25] idess of emerging nonlinear
control methods with distinct basic structures as FOC or [A8;27]. Because electric
machines are highly nonlinear systems, for nonlinear otg)tno matter they are 'white
box’ based such as DTC and MPC or ’black box’ based such as Afrais, require
correct design to enable the precise control fitting to tiaésgstem model.

A typical close loop digital control system of electric d¥ssis shown in figure. 1.1 [6].

D Observation
— .
A (Oscilloscope)
Control | Signals Power
Reference Output
+ Real Time Discrete Actuator Control Plant > P
Digital Controller (Inverter) (Electric Machine)
D Sensors
l—————————
Measurement A (Current, Voltage, Speed, Temperature)

Figure 1.1: Close Loop Control System for Electrical Machine

Figure. 1.1 shows that except the controlled electric megtihere are three parts in the sys-
tem: digital controller, actuator and sensors. Control@esusually based on MCU, DSP or
FPGA. Actuator refers to inverter which realizes the DC-A@wrsion. Sensors are used to
measure real machine output indexes such as speed, cuk@tdge, and temperature, which
may not be all compulsory. These signals, after DA convarsime compared with the refer-
ence. Their error is taken as the feedback to the contratdufther regulation and adjustment.
In some situation, analog signals are needed for user adigmry This work is not interested
in the control of generators, so the term ’electric machiifenot separately clarified, refers
merely to motor.

The main problems and therewith trend in the control of eledrives are:

* 1. Calculation burden reduction.
As the development of semi-conductor industry, the catmnapeed of micro controllers
is increasing exponentially. However, the demanding a@bmerformances with various
functions and advanced algorithms are still challengirgdalculation ability of hard-
ware. Thus,within the current hardware limit, and to realughest performance with
lowest cost, from the system control point of view, conttohegies considering calcula-
tion optimization are required to reduce calculation rethnty [28—30].

» 2. Growing concerns on reliability.
To enable wide and durable operation of the drives in modemoscontrol systems,
reliability should be guaranteed. This refers to both thetdlability with respect to
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varying switching points of inverter and the stability aggiparameter deviations. As a
result, control system with model of adaptivity and robestis also under research [31—
33].

» 3. Demanding steady and dynamic control performances.
To achieve steady operation and precise control of eletiotors, and assure high indus-
trial indexes such as wide speed ratio and short regulaitios, tcontrol system, that is
less sensitive to disturbances influence, especially vétiging load rejection ability, is
required [34—-36].

» 4. Combination of multiple control strategies.
Due to the wide application conditions and tremendous agtyaetectric drive systems
should be used in harsh environments with low cost and hifitiezicy. A typical ex-
ample is the trend on electric drives without encoder. Thumany literatures [37-39],
encoderless control is also applied and combined with tme control strategy of this
work,i.e.MPC.

With the analysis of the history and trend of modern elealrige controls, and in order to
further fill in the blanks of MPC. In this work, MPCs, especidliiyite control set predictive
current control (FCS-PCC) [40,41] is selected as the researgétt Further improvements and
extensions are made into the controller design. Meanwhdeel concepts of implementation
are introduced for both the control systems with and witH®tM and the system with and
without cost function.

This work is organized as follows: in the consecutive chigpke fundamental components
in electric drive systems,two AC machines as well as themveational control methods are
reviewed, and MPC is introduced. In chapter 3, conventiMRC methods are compared and
the mostly used ones are shown and analyzed. Chapter 4 ing®tuo variations of continuous
FCS-MPC with PWM. Chapter 5 shows several realizations of FC&8AMth reduced control
set for calculation reduction and simplicity. In chaptetd@improve system torque disturbance
rejection ability, disturbance observer is further adaelddth FCS-MPC and continuous MPC.
And chapter 7 is the highlight of this work, i.e. two ways of F®®Cs without weighting
factor in cost function. Finally, the work is concluded antufe prospect is given in chapter 8.



CHAPTER 2

Background and Motivation

In order to prepare related background for this work andyucdinventions, in this chapter,
fundamentals of electric drive theories including conteference frame transformation with
machine variable space vectors, machine and inverter @gutvmathematics model expres-
sions as well as conventional and novel machine contrdiesfies are reviewed and explained.

2.1 Three-phase System Notation and Its Space Vector Equiv-
alence

The coils of three phase AC electrical motors are equivbleligplaced in space as depicted
in figure 2.1 [1], with120° interval in phase from each other. Stator currents are usetha

example.

i Im "
// Y N \
I’ / \\ \\
/ .
I’ i 20° \\ \\ Za
— R Re
\\ \ , ,l
\ _ /
| i, 120 Y
\ -

Figure 2.1: Space-vector notation of three-phase currents
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These three phase component, with an electrical anguladsyge, is defined in the stator
fixed stationary reference frame as:

ia=1-sin(wy-t) (2.1)
. . 2m
ip=1-sin(wy-t+ ?) (2.2)
4
ic=1-sin(wy-t+ ?ﬂ) (2.3)

Their synthetic vector is gained with the introduction of eiroperator as follows:

iy =ia+a-ip+a® i (2.4)
e —1 3

These three phase components are further expressed witbotamgular two-phase coor-
dinate system in figure 2.2, when the real and imaginary axase noted as and 3. This
is realized by space vector equalization by replacing tptesse components to the two-phase
ones as shownin (2.6). Thus, the5 expression of stator currents are derived as (2.7) and (2.8)

(28

Figure 2.2: Space-vector notation of two-phase currents

by = o+ s (2.6)

2 1 1
S S 2.7
o 3 (iq 5 n 5 ic) 2.7)

=2 (L2 28)
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When written in the matrix form, Clarke transformation is obéal.

i\ 2/1 —05 —05 ta 29)
= — . 1 .
is]  3\0 05v3 —05v3) |’
ie

Its inverse form, inverse Clarke transformation, is showr2ri0):

iq 1 0 .

il =1-05 053 _(@) (2.10)
1

i 0.5 —0.5v/3 g

It should be noticed that (2.9) and (2.10) are not the onlgnfoof Clarke transformation en-
countered in literature. Hereinbefore mentioned form iseloleon the vector magnitude equiv-
alence criteria. However,when based on the magnetomatree {MMF) balance criteria, the
matrices (2.9) and (2.10) are multiplied by and% respectively. And when based on the

apparent power balance criteria, the matrix (2.9) and {2at8& multiplied by\/g and \/g
respectively.

In order to transform AC components of the current vectonedtator frame into DC signals,
formulas of further transformation to a field-fixed revolyireference frame, i.e. Park transfor-
mation, are provided in (2.11). The revolving referencenead-q frame, is also illustrated in
figure 2.2, withde as the angle difference against the5 frame. This angle is chosen to be
rotor flux angle, withe representing "excitation”.

ia\ [ cos(fe) sin(fe) (ia
(iq>_<—sin(0€) cos(@e)) (zB) (2.12)

Similarly, it also has inverse form:

z'-a _ C?S(Qe) — sin(fe) ’ zid (2.12)
i sin(fe)  cos(fe) iq
Other vectors of variables such as voltages, flux linkagesearansformed similarly.

2.2 AC Electrical Motors and Their Mathematical Models

Three different AC motors are introduced and implementetiismwork. Below is a review
of their mathematics models in bath andd-q reference frames.

2.2.1 Induction Machine (IM)

Figure 2.3 is a simplified physical model of a three phaseasgjutage asynchronous machine
(ASM) or induction machine (IM) [7]. It only has windings ohd stator, and the rotor back
electromotive field (EMF) is induced through the stator vimgg. Thus, the rotor cage bars can
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Figure 2.3: Squirrel-cage induction machine model

be equivalently considered as windings having same digitoib as the stator, with a slightly
speed lag to the stator field.
IM model in -5 frame is expressed with following classic set of equatiad®y:[

vs = }g%4—d¢5 (2.13)
dt
. d :

0 = mw+$ﬂﬂ%m (2.14)
'%bs == Lsis + Lmir (2.15)
Yr = Lyt + Limts (2.16)

3 . 3 . .
Te == Ep ("/JS X ZS) = §p (¢a52ﬁs - ¢,3571048) (217)

(2.13) and (2.14) are the stator and rotor voltages equat®ecause the rotor bars are short-
circuited, rotor voltage is Qu, is the rotor electrical speed, which is different from methbal
speedu,, with a multiplication of pole pairs numberas in (2.18):

We =P - Wm (2.18)

(2.15) and (2.16) are the stator and rotor fluxes equatiarisdimg the self inductance and
mutual or magnetic inductance. (2.17) calculates the nmecakelectromagnetic torque, which
is independent of the reference frame of quantities.

Considering the load torque and inertia of rotor, the med@uifferential equation connects
the electrical system to the mechanical system. The difterdetween output electromagnetic
torque and input load torque to the rotor shaft decides theleration of rotor speed as:

dw
Jﬁfzﬂ—ﬂ (2.19)
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2.2.2 Surface-mounted Permanent Magnet Synchronous Machine (SPMSM)

Figure 2.4 is a simplified physical model of a surface-modmermanent magnet syn-
chronous machine (SPMSM). As can be seen from this figur@daimanent magnet is mounted
on the outer surface of the rotor. It has extreme small valureagnetic permeability, i.e. large
magnetic reluctivity, which is closed to the value of air.eféfore, the magnet can be equally
considered as a pair of air-core field windings. With the MNcliion as thev direction, the rotor
inductance in vector form, namely, the inductance tensor,be expressed as:

o | s 0 (2.20)
Sl 0 L, '
wherelL, is the stator inductance.
B
B
X Vpm \
C
NXHB 0
A
> (6]
y O o,
N
C

Figure 2.4: Surface-Mounted Permanent Magnet Synchroiagsine

SPMSM model is also representedifs frame with following stator voltage and flux equa-
tions [43]:

Ys = Lsis+ 'ﬁbsm (2-22)

Since rotor side is permanent magnet, its voltage equatinatirequired for control purpose.
And the permanent magnet fla; is transformed from rotor coordinate vahjg,, to its stator
correspond as:

cos(fe) —sin(fe) ] [ Ypm ] (2.23)

S — C ' —
Vo Vo [ sin(fe)  cos(fe) 0
The electromagnetic torque is not machine type sensitherefore, its equation is same
as (2.17).



10 CHAPTER 2. BACKGROUND AND MOTIVATION

2.2.3 Interior Permanent Magnet Synchronous Machine (IPMSM)

Figure 2.5 is a simplified physical model of an interior peneat magnet synchronous ma-
chine (IPMSM). Similar as SPMSM model, the magnet can alseqorilly considered as a pair
of air-core field windings. However, being different fromM88M, the stator inductance is not
equally distributed because the iron core’s magnetic pehbitity is much larger than air and
permanent magnet. Therefore, the air gap reluctivity inNhgole magnetic direction, i.e. d
axis, is larger than that of q axis, renderibg < L,.

Figure 2.5: Interior Permanent Magnet Synchronous Machine

Because of this non-sinusoidal distribution of stator indoce in the circular area, for control
simplicity, IPMSM model is represented ifig frame with following set of stator voltage and
flux equations [44]:

Ug = R+ ig+ Lebg — w, -
B oo 9 (2.24)
ug = Rs - ig+ 30 + we - Yu
Yg=Lg-iqg+Ypm (2.25)
¢q:Lq'iq

Similarly, because the expression of mechanical electpmetsc torque is independent of the
reference frame and machine type, based on (2.17) and (&.B5)iven as:

Te = ;p (wdiq - ¢qid) = ; 'priq + (La — Lq)idiq] (2.26)

2.3 Two-level Voltage Source Inverter (VSI) and Its Model

The power module to be controlled in this work is the simpibesgtmostly applied three phase
VSI. It is constructed with three half-bridge inverter ciits, each of which corresponds to one
phase and is called an arm in the VSI topology as shown in figu&@45].
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Figure 2.6: Three-phase Two-level VSI.

L
I
N
L

As is shown in figure 2.6, each arm consists of two switchesesmwh switch is made of
an insulated gate bipolar transistor (IGBT) and an anti{rieewheeling diode. The load
is three phase electrical machines, each phase of whom cammbpéfied as a pair of series
connected resistak and inductorL. S,, x € (a, b, ¢) and their inverse represent both the IGBT
and the complementary switching states of the upper and lewiéches on the same arms. And
they are given 1 for "on" state and O for "off" state. For exampleenS, = 1, then it must
be S, = 0. In real hardware, to prevent short-circuit, dead time eatbetween the switching
actions of upper and lower switches, because of the non athe@ahcteristics of transistors. The
state changing from "on" to "off* mode of each switching pracissas follows: after upper
switch S, is switched off, the lower freewheeling diodg, is conducted to let the current flows
until it declines to 0. When the current reverses, the lowedtcéws, is switched on. This is
because of the inductive characteristic of the load. Thgelathe load’s impedance angle is, the
longer the turn on time of freewheeling diode is.

Review the three-phase to space vector transformation,cadding to the vector magnitude
equivalence criteria based Clark transform as mentionetkewiqus sections, a single synthetic
space voltage vector can be derived as follows:

2
Vout = ngc(Sa +aSy, + CLQSC) (227)

For different switching state combinations,the voltagesveen the switch and neural point,
i.e. phase voltage, and corresponding voltage vectorshakersin table 2.1.

As can be seen from the table, there are two switching statesifl vectors. Therefore, only
7 different switching states exist. And from this table, agitam of spacial voltage vectors of
VSI in a hexagon form is shown in figure 2.7. In this figure, tingitd in bracket beside each
voltage vector represent the switching states of threegshas

Table 2.1 also implies that with different switching statego non-zero levelsi(/3 and
2V4e/3) of values for both positive and negative phase voltageggarerated by VSI. As a
result, three phase half-bridge voltage source invertatss named as three-phase two-level
voltage source inverter.
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Table 2.1: Voltages for Different Switching States

’ Sa ‘ Sb ‘ Sc ‘ Van ‘ Ubn ‘ Ven ‘ Vout ‘

010710 0 0 0 0

0 [0 1] —Vae/3 | —Vao/3 | 2Vae/3 | 2Vaeel 7
0| 1[0 —Va/3 | 2Vae/3 | —Vae/3 | 2Vaee’S
0] 1| 1] —2Vae/3]| Vae/3 | Vae/3 | 2Vaee’s
11007 2Vae/3 | —Vae/3 | —Vae/3 | ZVae
1[0 ] 1] Va/3 [ —2Vae/3| Vae/3 | 2Vaee’s
1 1 0 V;jc/g %0/3 _2%0/3 %Vdcejg
1 1 1 0 0 0 0

e
V3(010)— [ —V2(110)

V5(001) __—V(101)
\Y

Figure 2.7: Voltage Vectors for VSI.

2.4 Conventional Control Strategies for Electrical Drives

For AC electric drives with high control requirements, twaneentional closed loop control
strategies have been widely applied by inverter manufactsun commercial products: Field
Oriented Control (FOC) or: Vector Control, and Direct Torque €an(DTC).

2.4.1 Field Oriented Control

From the previous sections, it is known that AC electric niae$ are highly nonlinear with
coupled variables. Therefore, rotor FOC that can achieparate control of electromagnetic
torque and rotor flux, i.e. be equalized to the control of aasately excited DC machine is
found [1, 3,4]. This method orients the AC machine varialget the rotor flux coordinate,
making the torque and rotor flux related control quantiteebe decoupled [7]. In contrast to
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Figure 2.8: FOC Block Diagram.

scalar control, FOC is also called "vector control”, becausethe first method that controls
machine quantities with their two axis components basetbvequivalent circuit model instead
of with machine’s original three phase physical model.

The schematic of an FOC electric drive system including @tfitol variables are shown in
figure 2.8. Itis a multiple loops cascaded position contystam. The outer loop is rotor angle.
For speed control, only the outer position control loop $tidne removed. For some industrial
applications, in which only torque control is concerned, thiddle speed control loop can be
further removed. As can be seen from figure 2.8, to maintdirsetphases balance of the
machine, only two phases currents are needed to be caltldatause the sum of three phase
balanced currents are null in light of Kirchhoff laws. Ancdethtator currents are transformed
to the rotor flux reference frame through Park transfornmatidherefore, the controls are all
manipulated in the rotor flux synchronous rotating frame. Wi voltage reference values
are achieved, an inverse Park transformation is conduatiedrt the quantities back to the stator
stationary reference frame. Depending on the PWM stratégilbe applied, eithes3 voltage
references or three phase voltage references after funtregse Clark transformation are given
to PWM module to calculate switching signals for VSI to offeisdrved power to the machine.

In the following implementation of this work, only speed tah is researched and applied
to different control strategies.

The basic derivations of the mostly applied FOC method vélekplained as follows.

Take the FOC of IM as an example and transform the machinairdtating reference frame.
In order to orient the rotating frameisaxis of the machine variables to the rotor flux vector,
the following requirements should be always met:

Ura = |1y (2.28)

Substitute the above limitations into (2.13) to (2.16),dlgpiantity of rotor fluxy,4, i.e. rotor
flux magnitudd,.| is derived as:
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dwrd Rr Rr

dt L_r : ¢7‘d = L_TLm *lsd (230)

As can be seen from (2.30), the rotor flux is only proportihahd derivatively related to
the stator currenf component.

Since torque is coordinate reference frame independentanew (2.29). (2.17) can be
rewritten in thedq frame as follows:

3 : . 3 :
Te = _§p <wdr2qr - wqrzdr> = _§pwdrzqr (231)
Moreover, from (2.14) and (2.29), rotor curregntomponent is gained:
. Ly, .
lrqg = —L—Tlsq (232)

Combine (2.31) with (2.32), the torque of machine is achieved

3L,

Te = EL_Tp¢driqs (233)

(2.33) shows that the torque is only proportional to therotorenty component. Therefore,
the control of rotor flux magnitude and electromagnet areodpled through orientating the
machine variables onto the rotor flux aligned rotating r&fiee frame.

Because the reference frame transformation requires toe aogle, and flux control re-
quires rotor flux magnitude, rotor flux should be estimatedHOC. There are several ways of
rotor flux estimations: closed-loop estimation, which ibust but complicated; and open-loop
estimation, which is easier and is mostly used. Open-lotimason can be further divided
into voltage model (or: stator model) based method and sumedel (or: rotor model) based
method [46].

\Voltage model combines (2.13) with (2.15), and calculatesbtor flux as:

L L.L .
Py = L—; Caps — ( ers + Lm> s (2.34)
Current model combines (2.13) with (2.16), thus, the rotor ifderived as:
L.d . . L,
Pr + E ;fr = Lmts+ ]We'(»brE (2.35)

For IM, because there is angular slip between rotor mechhaimgle and rotor flux angle,
instead of direct measuring, rotor flux angle should be ¢ated with flux components as:

p = arctan (%) (2.36)

o

For PMSM, rotor flux angle is exactly rotor angle, therefarean be gained through encoder.

In figure 2.8, it is seen that proportional (PI) linear cotlitns are applied as controllers
in all control loops. Therefore, FOC electric drive systeslimear controlled. Usually PID
controllers should be applied. However, since all congradutputs for the electric drive system
under research have only proportional or integral relatitnthe controlled quantities as the
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controller inputs, only Pl controllers are adopted. Thigehas exactly the principles of the
applicable range of PID controllers: the inputs and outp@i8ID controllers should have one
or more relationships of proportion, derivative and/oegral.

For the position Pl control, this requirement is met throtlghsimple relation of:

g,
oot
For the speed PI controller, this is confirmed by (2.19).
Moreover, steady state quantities are only and must be ddgedmlculate the reference val-

ues. Therefore, for the torque and flux P1 controllers, thegples are met by (2.33) and (2.30),
respectively as below:

(2.37)

W

2L, Tr

== 2.38
o 3pLy |l (2.39)
L el

t= 2.39
ds Lm ( )

For the two currents’ PI controllers, this can be understivoth (2.13), in which except
stator currents, stator flux is also required for the catcuteof stator voltage references. How-
ever, since for control references, only steady state giemnare considered. Therefore, the
principles still work for single control input of stator eents.

Moreover, by properly reducing the reference of the rotor feference, flux weakening can
be applied for operations that of higher speed than the rated

2.4.2 Direct Torque Control

Direct torque control (DTC) is another early control methodAC drives that can separately
control flux and torque [17, 45]. Figure 2.9 shows the schen@tbasic DTC. Instead of
controlling rotor flux as in FOC, it controls stator flux maguie.

Different from FOC, and through the control decision makitrgtegy, DTC selects directly
the switching states and output the gating signals to VSgrdiore, PWM calculation module
iS no more required.

Similar to FOC, electromagnetic torque is gained with an oafeed PI controller. For
inner torque and stator flux control, hysteresis contrslie applied. Hysteresis controller is
a typical nonlinear controller for coupled nonlinear syssewhich output discrete values for
continuous input values. It is simply a two-bands regul#itat limits the errors of torque or
stator flux magnitudes within predefined ranges of band. Asalt, it is also intuitively named
as "Bang-bang" control to mimic the sounds when the contrada€iead the controlled values
hitting the bands. The widths of the band are the error tolesa. When these band widths
are reduced, the oscillation magnitudes of both controhtjties will be reduced. However,
smaller band widths lead to higher switching frequency asd hs well as reducing the system
operation efficiency. Moreover, the higher switching freqey has higher requirements of
switching power electronics components. Therefore, thelhalues of hysteresis controllers
in DTC should be correctly tuned for proper overall perfonoe
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Figure 2.9: DTC Block Diagram.

The outputs from torque and flux hysteresis controllersetiogr with the sector information
of stator flux vector, are given to a 3-D look-up table to setbe switching voltage vectors.
Similar as FOC, stator flux (both magnitude and angle) andutoiaye also estimated. The
stator flux is estimated with voltage model (2.13) and tongu=alculated with (2.17). Assume
the control bands of torque and flux magnitudes[arAT, AT| and[—Aqy, Av,]. The most
common rules of setting the hysteresis controller outprgsa follows:

—1, ep < —AT, torque should be decreased

hr =< 0, er < —AT, torque should be kept at the current value
1,-AT <er <0andhy > 0,0r0 < er < AT andh, < 0,torque should be increased
(2.40)
—1, ey, > A, flux should be decreased
hy, = ¢ 1, ey, < —A,, flux should be increased
same as last valueAy, < e, < Ay, flux should be kept at the current value
(2.412)

The torque control is dominant and has higher priority, ¢éfae, compared to flux control,
it has one more "0" output signal level. This "0" action canwdite the severe variations of
torque, i.e. reduce the magnitude of torque ripples.

To judge the location of stator flux, the vector complex plaequally divided into six
consecutive angles with the VSI feasible voltage vectorgylyn the angle bisectors, and as
shown in figure 2.7. Assume the first sectofeB0°, 30°) is named as$, the other sectors are
S, to Sg in the angular increase direction.

With above rules, the decision making look-up table for mali voltage vector selection is
illustrated in table 2.2. The explanation of the mechanisrthis table will be clarified in the
following derivations.
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Table 2.2: Lookup table for DTC

AR ENEAETENEEN
1| 1]110]010] 011 001 101] 100
1| 0111/ 000 111|000 | 111| 000
1| —1101]100] 110| 010 011 001

—1] 1]010]011]001] 101 ] 100] 110

—1| 0]/ 000|111 000| 111 000 111

—1 [ —1 001 101 100| 110 010 011

From the voltage model (2.13), when the rotor speed is highgimfor neglecting the voltage
drop on stator resistance, the stator flux error, after tisedirder Eular forward discretization
as shown in (2.42), has and only has the linear relation \Werstator voltage as (2.43).

dr  x(k+1) —z(k)
I T, (2.42)

Ys(k+ 1) — ps(k) = Ts - vs (2.43)

Replace the, in the (2.17) with the combined derivation of (2.15) and @},ltorque
equation can be rewritten as:

Te = §p~ o Lol (Pr X ps) = §p- oLl || |2bs| sin (e) (2.44)

wheree represents the angle between the rotor and the stator fluxes.
From (2.15) and (2.16), the rotor current can be calculased a

= 02 (¢T - ksws) (245)

where the coefficient, = L,,/L, and leakage factar = (L L, — L?)/(L,L,).
Substitute (2.45) into rotor voltage equation (2.16), iigks:

i

ks

a~7’r's—i—1'

wherer, = L, /R, is the rotor time constant.

From (2.46), it is found that if the stator flug, changes, the rotor flux response legs the
stator flux changes. So in the dynamic control, as long asdh&d response time is much
faster than the rotor time constant, the rotor fiuxcan be considered as invariant in a single
control period. Moreover, for an extreme small angle, itausoidal is small enough to be
considered as the same as the angle itself. As a resultaaqube considered as proportional
to the angular increment of stator flux vector as:

Te o< Z(vs(k), ps(k + 1)) (2.47)
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Figure 2.10 takes the DTC control process for the first cbs&rctor as an example to describe
the working principles of DTC and to understand table 2.2.

B

A

010

X \/,,,L,/,,,,,/ )

(k7
ﬂ?% Olle———p ———p 100

000
001 101

Figure 2.10: Determination of the DTC lookup table for sedto

When the controller output of hysteresis controllersfare= 1 andh,, = 1, and the current
stator flux vector is in secta$;. From the controller output values and when refer to (2.47)
and (2.43), the applied stator voltage vector should finsthke the stator flux vector’s angle
of next step larger than the angle of current vector. Theegfthe selection range is limited to
stator voltage vectors 011, 010 and 110. Meanwhile, the stegis stator flux should also has
larger amplitude than the current’s value, thus, the selecange is vectors 011, 100 and 101.
As a result, the only mutual vector 011 of both sets is thenagiteind is chosen by the LUT as
the reference. If; = 0, whatever valué,;, is, a null value should be selected, because voltage
control always has higher priority. When choosing the nutitees, the switching number/loss
minimization is considered, so either 000 or 111 can be ahdepending to the previous state.

Review figure 2.9, the flux weakening is also shown with therrefeeed as the input for a
nonlinear function of stator flux reference calculation.

As can be seen from the previous section, the decision oft#terglux and torque actions
shown in LUT depend on the values of stator flux value of nexttr@d cycle. Therefore,
except being a direct control strategy, DTC can be also densd as the initial form of another
important control strategy for electric drives—model pcade control (MPC), with the decision
making based on the rough location and magnitude of statovéator. In another word, it is
an qualitative machine model based predictive control. dmtr@st, most MPC is quantitative
based control when considering the decision making caiteFhis will be described in details
in the consecutive section.
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2.5 Model Predictive Control: A Cutting-edge Drive Strat-
egy

Though DTC strategy, given its merits such as simple stracfast torque response as well
as the elimination of PWM and inner current Pl controllersyidely adopted in industry, it has
drawbacks caused by its rough Bang-bang manner of contrbllimited states subjecting to
predefined look-up-table (LUT). For example, it containgégtorque ripples. And its switching
frequencies are not fixed and it is torque and flux hysteresigallers’ bands dependent [47].

Predictive control (PC) is a class of control strategies wigenerates the future system
outputs based on its past and currents states throughrcedairollers. It can be generally
classified as: hysteresis PC, trajectory PC and model PC (MPC).

MPC as the most popular form among PCs, has been started tesdmrebed for indus-
trial applications since 1960s [48]. The basic mechanisnMBIC is to pre-calculate (or:
predict/estimate) the concerned physical systems’ vimsator control by its dynamic mod-
els (usually linear empirical ones) in advance, and usliteese future behavior information
containing variables to select an optimal control signahasnput for the control plant’s actua-
tor through an optimization evaluation criterion in receghorizon (or: time window) manner.
It can be easily used for systems, whose physical modelsrav@rk Moreover, it can also
handle multiple-variable systems and their constraindblpms. However, a feature of MPC is
its comparative high calculation burden. Therefore, itlsebe widely but limitedly applied to
slow process industries such as petrol chemical and oileedis engineering since 1980s [26].

Thanks to the exponentially developing of semiconductectitiques and microprocessors
such as digital signals processor (DSP), complex progrdstenagic device (CPLD) and field-
programmable gate array (FPGA), the calculation amount®E€NE acceptable for faster real-
time industrial applications such as power system balgnaantrol of power converters and
electrical drives [49,50]. Since 1980s, MPC has become arging and ever-advancing non-
linear model based control strategy for electric drivesamaler electronics [51,52]. According
to the application requirements and situations, MPC haveynaariations and therefore can be
implemented both with and without modulation modules.

Figure 2.11 shows the general block diagram of MPC for dkedalrives. Following
the signal flow direction, it is seen that the values of cdntaogets, e.g. rotor position,
speed or electromagnetic torques is set to the outer cterfrevhich is usually a propor-
tional-integral(—derivative) (PI(D)) controller, forugh control. The output of outer controller
is further sent to the the inner MPC controller, which is eithysteresis, trajectory or cost
function-based, for precise control of intermediate statgch as torque, flux or/and currents.
Therefore, either the continuous reference voltage octmig states of inverter’s finite feasible
voltage set are generated through the corresponding pivedeontrol mechanisms. A modu-
lator is here optional: if the reference voltage is genelademodulator (e.g. sinusoidal pulse
width modulation (SPWM) or space vector modulation (SVM))yeaguired to generated the
switching states; if switching states are generated, iirectly given to the inverter as control
input. In this figure, a VSl is chosen as example. Modulatmgether with the VSI, is treated
as actuator, i.e. power supply for the electric machinese machine output states including
speed, currents and voltages are measured and given asdadk to the controllers.
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Figure 2.11: General Block Diagram of MPC for Electric Drives

Compared to conventional control methods for electric &iwPC has in general the fol-
lowing advantages:

1. The control of nonlinearities is enabled with the modélghe nonlinear control plants,
i.e. electric machines.

2. Multiple control terms such as flux, torque and/or cusergn be simultaneously con-
trolled with different weightings (i.e. importances).

3. System constraints such as switching loss reductiotag®land current limitations can
be realized and control with priorities through cost fuoaeti

4. Modulators that causes extra cost and nonlinearitiesy@tra necessity for system.

5. Compared to DTC, MPC has even simpler concept of design atet fdynamics. Com-
pared to linear control systems such as FOC, it replaces tte Pl current controllers
with nonlinear controllers, rendering the current contrahdwidth to be infinite.

Therefore, nowadays, MPC is becoming a promising advanoettat methods for electric
drives, and for this reason, it is chosen as the controlegiyatinder research in this work.

2.6 Test Bench Description

The test of this work is conducted on a system consisting of vachines as illustrated
in figure 2.12. It consists of an SPMSM, an SRM, and a DS1007 @&PBased fast proto-
type controller that can generate real-time control codthefalgorithms directly from MAT-
LAB/Simulink models. Except the main control program, arraiterrupt program triggered
by the malfunction signals from the drive’s IPM interfacezhbd is executed in parallel for the
purpose of software protection.

The output switching signals for drive switches’ triggeas ®e sent with two different modes
through two different output boards: DS5101 DWO board oé@tsrs-based SVPWNM/5 V/
signal generator; CLP4003 direct I/O board direct switctsigmals generation for FCS-MPC.
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A: PMSG E: dSPACE DS1007

B: RSM F: Voltage source converters !
. C: Torque sensor G: Saftey-box and ON/OFF i
. D: Encoder H: Host computer
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Figure 2.12: Test Bench.

Measured currents and DC voltages signals are sampled metii@-channels DS2004 AD
signal conversion board. An Omron 1024 PPR encoder is ad@té its signal is fed to the
controller through a DS3002 incremental encoder board.

Because application or design of more advanced topologig®wér converters is not in
the scope of this work, the most popular SEW user-definecthimi triggered 2-level 3-phase
voltage source inverter (VSI) with hardware interlock piiton against short-circuit is ap-
plied. The AC machines experimented on test bench in thikwoe the SPMSM and 1M,
though IPMSM is also simulated. The load is applied throlghSRM driven by another SEW
commercial Inverter. A torque meter is used for comparismhraonitoring purpose. All con-
trol variables and parameters can be supervised and modifigte in real-time through the
Control Desk GUI platform. If not specially mentioned, botngling frequency and PWM
frequency are set to b k£ Hz in simulations and experiments. The detailed control glant
data and system parameters are shown in table 2.3.
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Table 2.3: Data of Eletrical Drive Systems.

Parameters

| Symbols| Rated Values

Control
Sampling period T, 100 ps
Prediction horizon Ny 1
VSI
DC-Link voltage | Ui | 560 V
SPMSM
Rated power P.om 14.5 kW
Rated speed Whom 157 rad/s
Rated torque Trom 29 Nm
Pole pairs number D 3
Inertia J 0.0352 kg - m?
Stator resistance R, 0.15 9
Stator resistance L, 3.40 mH
IPMSM
Rated power P.om 1.8 kW
Rated speed Nyom 1500 rpm
Rated torque Trom 12 Nm
Pole pairs number D 3
Inertia J 0.0175 kg - m?
Stator resistance R, 0.3083 ©2
Stator direct axis resistance L, 4.50 mH
Stator quadrature axis resistance L, 7.85 mH
IM
Rated power P.om 2.2 kW
Rated speed Nyom 2772 rpm
Rated torque Trom 7.5 Nm
Pole pairs number P 1
Inertia J 0.005 kg - m?
Stator resistance R, 2.68 )
Rotor resistance R, 2.13Q
Stator inductance L, 283.4 mH
Rotor inductance L, 283.4 mH
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2.7 Motivation and Contribution of This Work

In spite of the various merits of MPC mentioned in chapter #bits more economic and
stable and therefore wider application to the extent of jizalcand industrial level, two main
aspects should be further and continuously improved:

Control Performances -including dynamic performance such as sufficiently fagpoese of
control targets, and steady performance such as accepaadpe ripples, speed oscillations and
current THDs. If the comparable performance of MPC withdrettynamics can be achieved,
it will take the place of FOC and DTC in drive controls in neatuire.

Calculation Efficiency - not only the calculation time should be reduced, but the ephc
of this reduction should be also intuitive with lower reguirent and cost for micro-controllers
without deterioration to the control performances. Thisdsually a more crucial problem
limiting the wide application of MPC, especially for the cas# long predictive horizons and
multilevel inverters.

For the above two purposes, different control algorithmpassible solutions are proposed,
derived, verified and analyzed based on the aforementi@s¢de¢nch in the following chapters
as follows:

Chapter 3: as fundamental, it reviews, explains and compares coioreitMPC strategies
according to their classifications. Their working mecharssmutual features as well as differ-
entiations are presented. Moreover, the essences of MP@iexreawith discussed. Supportive
simulations and experimental results are demonstrated.

Chapter 4. gives a novel solution of continuous Increased FCS-MPC hatn PWM and
cost function, which combines the advantages of FOC with MP%, such as fixed switch-
ing frequencies and can be applied to the situations wharentmus voltage references are
required, e.g. continuous voltage signal injection. THoiigequires comparative high calcu-
lation efforts, it maintains both the advantages of FCS-MRth wost function and has com-
parable performance as FOC. Two variations of the strategp@posed and verified through
simulation and experiments.

Chapter 5: aims at reducing the calculation efforts, it presents figgations of reduced
FCS-MPC methods that can reduce the size of finite controbsebftage vectors. The number
of voltage vectors is therewith reduced from 7 to 0. Morepseiitching loss minimization is
also considered in one of these methods reducing switcheguéncies. All strategies have
simulation and experimental verifications.

Chapter 6: introduces disturbance observer (DO) to inhibit torquaateons and distur-
bances, therefore, the system response and reliabilitiuetbeer improved. Moreover, the tun-
ing work of Pl parameters is reduced. And it is implementedath continuous and FCS-MPC.
Meanwhile, maximum torque per Ampere (MTPA) control is udzd to improve the efficiency
and reliability through reduction of current value and #fere heat loss.

Chapter 7: discovers the potentials of two recent proposed FCS-MP&iegfies without
weighting factor adjustments: sequential FCS-MPC and dlpbFRCS-PTC. Without weight-
ing factors in cost functions, system complexity and uraety are further decreased. Thus, it
is less dependent on experiences, and quantitative testgdor control terms can be included.

Chapter 8: summarizes this work and proposes future topics of MPCsléatréc drives.



24

CHAPTER 2. BACKGROUND AND MOTIVATION

Contributions of this work are:

1.

Both continuous MPC and FCS-MPC are researched and theicatpmns with various
performance improving and calculation optimizing str&gsgre conducted on different
AC machines for different operation conditions. The effgmtess of proposed strategies
and system performances are shown through test results.

Control performances are improved with application of D@ynamics and guaranteed
with increased FCS-MPC at both dynamics and steady statesexfénsive nonlinear

control capabilities.

Calculation efficiency is ensured through calculation tme reduction strategies. And
the improvement are verified under test conditions.

. Control is eased with reduced number of parameters to lstad) with the application

of DO and sequential/parallel FCS-MPC.
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CHAPTER 3

MPC for Electrical Drives

3.1 Classification and Comparison of MPC

The classification of PC of electric drives has been genemadintioned in chapter 2.5. Table

3.1 is a detailed summation and comparison of PC for eledti@s including all classes of
MPCs [53, 54].

Table 3.1: Classification of Predictive Controls for Elecigves.

Predictive Control (PC)

Classes | Hysteresis PC | Trajectory PC | Continuous MPQ  FCS-MPC
Horizons one step one step/long horizon
Features no modulator no modulator with modulator no modulator

varying switching| varying switching| fixed switching | varying switching
simple non-cascaded | has constraints optimized
Examples DTC GPC, FCS-MPC,
explicit MPC, deadbeat
deadbeat MPC, FCS-MPC,
IFCS-MPC modulated
VSP-MPC

The left two in table 3.1 are two primitive classes of PC. Hyestes PC restrains errors of
control variables within a hysteresis predefined boundari€herefore, DTC is a hysteresis
PC. There are also other forms of hysteresis PCs for eleciviesirsuch as predictive current
controller proposed in [55]. Trajectory PC forces the colnterms to track their predefined
trajectories, such as the direct speed controller in [56].

The right two in table 3.1 belong to the class of MPC, which camlivided into continuous
MPC and finite-control-set MPC (FCS-MPC) [57, 58]:
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Continuous MPC generates continuous or quasi-continudereree voltage vectors as ac-
tuator inputs. Since until now all inverters for electrigveis can only realize voltage vectors
in discrete form instead of arbitrary space voltage vec@®WM module is always required
for continuous output reference from controller. Therefdixed switching frequencies are
achieved with continuous MPC. A typical and early form of aonbus MPC for electric drives
is GPC [59, 60] proposed in 1987. GPC obtains referencegedtady solving analytical equa-
tions and has good performance. However, it is complex tarj@emented and its concept
is comparatively sophisticated to understand, so it is lhsuat preferred. Other forms of
continuous MPC are the explicit MPC [61] and model inversadibeat MPC [62] as well as
increased-finite-control-set (IFCS)-MPC [63—65], amongchlthe later two will be introduced
in details in the following parts of this chapter and chapter

Finite-control-set model predictive control (FCS-MPC) catemed as Finite-set MPC (FS-
MPC), belongs to the control family of predictive direct amhtmethods. In contrast to con-
tinuous MPC, it utilizes the discrete nature of invertergdible output voltages. Therefore,
it directly introduces a cost function. In contrast to canobus MPC, FCS-MPC selects the
switching states for inverters and no PWM is needed. FCS-MRiledes the reference volt-
age vectors in a numerical manner by introducing a refereotiage vectors deciding cost
function and substituting all feasible discrete voltagetoes of inverter into this cost function.
The voltage vector leading to minimize value of cost funti®considered as the optimal vec-
tor, thus the reference. Though FCS-MPC has no fixed switdngtgiencies, it is on another
hand an advantage to achieve variable average switchiggdneies. No modulator is required,
but modulated strategies are still extendable, such asagesof various modulated or varying-
switching-point (VSP) MPCs [66]. FCS-MPC, according to then®to be tracked through
inner MPC controllers, has two branches [40]: FCS-Prediciorque Control (FCS-PTC) and
FCS-Predictive Current Control (FCS-PCC), which are the baseatmsitategies for all the
rest variations and extensive controls in this work. Thenefthese two FCS-MPCs will be
explained in details in the following parts of this chapter.

Both FCS-PTC and FCS-PCC, when implemented in model inverse mamneanstead of
substituting candidates voltage vectors into cost fundibdind out the optimal when compared
to the references, calculating directly the optimal rafesevoltage vectors with references.
Thus, the corresponding continuous MPC: Deadbeat PTC amthieaaPCC is achieved, which
will be explained in details in later parts of this chapter.

Both Continuous MPC and FCS-MPC can be implemented in one-sigpraltiple-step
(long horizon) manners, according to the number of stepgredictions in advance [67-69].
And the switching state at the nearest step should be implesden the next control period.
In next control period, the predictive controller moves atep forward with fixed number of
predictions in a time receding horizon way. As a result, tinber of prediction iterations will
increased exponentially with the increased predictionzioor The total number of possibili-
ties V with m different switching states of each possibility to be evedaor ann horizon
predictive control is:

N =m" (3.1)

Actually, all PCs are model-based, because they all utiheesyystem mathematical models.
However, they are differentiate through above names basédedr error elimination methods,
except MPC that are designed with a error minimization pgeaeith reference control signal
prediction and evaluation. Therefore, in more generalseetse, DTC and model inverse dead-
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beat MPC, an even earlier form of FCS-MPC, can also be classgistPL. For simplicity and
clarity, in this work, only FCS-MPC and deadbeat MPC are in @afi'MPC".

In the following parts of this chapter, several conventldBCs will be reviewed and com-
pared. The consecutive sub-chapters will introduce angleltite two main FCS-MPCs: FCS-
PTC and FCS-PCC; and one typical continuous MPC: Deadbeat MPGh&aomprehen-
siveness of verification results, all simulations are cated on an IPMSM model, and all
experiments are conducted on an SPMSM. The parameterstofriaahines are given in table
. Moreover, because both IM and SPMSM equations can be @resids special cases of that
of IPMSM, therefore, if applied to IM or SPMSM, their corresmling equations can be easily
modified based on the equations of IPMSM.

3.2 Time Order and Compensation

To better understand the discrete time implementationesdeltontrol strategies and in gen-
eral model predictive controls, the time order and the cphoétime compensation should be
firstly explained.

For conventional FCS-MPC, in each control period, only onedfigeitching state is given
to inverter for the whole control period. Therefore, in attohsystem, the optimized voltage
reference cannot be predicted and applied to the plant irsdh@e control/sampling period.
This is actually a intrinsic conflict of all predictive baseohtrol that not merely exists in digital
control system [70]. This can be understood through figut¢4, 62] , in which the switching
state corresponding to reference voltage for control pefioe k isv? (k). This value must be
readily calculated no later than the end of the control pkkid, and applied to the system at
the beginning of control period k. From the later predictezjuations in chapter 3.3, we will
see that to obtain(k), 7 (k + 1) should be predicted, which is the predicted torque value at
the end of period k (i.e. the beginning of period k).

Similarly and taken predictive torque control as exampleemwthe time window is shifted
one period/step forward, if we want to obtain the desiredregice voltagey(k + 1), of next
control period,k+1, we should in the present control perggredict the torque T*(k+2) corre-
sponding to its real value at the end of the k+1 period (i.giréng of k+2 period) in advance.
Therefore, the predictions should consists of two stepsprédict7(k + 1) with i(k) and
existingvi(k —1) , and predict(k +1); 2. predictZ (k +2) with i(k + 1) and candidate’ (k).
Therewith,v* (k) can be obtained.

Above is exactly the concept of "time compensation” —one nstep forward prediction of
desired control variables for the next step’s voltage exfee.

Time compensation is especially important. Because it esable control to be closer and
preciser with consideration of time order. And it is provede crucial in experimental imple-
mentations, which ensures the control order is correctlpimdated. In the following chap-
ters, all "one-step” predictions are essentially this kihdt@o-steps” predictions with time
compensation. With this pre-knowledge, the algorithmshaée different MPCs with one-step
prediction will be explained as example in the following sthapters.
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Sample: { « i K41
i.e. control cycl A A .
(i.e. control cycle | | - —time
L k+1 k+2
[starting point of samplé] [starting point of samplé + 1

or: terminating point of sampl&]

Measurement an oredict predict
Te(k + 2)

prediction: apply ™ (k) applyw™ (k 4+ 1) To(k +3)
[corresponding to [corresponding to
Te(k + 1)] v* (k+1)]

measure (k) measure (k + 1)

Figure 3.1: Time Order and Compensation of FCS-MPC.

3.3 Finite-control-set Predictive Torque Control

For the control of IPMSM in most applications such as electghicles and railway loco-
motion, torque response time and ripples should be coettoli a suitable range to achieve
good dynamics and performance. For this purpose, somededddTC, e.g. DTC with PWM
or direct mean torque control (DMTC) have been investigateiiniprove conventional DTC
respecting to high torque ripples, but they all increasesyrstem complexity. FCS-PTC has
been proven to be a very promising MPC method for motors [B]f,ahd has smaller torque
ripples than DTC and even has comparable performanceshase tof the FOC method [72].

Therefore, FCS-PTC is a good alternative that can both retthederque ripples and maintain
a fast system dynamics, and with simple design and impleatient The schematic of FCS-
PTC for IPMSM is shown in figure 3.2. It consists of three padgator flux and current
estimation and prediction; torque and current predictioth eurrent Park transformation from
a3 to dq frame; and cost function optimization.

3.3.1 Estimation and Prediction

For PTC, stator flux should be firstly estimated and discrdtferem stator voltage equation
(2.13). Afterward, both stator flux magnitude and electrgn@ic torque should be predicted.
To achieve this, (2.13) is again applied and discretizedhabthe next step stator flux linkage
can be predicted as:

{ Gk +1) = Ya(k) + T - [ua(k) = Ry - ia(R)] (3.2)
Uk +1) = vg(k) + T - [ug(k) — Ry - ig(k)]

Instead of using the measured value, the voltage refereaceoltage of last cycle’s optimal
is applied in calculation for this work. Transform the statarrentsi,, s and voltage.,, g to its
rotor flux reference frame forny,, andu,, through Park transformation, and combine (2.24)
and (2.25), the current derivative is obtained:

{ %id:(Ud—Rs'id+we-Lq-iq)/Ld (33)

%iq:(Uq_Rs'iq_we'Ld'id_we'wpm)/Lq
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Flux/Current <
Estimation/Prediction[—  u5 (k)
we (k) fee(k)
Figure 3.2: FCS-PTC for IPMSM.
The discrete stator predicted currents are thereforeebriv
i . Ts . .
ta(k +1) = ia(k) + I, [—Rs - ia(k) + we(k) - Lg - 1q(k) + ua(k)]
o . Ts . .
ig(k+1) =ig(k) + 7 [— Ry - ig(k) — we(k) - L - ia(k) + ug(k) — we(k) - Ppm]
q

(3.4)

For this work, three-phase two-level VSI is applied and Fa& tonventional FCS-MPC, and
all 7 available VSI VVs are substituted into the above cuserguations for further evalua-
tions to select the 1-out-of-7 optimal VV, i.as’(k), which is the complex vector of théy
componentsy, (k) andu, (k).

After transformingi,,(k + 1) to their stator frame correspondengg;(k + 1), the stator
flux and current predictions are finished and electromagit@tijue prediction can be therewith
calculated. However, since the optimal voltage vector (V&) reference VV) can only be
applied in the next control period @$(k + 1) when predicting the next of next step to increased
control precision and system dynamics, time compensatien, a further step’s stator flux
prediction is conducted as:

Valk+2) = Yok 4+ 1)+ T, - [ug(k + 1) — Ry - ta(k 4+ 1)] 3.5)
Yk +2) = sk + 1) + T - [ug(k + 1) = R, - ig(k + 1)] '

And the magnitude of predicted stator current is calcutated

| duk+2) 1= 2k +2) + Bk +2) (3.6)
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Transformy, s(k+1) to their rotor flux frame correspondenags, (k+1). And from (2.25),
the discrete stator currents’ predictiondip frame are:

%d(k + 2) = (ﬂd(k + 2) - Q/Ajpm)/Ld (3 7)
iq<k + 2) = wq(k + 2)/Lq
Therefore, with (2.26), the prediction of electromagnétitjue is derived:
~ 3 i ~ n ~
To(k+2) =5 plbalk +2) - 1g(k +2) = ¥(k +2) - ia(k + 2)] (3.8)

For SPMSM, the only difference lies in machine equationgdjs= Lj.

3.3.2 Cost Function Optimization

With the predicted values, for single step PTC, the contrstesy’s cost function can be
designed with torque and flux-related current error terms as

g = T = To(k +2); + Ay - i — ia(k 4 2);] + Ln(k + 2); (3.9)

j refers to the 7 different switching states. Becaliséas proportional-integral relation with
the speed errors, it is obtained with the outer speed Plaitertri’, is the stator current d axis
reference, which is for simplicity of control set with= 0 for neither rotor flux weakening nor
increasing operation), is the weighting factor. According to experiences, it isaluset to
be the ratio of control terms’ rated values ,i¥g.= T},0,,./ || 25 ||nom, fOr a fair control between
torque and flux corresponding terms, whose attributes #exelit. /,,(k + 2), is the predicted
current magnitude judgement term for overcurrent pradectivhich is defined as:

0 if | is(k‘ +2) I<]] tmax ||

L | (3.10)
v >>0 if || 45(k+2) ||>] imax |

I (k+2) = {

where|| imax || is @ predefined current limit, whose value can not only regbimtection, but
also roughly adjust the average magnitude of current. Mggtem constraints similar ds, and

nonlinear control terms can be further added into cost fanaccording to the requirements.

3.3.3 Simulation and Experimental Verification

FCS-PTC is simulated on IPMSM model and experimented on SPNM&different speed
ranges and load conditions. The simulations and experaheggults are shown and analyzed
in the following parts.

Simulation 1 is to find out the speed step startup and revpreagss.

Figure 3.3 shows speed, torque, current and flux of this ggCEhe speed reference is given
in ramp form. As can be seen from the figure, the motor under PTS-has fast response for
speed tracking (withif.5 s for 3000 rpm variation). During both speed startup and reversal
processes, the output electromagnetic torque is cordrei¢h its maximum feasible value
(rated value ofl2 Nm) to offer fastest acceleration and deceleration. Moredwecause the
current limitation term in cost function, the stator one gdha&urrenti,,’'s maximum is also
maintained around0 A, which is within the nominal limit ofi3.8 A.
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Figure 3.3: Simulation: IPMSM Rated speed start up and ravargler FCS-PTC.

Figure 3.4 shows torque and flux related currigfd tracking performance. From both the
sub-figures, it is seen that both torque and current predisttan track their references, which
shows the effectiveness of the FCS-PTC. It is also seen thae#h@alue has one control pe-
riod’s delay than the predicted value, which is self-evigdbrcause the IPMSM model’s output
with the reference calculated in current step is actuaMemito inverter one step later than
controller’s prediction in the current step (otherwisesinpt feasible and there exists algebraic
loop). This shows the successful realization of time corsp@an. For experiments, the pre-
diction and real values may be not so highly matched becdube @arious extents of model
deviations.
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Current [A]
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Figure 3.4: Simulation: IPMSM Torque and Flux Tracking @erfance under FCS-PTC.
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Figure 3.5: Simulation: IPMSM FCS-PTC Performance undeqiiefVariations.

Simulation 2 is to find out the speed performance under tovguations.

Figure 3.5 shows speed, torque, current and flux of this gsoc8ince low speed range is
the most difficult control range of IPMSM with torque contritlis constantly controlled with
speed reference 800 rpm (20% of rated). A sudden rated lod{ = 12 Nm is added and hold
for 0.2 s. Itis shown in figure that the system can instantly track taelland its removal, with
only a slight speed drop & rpm under load conditions. This speed variation is caused by the
non-optimal speed Pl parameters, because these parameteperation point sensitive that
should be adjusted with respect to different speeds andldddny researches have been done
for the self-adjustment of Pl parameters, such as selftagapnline parameters and wavelet
Pl adjustments. In the later chapter 6, a strategy with DQ¢hwis essentially a model based
Pl parameters adjustor in manner of feed-forward compemsaiill be proposed to solve this
problem as well as increase the torque dynamics. Similaneasgeed startup and ramp down
transients in the previous simulation, maximum torque ipouto track the torque variations
instantly in several mini seconds.

Figure 3.6 zooms in the torque and switching states durirguvariation transient. Vector
number O to 6 represent the switching states of 000 to 111 @srshn table 2.1. As can be
seen from this figure, the torque can track its referencekuwgithin 0.5 ms, which shows a
fast response. When the torque is loaded, more null vecterapplied. This is because higher
torque requires larger stator current. However, largeetuiis closer to the current control limit
set in cost function. Therefore, the selection of referaratage is more "conservative" with
more null vectors instead of active vectors leading to langeent ripples that will exceed the
current limits.
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Figure 3.6: Simulation: IPMSM Torque and Voltage Vector$QIS-PTC under Torque Varia-
tions.

Simulation 3 tests the robustness of FCS-PTC. The maximum kasveninimum values
of the parameters’ deviation ranges are chosen with therierithat no obvious deterioration
is found in the current and torque values, when comparedtivlsituation without parameter
deviations. Figure 3.7 to figure 3.9 show the system perfooesagainst the variations Bf,

L, andL,. The motor is operated at half rated spe&a(rpm) with half load 6 Nm). It
can be seen from the figures that FCS-PTC controlled IPMSMesy$& very robust against
parameters variations. Anf;, which is sensitive for most model based control and obsgyve
shows a wide range of robust range of deviationd 0%{,1000%], while L, andL, have similar
ranges aroundsp%,120%].

The similar experiments are conducted on the SPMSM. Figur@ $hows the speed step
startup and reversal performance in experiment. SimildP&SM’s simulation, the startup
and reversal processes take within s. Since the step startup requires faster acceleration than
the ramp reversal, keeping on the rated valud®fVm, the startup required torque is larger
than the reversal one. And the current is proportional toothput torque. In this figure and
all following experiments results, the flux related curremtich is constantly controlled with
iq = 0, is shown.
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Figure 3.7: Simulation: IPMSM FCS-PTC performance with Rsatsons.
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Figure 3.10: Experiment: SPMSM Rated speed startup andsavender FCS-PTC.

Figure 3.11 is the torque and flux current tracking perforceamhe predicted value tracks
the reference well, therewith, the (filtered) real valu® &ghly aligns with the reference.

The system under load variations are tested. In figure 3n&dphd torque are given in steps
for both directions and the machine works at both generatdrraotor modes. The torque
tracks its reference fast, and as a result, the speed dropnigaratively small.
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Similarly, the robustness of system parameters are alsadteBigure 3.13 shows the stator
resistance value has almost no sensitivity when iti6és increase and decrease.

-20 — — — Reference
Predicted
Real

0.19 0.195 0.2 0.205 0.21

Figure 3.11: Experiment: SPMSM Torque and Flux Trackingd?arance under FCS-PTC.

o [A]
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Figure 3.12: Experiment: SPMSM FCS-PTC Performance undeugoVariations.

For parameter sensitivity tests, figure 3.13 shows the Rsstobss in experiment.
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Figure 3.13: Experiment: SPMSM FCS-PTC Performance underaRation.

Figure 3.14 shows that the stator inductance variatiorslaéd to minor miscontrol.
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Figure 3.14: Experiment: SPMSM FCS-PTC Performance und&fatiation.

However, the system is sensitive but only in short time ton@arent magnet variable vari-
ations with30% mismatch in parameters. For example, in figure 3.15, wherpénmanent
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magnet flux in control is decreased to 0.7 of the real value ctintrol is therefore disturbed
and speed increases above reference. As a result the taygtreldorce the torque reference
(red line in figure) to reduce thereafter to balance this @peeation. However, the real torque
is only instantly increased. After aroufd s, the new balance with the deviated torques ref-
erence and real values is achieved, thanks to the self atgusiof the close loop. Since the
permanent magnet flux value doesn’t change frequentlyrabisstness is acceptable.

Ypm 0.7%pm Ypm 1.3Ypm
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Figure 3.15: Experiment: SPMSM FCS-PTC Performance ungleiVariation.

3.4 Finite-Control-Set Predictive Current Control

FCS-PCC method was firstly proposed in 2007 [73]. It is also nhaeeFCS-PFOC [62],
because its reference currents are firstly given in the dgdravhich is similar as FOC, and
then transferred back @3 frame terms for the cost function. The schematic of FCS-PCC for
IPMSM is shown in figure 3.16. Except the outer speed PI catréd-CS-PCC'’s inner current
controllers consist of three parts: stator flux and currestinetion and prediction; current
prediction and Park inverse transformation from dg toframe; and cost function optimization.

3.4.1 Estimation and Prediction

FCS-PCC also requires the estimation and prediction of stiatoland prediction of stator
currents. Its calculation is actually similar and compaedy simpler than FCS-PTC. The pre-
diction steps are the same as that of FCS-PTC from (3.5) t9. (Riter that, the predicted
currents are further transformed into the statGrframe through Park transformation as:
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Figure 3.16: FCS-PCC for IPMSM.
(3.11)

ia(k +2) = cos(6.) - ia(k 4+ 2) — sin(6.) - ig(k + 2)
ig(k +2) = sin(6.) - ia(k + 2) + cos(0,) - ig(k + 2)

whered, is the electrical angle of rotor. And similarly, the refecercurrents from dq frame
is also transformed into stator reference frame as:
1

z}} = c?s(é’e) : @L:i — sin(0,) - i; (3.12)
ip = sin(fe) - iy + cos(0) - i,

wheres} is still set as 0 for simplicity of control and fair companmsbetween FCS-PCC with
the previous FCS-PTG@; is directly obtained through Pl speed controller, becausens; = 0,

and according to (2.26), is proportional tdl’;.

3.4.2 Cost Function Optimization

The design of cost function differentiates the control of HIXSC from FCS-PTC, where the
currents instead of torque and flux are set as the controktagn

95 = it — ia(k +2)5| + 0% — ia(k + 2);| + Ln(k +2); (3.13)

L, (k + 2), is defined the same as in FCS-PTC. No weighting factor is redjinrfeCS-PCC
for fair control, because both current control terms areaofe attribute.

One thing should be noticed here is that currents should bealted in oS frame instead
of dq synchronous reference frame. Otherwise, FCS-PCC is cangdHhe torque related and
flux related terms, and therefore it is essentially still FEBz instead of FCS-PCC.
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3.4.3 Simulation and Experimental Verification

Similar to FCS-PTC, FCS-PCC is also simulated on IPMSM and exygried on SPMSM
at different speed ranges and load conditions. The sinonistand experimental results are
shown and analyzed in the following parts. For easiness ofrcl the operation conditions
and speed PI parameters of FCS-PCC are set to be the same as EGSH#9Th simulations
and experiments.

Simulation 1 is to find out the speed startup and reversalgssoc

Figure 3.17 shows speed, torque, current and flux of thisgeocCompare this figure with
figure 3.3, it is seen that the dynamics as well as steady geafermance of FCS-PCC are
almost identical as FCS-PTC, except the torque ripples’ raideCS-PCC is slightly larger
than that of FCS-PTC, which is consistent of the phenomenomdfaun the comparison tests
on IM conducted in [40].
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Figure 3.17: Simulation: Rated speed start up and reversaC8fPCC.
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Figure 3.18 shows currents’ tracking performance, whi@sigood and precise as the torque
and flux tracking performance in FCS-PTC.

Simulation 2 is to find out the speed performance under tovguations.

Figure 3.19 shows speed, torque, current and flux of thisgz®csimilar as the same simu-
lation of FCS-PTC, there is a slight speed drop. Since the si&son of Pl parameters compen-
sation is not in the scope of this chapter and this problem essts in FOC and other control
strategies, it will not be considered as a drawback for tleeliptive control itself.

The zoomed-in torque and switching states during torquatv@n transient are shown in
figure 3.20, whose torque response is similar to the case offFGSin figure 3.6, but the band
of ripples are larger because of FCS-PCC'’s indirect contralrofite leads to larger ripples than
the case in FCS-PTC with direct control of torque.
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Figure 3.18: Simulation: Current Tracking Performance of fFRTSC.
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Figure 3.19: Simulation: FCS-PCC Performance under Torquefi@ns.

Simulation 3 tests the robustness of FCS-PCC.

Figure 3.21 shows the system performance against theieasadf R,. Compared to FCS-
PTC, FCS-PCC has a much larger robust rangg,abf [1%,150%].

Figure 3.22 shows the system performance against the ieasadf ,. Compared to FCS-
PTC, FCS-PCC has a slightly smaller robust rangé of

Figure 3.23 shows the system performance against the isasatf L,. Compared to FCS-
PTC, FCS-PCC has a similar robust rangd pf

The robustness differences between FCS-PTC and FCS-PCCaomafsstent with the test
results found in the FCS-MPC of IM [40].
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Figure 3.21: Simulation: FCS-PCC performance with Rs Vanmtio

Experiments of FCS-PCC is also conducted on SPMSM.

Figure 3.24 is the speed startup and reversal performarmeestép startup process is slightly
faster than FCS-PTC because the current limit is increased.ti®e ramp reversal is also well
tracked therefore having the same reversal time. Same asdti@us simulation results, FCS-
PCC contains larger torque ripples, which can be consideseal teadeoff of better current
performance (i.e. less ripples).

Figure 3.25 is the zoomed-in current tracking performariddestarting short transient of
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speed reversal. Similar as FCS-PTC, the predicted and therdéfe real current tracks the
reference well. Though the predicted and real currentepple not small, which is intrinsic in
light of the small stator inductance.

From the torque variation experimental result in figure 3tB6é torque and current (including
the flux related current) relation are the consistent to tegipus experiment.

Figure 3.27 shows FCS-PCC's similarly good Rs robustness as iFFHTS
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Figure 3.25: Experiment: Current Tracking Performance of {RCE.

And figure 3.28 shows FCS-PCC's similar Ls robustness as in FGS-PT

In figure 3.29, compared to the correspond in figure 3.15, FC6-Ras slightly bettev,,,
robustness as in FCS-PTC in light of its smaller speed chaihga the same values of sudden
Ypm Variation is conducted in control.

3.5 Deadbeat MPC

As mentioned in chapter 3.1, FCS-MPC, when implemented in tbhdeminverse way,
achieves its corresponding deadbeat form, i.e. deadbe& (BMPC). Since PCC has in
general less calculation effort, simpler control alganithwhen compared to PTC, so as to
deadbeat PCC (DBPCC). As a result, DBPCC for IPMSM is designed ariiedein this
sub-chapter as example for continuous and deadbeat MPCs.

The schematic of DBPCC of this work is shown in figure 3.30. lItimsiler as FCS-PCC,
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Figure 3.26: Experiment: FCS-PCC Performance under Torquiatims.
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Figure 3.27: Experiment: FCS-PCC Performance under Rs \@miati

except the cost function optimization is replaced by a deatlbontroller that calculates the
continuous reference voltages by equating the currenteefes and predictions in analytical
manner instead of selecting discrete voltage vectors froite ftandidate set through cost func-

tion optimization in numerical manner.
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Figure 3.28: Experiment: FCS-PCC Performance under Ls Vamiat
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Figure 3.29: Experiment: FCS-PCC Performance unggr\Variation.

3.5.1 Continuous Reference Voltages Prediction

The derivation of DBPCC is very simple and intuitive, basedadrevious equations for the
derivations of FCS-PTC and FCS-PCC. Review the sub-chaptem3t8ad of using predicted
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Figure 3.30: DBPCC.

flux equation to predict;(k + 2) andi,(k + 2) as in (3.7), the current prediction is obtained
with one step forward as in (3.4):

’

(b 4+2) = (k4 1)+ TZ Ry ik + 1)+
We(k +1) - Ly - ig(k + 1) + ug(k + 1)]
(k4 2) =i (k4 1)+ TS =Ry gk +1)— (3.14)

L,
we(k + )-Ld-zd(k‘—i—l) + uy(k+1)

\ — we(k + 1) - Ypm]

In fact, during experimental implementation, the next 'stegectrical speed.(k + 1) is
replaced by the value of its current control cyele(k), because the speed prediction requires
the measurement of the real load torque, which increasdsvaee cost with extra torque meter.
Actually, this approximation is ignorable in light of thedge time constant of electrical angular
speedv, of IPMSM that is proportional to rotor mechanical spegd |t is found in (3.14) that
the reference voltages;(k + 1) andu,(k + 1) are exclusively dependent on the stator currents
predictionsiy(k + 1) andi,(k + 1). Therefore, the continuous reference voltages for the next
control period is predicted through the calculation by sititsng current references andi;

into to (3.14) to replace;(k + 1) andi,(k + 1) as following:

(
L . .
wilk 1) = 2 - [ig = da(k £ D] + Ry -ia(k + 1)
—we(k) - Ly -ig(k +1)
L . .
wi(k+1) = 22 it —dg(k + 1] + Ry - ig(k + 1) (3.15)

++ﬁ|

e(l{) Ld Zd(k+ 1)
e(k ) . Qﬁpm
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Figure 3.31: Simulation: Rated speed start up and rever$aB&CC.

3.5.2 Simulation and Experimental Verification

All simulation and experiments of DBPCC are conducted withgame sampling/control
frequency (18 H z) on the same IPMSM and SPMSM with the same speed Pl contpallam-
eters as the previous two FCS-MPCs. The PWM frequency is set titelgame as sampling
frequency.

Simulation 1 is to find out the speed startup and reversalgsoc

Figure 3.31 shows speed, torque, current and flux of thisgaac Compare this with fig-
ure 3.17 with the previous same simulation results for bofi® Rnd PCC, it is found that
DBPCC system have better torque and current performance mdes ripples. But the dy-
namics (i.e. response time) are very similar. This showsDB#PCC has comparable dynamics
and better steady state performance as FCS-MPC at same sgufinptjuency. This is because
the precise alignment of the stator currents on their rafazg through deadbeat control and the
adoption of PWM (SVPWM, or: SVM is used in this work as PWM) for afikhigher average
switching frequency than the FCS-MPCs. However, in light DBP@E3VM in system, which
means higher switching frequency and therewith "smoothedies of variables as in FOC, itis
not fair to conclude that DBPCC has better performance—itmgpen the hardware/software
ability and application requirements.

Simulation 2 is to find out the speed performance under tovguations.

Figure 3.32 shows speed, torque, current and flux of thisgeimilar as FCS-MPC, there
is a slight speed drop.

The zoomed-in torque and switching states during torqumatan transient are shown in
figure 3.33. It is seen that only active vectors are givenradutorque increasing transient to
offer fastest response. This is because DBPCC, with the PWM vdiiels shorter duty ratio
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Figure 3.32: Simulation: DBPCC Performance under Torquea¥ans.
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(for FCS-MPC, duty ratio is 108) for different vectors, zero vectors are not needed as in FCS-
MPC overshoot caused by active vectors hold for the compahatong whole control period.
The switching frequency of DBPCC is Bf z, which is almost 10 times as that of FCS-MPC

as shown in figure 3.43.
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Figure 3.33: Simulation: Torque and Voltage Vectors of DBP@@ar Torque Variations.

Simulation 3 checks the robustness of DBPCC.
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Figure 3.34, 3.35 and 3.36 show the system performancesdghevariations of,, L, and
L,, respectively. Compared to FCS-PTC and FCS-PCC, DBPCC has siwilastrranges
of L, and L, but a smaller range of?,, which means FCS-MPCs are robuster agaifst
variation. Though when there is no parameter deviation, DBE&tCachieve preciser control
and less ripples at same sampling frequency condition atME6; it is at the same time more
sensitive against parameter mismatch. Therefore, it lggehrequirements for model precision

to guarantee its good performance.
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Figure 3.34: Simulation: DBPCC performance with Rs Variations
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Figure 3.36: Simulation: DBPCC performance with Lq Variagon

Figure 3.37 is the speed reversal experiment of DBPCC on SPNCSkhpared to the one of
PCC, it has exactly the same dynamics and much smaller torqueuarent ripples.
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Figure 3.37: Experiment: Rated speed start up and rever&BBICC.

Figure 3.38 shows reference voltages during the speedetatieh transient. It is seen that
when the torque and current magnitude are kept as their nuexioonstant values for fastest
deceleration, as speed reduces, the magnitude of statageslare also reduced.
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Figure 3.38: Experiment: Stator Reference Voltages dumegd deceleration of DBPCC.

The torque variation performance of DBPCC in figure 3.39 shiwasthe speed oscillations
are also smaller, which is directly decided by the torquégoerance.
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Figure 3.39: Experiment: DBPCC Performance under Torqueatfans.

The Rs, Ls and),,, robustness of DBPCC in figure 3.40 to figure 3.42 show that DBPCC
is much robuster than both previous FCS-MPCs. The reasonglig¢kiagain in that DBPCC
has higher switching frequency and shorter individual @eepplication sector, which enable
refinement and faster control, when the extra PWM module arr@@&sed switching frequency
and loss is not in consideration.

The average algorithm’s turnaround time of DBPCC in experisi@naround 1s,which is
only 65% of the average turnaround time (2§ of FCS-MPC.
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Figure 3.42: Experiment: DBPCC Performance unggyf Variation.
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3.6 Conclusion

In this chapter, two FCS-MPCs and a typical continuous MPC apéamed and analyzed
through simulations and experiments.

The analysis of all three methods on IPMSM of the loaded ssagbown in the bar chart in
figure 3.43. As can be seen that both MPCs have similar perforej@&xcept PCC has smaller
speed variations but larger torque variations and PCC hglstislinigher current THD. It is
because in PTC, torque is directly and more precisely cdattoh cost function. Therefore,
generally speaking, both FCS-MPCs have similar performai2BBCC as a continuous MPC
is actually hard to be fairly compared with FCS-MPCs. As candsndrom the chart, it has
small variances in both speed and torque as well as THD infisacof much lower switching
frequencies.
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Figure 3.43: Analysis of FCS-PTC,FCS-PCC and DBPCC.

A detailed comparison for different aspects of performaetated values for both FCS-MPC
and deadbeat MPC is shown in table 3.2.

From this table, it can be concluded that both FCS-MPCs haviasigood performances
in light of their dynamics, low switching frequencies andhiear control/constraint inclusion
potential. And no PWM, which means extra software and haredwasts, is required. There-
fore, they are promising for many applications.

Meanwhile, since the calculation efforts of DBPCC is much ldmss that of FCS-MPC,
when PWM module is acceptable and system constraints ornsamlties are not required to
be controlled, it is as good an option as FCS-MPC in light omeyits of fast dynamics like
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Table 3.2: Comparison of FCS-PTC/PCC and DBPCC.

Features \ PTC \ PCC | DBPCC |
Conceptual complexity Low Low Low
Complexity of implementation Low Lower Lowest
Calculation efforts Higher High Low
Pl-current controllers NO NO NO
Use of PWM NO NO YES
Switching frequency Variable Low | Variable Low | Fixed High
Dynamics Fast Fast Fast
Torque ripples (transient) Lower Higher Lowest
Stator current THD Lower Higher Lowest
System Constraints Included Easy Easy Impossible
Senstivity to Rs Low Lower High
Senstivity to Ld Lower Low Low
Senstivity to Lq Low Low Low
Turn around time 29%us 23us 17us

other MPCs. Moreover, its THD and variances of torque anddspsavell as other indexes can
be further reduced with smaller sampling/control periodserefore, it can be considered as an
ideal nonlinear alternate of other linear controls withtommous voltage reference and PWM,
such as FOC.
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CHAPTER 4

Increased FCS-Continuous MPC

In the previous chapter, continuous MPC with deadbeat obnitethod was proposed. This
method is simple and has low calculation efforts, but itudels no cost function. Therefore,
system constraints and nonlinearities cannot be controlle overcome this drawback, in this
chapter, two cost-function-including solutions for cownitbus MPC with constant switching
frequency through an increased finite-control-set aregseg and verified by simulations and
experiments. Since their number of candidate voltage vedtocontrol set has been largely
increased to generate more voltage vectors covering thageplane, they are considered as
continuous or quasi continuous MPC, and PWM can be applied. rasudts, they are named
as "Increased FCS-Continuous MPC" or "IFCS-MPC" for short.

4.1 Dichotomy-based IFCS-PCC

A class of numerical method of quasi-continuous referemdtage calculation based on di-
chotomy is applied in the sub-chapters to generate the G@threference voltage vectors se-
lected as the input of PWM before switching the inverter. 8itiis method is an extension and
selection mechanism for control set and it is not directlgitesl to the base control strategies of
FCS-MPC, only FCS-PCC will be taken for example of application.

4.1.1 Fan Dichotomy-based Method

The first method is initially proposed and applied on an FC&BPMSM by Ma [63]. It
is firstly called "dichotomy-base method" by us in [65] witlethpplication on an FCS-PCC
IM. And in this work, to differentiate it with the other mettian this method, it is named with
more detail of its vector selection range as "fan dichotoragebmethod”. For extension of
application and comparison purposes, it will be verified anF&€S-PCC controlled IPMSM
system.
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Fan Dichotomy-based IFCS-PCC has exactly the same processx@rftl current estima-
tion and prediction as in the conventional FCS-PCC introdundtie last chapter, except its
candidate voltage vectors’ formation and selection ppies enable it to generate continuous
reference as the one calculated from deadbeat, thoughaitiglation and implementation com-
plexity is higher than deadbeat PCC. Therefore, its scherdegram, as shown in figure 4.1,
is similar as the one of FCS-PCC in figure 3.16, except SVM is @@dden Deadbeat MPC of
figure 3.30.
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i3 =10 Transforrr i5 | Function Optimization]

i T E ouss

Current Prediction

) — 0. (k)
Park=* Transform

J(k+1) f $ Sk +1)

Flux/Current

is(k)

Estimation/Predictio uj (k)

we(k),fee(k:)

Figure 4.1: Dichotomy-based IFCS-PCC for IPMSM.

Instead of substituting and choosing from only 7 discretetoss for the cost function, the
proposed FCS-PCC calculates the voltage vectors for thewostidn by a numerical method.
This is realized by increasing the number of candidate eefe voltage vectors through di-
chotomy. This method ensures that the optimal voltage vearee found at its fastest rate
among the possible candidate voltage vectors that equalrche full-scale of the circular or
hexagon plane of reference voltage vectors.

The selection of optimal voltage vectors is an iterationcpss, where the amplitude of the
next batch’s candidate voltage vectors of the loop are basehe last step’s voltage vector by
adding and subtracting half of the last round’s optimal @estamplitude. The search scale of
phase angle is reduced to half of the last step by excludenddminating area other than the last
step’s optimal voltage vector. This method increases tihaulzdion effort, but is acceptable,
because dichotomy removes calculation redundancy in eaghiteration. This is different
from the calculation intensive enumeration method. FiguBeshows the first two steps of one
iteration of the optimal voltage vector selection mechamis a circular plane.

In this figure, the selected vector is in red (or: bold for kland white print) for each step
andV,, is the maximum available output voltage vector’'s magnituleorder to avoid over-
modulation and its nonlinear distortion for voltage forioat for the aforementioned inverter,
only the inscribed circular area of hexagon is considerdaus]V,, = 0.866 - V.. To fully
use the dc link voltage, voltage vectors can also be cakuliait the hexagon plane or include
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1st Step:

Final Step: A

\

Figure 4.2: One iteration of the fan dichotomy-based IFCS=MReference voltage vector
selection.
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over-modulation with/,, = V.. However, this will either increase the torque ripples &éftd
order harmonics or reduce the control precision.

Since the solution of the next sub-chapter is a similar vianeof this method, for easiness
of comparison, the simulation and experimental resultsaof Bichotomy-based IFCS-PCC for
IPMSM will be shown together with the upcoming method in thiet sub-chapter.

4.1.2 Circular Dichotomy-based Method

In this sub-chapter, another new method calculating veltaggtors in circular area for each
of the next vector optimization loop in the iteration prox@sll be proposed. Since itis still a
numerical method to generate quasi-continuous referesltage that is similar as the previous
solution, SVM can be applied and fixed switching frequencyhef inverter is ensured. Its
schematic diagram is the same as the previous solution asishdigure 4.1 [64].

Similarly as dichotomy-based IFCS-MPC, the proposed Cirdnlahotomy-based Method
enlarges the scale of candidate voltage vectors for thefaostion by a numerical dichotomy
method. Figure 4.3 shows the first 3 steps of one iterationeobptimal voltage vector selection
mechanism in a circular plane. Instead of using only the fédift discrete voltage vectors to
evaluate cost function, the circular dichotomy enlargessttale of candidate voltage vectors for
cost function through dichotomy. Based on previous voltagtor, the magnitude of next step’s
candidate voltage vectors is set with adding and subtigbtdf of last step’s optimal reference
vector's magnitude. And the angle between the adjacentidatedvoltage vectors of the same
step is set to be half of the last step’s value. Similar budedeht from the fan dichotomy, fan
dichotomy’s voltage vector's magnitude of next step’s edatd voltage vectors is calculated
by adding vectors, whose magnitude are half of last stegisnapvector's magnitude. But the
next step’s voltage vectors’ angles equally divides theutar areas instead of fan areas.

4.2 Simulation Verification

This chapter shows the test results of the fan and circuldrodomy-based IFCS-PCC on
PMSM. Similarly, same tests designed with same speed Piaitamtparameters as last chapter
are applied. In the tests, both Fan and Circular Dichotongetidvethods have 4 iterations,
with 2 divisions in angles for each iteration.

Simulation 1 is to find out the performance of the speed stepngpreversal process for
IPMSM. Figure 4.4 shows speed, torque , current and flux sfghocess. Figure 4.5 shows the
current tracking performance of both systems during thedpeversal process.

Simulation 2 is to find out the speed performance under tovquations. Figure 4.6 shows
speed, torque, current and flux of this process.

Simulation 3 tests their robustness. Same variations rahgarameters as the tests of FCS-
PCC are set. Figure 4.7 to figure 4.9 show the system perfoersgainst the variations @i,
L;andL,.

All three parameters’ variations tests confirm the good amila robustness of Deadbeat
Null RFCS-PCC.

Compared to the Circular Dichotomy-based Method, Fan Dichgtbased Method reduces
the calculation complexity, which alleviates the main peoi of Dichotomy-based IFCS-MPC,
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Figure 4.3: One iteration of the circular dichotomy-baded$-MPC's reference voltage vector
selection.
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Figure 4.4: Simulation: Rated speed start up and reversalabfdiomy-based IFCS-PCC for
IPMSM.

and makes it considerate for the application for long haerigeedictive control, whose crucial
limitation is the amount of calculation. And with respectttee dynamic performance and
robustness, the proposed method is comparable and evbtiysbgtter than the existing FCS-
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Figure 4.8: Simulation: Dichotomy-based IFCS-PCC perforredior IPMSM with Ld Varia-
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4.3 Conclusion

The IFCS-MPC proposed in this chapter, when compared to atioveal FCS-PCC, main-
tains the fixed switching frequency of the inverter, and iowes the current quality and reduces
the torque ripples significantly due to its quasi-continsiceference voltage generation mecha-
nism to apply multiple switching states in each PWM perioderBwith, the system’s reliability
can be ensured. And it has better control accuracy, espeaiaén with regard to the current
tracking and quality.

Though the calculation efforts of IFCS-MPC is increasedag meanings for special applica-
tion where calculation is not the main consideration butesyswith multiply-objects nonlinear
control and fast dynamics of MPC or continuous referenctagel are required.
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CHAPTER 5

Reduced FCS-MPC

In contrast to last chapter with IFCS-MPC, this chapter dedls the matter of FCS-MPCs
reducing the number of candidate voltage vectors for cogttion optimization to reduce the
calculation efforts [74, 75]. Therefore, the methods pegubin this chapter are named "Re-
duced FCS-MPC" or "RFCS-MPC" for short. With RFCS-MPC, instead oftgubag all
feasible voltage vectors into the vector related terms ef ftoction in a exhaustive way, only
a sub-set of the voltage vectors is chosen as the controhdetplied for cost function min-
imization. This is especially important for system with fied calculation resources, e.g. for
higher precision applications that must be controlled \atig horizon FCS-MPCs.

However, different from IFCS-MPC, RFCS-MPC still generatexmdite voltage vectors.
Therefore, no PWM is required. The following sub-chaptesppse five different solutions
of RFCS-MPC that can reduce the number of candidate voltagergeia control set for cost
function from 7 (or: 8 with both zero/inactive vectors) to45,3, 2 and 0 [76], respectively.

All control set reduction principles are only dependent ddl Yopology, and theoretically
also not electric machine type dependent for differentrabstrategies in this work. Therefore,
the methods make no differences on variables estimati@uligiron and cost function design
of FCS-MPC. FCS-PCC for both IPMSM and SPMSM are taken as exarfglése purpose
of explanation and verification of algorithms.

5.1 Dichotomy-based RFCS-PCC

This method is another implementation of dichotomy on FCSEMWhich can reduce the
number of candidate voltage vectors in control set for aasttion to 5.

The design of this method is very simple and intuitive witk thechanism of dichotomy,
which sorts the relevance of vectors by distance and giasuiictions for redundancy exclusion.
Figure 5.1 gives an example of this method. As shown in thisr@gfirstly, any 2 vectors of
opposite directions (e.@3 andwvg) out of the 6 feasible voltage active vectors from VSI voitag
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Vi
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Figure 5.1: Vector Selection of Dichotomy-based RFCS-MPC

hexagon are selected. And the perpendicular line passiaggh the origin of these two vectors
equally divides the plane into two parts. After that, botlectees are substituted into the cost
function and the vector (e.gus) that leads to smaller cost function value is consideredeto b
more relevant and closer to (or: may be exactly) the optireelor in hexagon plane. Therefore,
all 3 active vectors (i.evs, vg andwv;) of the opposite side of the perpendicular line, where
is not in, can be considered as less relevant, and thus bedext| However, since the other 2
active vectors of the same side (i.®, andv,) as well as the inactive vecteg’s relevance is
unsure, they cannot still be excluded. As a results, theeadjd® vectors (i.ev, andv,) of v, as
well asv, are finally given to the cost function for further optimizatito choose the reference
vector. After these two steps of Dichotomy-based RFCS-PCC,®rbctors including a null
vector are required to shrink the number of candidate veltaertors in control set for cost
function optimization. Therefore, the calculation effortill theoretically be reduced around
28.6%.

5.1.1 Simulation Verification

As mentioned at the beginning of this section, only FCS-PCG thie proposed RFCS meth-
ods for IPMSM will be given as example for verification. Thiere, this sub-chapter will show
the test results with the modification in the same FCS-PCC msysite proposed in Chapter
3.4 with the proposed Reduced FCS principle. Same test conslitvith identical speed PI
controller parameters as well as current and torque limaitatin control are applied for fair
comparison.

Simulation 1 is to find out the performance during speed gfepnd reversal process. Fig-
ure 5.2 shows speed, torque, current and flux of this proddss.speed dynamics and torque
ripples’ ranges are almost the same as the results of coomehECS-PCC in figure 3.17. But
the current and flux ripples range are slightly larger. Thesoa of the slight deterioration
should be caused by the criteria of distance relevance hakionly vector angles dependent.
However, the optimal vector’s effectiveness for cost fiorcs values depend both on its angle
and magnitude. The possibility still exists that the optinector found by this method with
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only angular distant criteria leads to larger cost functialue than any one of the two excluded
vectors (should be adjacent to the found optimal vector) ismaore relevant to the real optima
in magnitude. However, since for such a radial allocatiofeasible voltage vectors of VSI,
where angles are the more influential and deciding diffexsrietween vectors, it is reason-
able and preferable to consider angular distances as n¢lenteria as adopted in this method.
Figure 5.3 shows the corresponding currents’ trackinggoerance. For better comparison, the
scale of current in figure is set to be the same as the one irefyaB of FCS-PCC. It is seen
in this figure, its tracking performance is as good as thaheitonventional FCS-PCC.
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Figure 5.2: Simulation: Rated speed startup and reversaiobfdibomy-based RFCS-PCC.
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Figure 5.3: Simulation: Current Tracking Performance offidiomy-based RFCS-PCC.

Simulation 2 is to find out the speed performance under tovquations. Figure 5.4 shows
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speed, torque, current and flux of this process. Similar dlsanast test, the flux and current
ripples have slight increase. The zoomed-in torque andatkimig states during torque variation
transient are shown in figure 5.5.

Simulation 3 studies the robustness of Dichotomy-based RFCS- Same variations range
of parameters as the tests of FCS-PCC are set. Figure 5.6 dimgysstem performance against
the variations ofR,. Figure 5.7 shows the system performance against the icausadf L.
Figure 5.8 shows the system performance against the \aarsatf L,. All three parameters’
variations tests confirm the good and similar robustnessdfddomy-based RFCS-PCC.

Since the current ripples are comparatively large with tiethod, for the protection of ma-
chine and inverter, experiments of are not conducted withRichotomy-based RFCS-PCC.
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Figure 5.9: Switching states transitions for 2-level 3g&&SI.

5.2 Switching-minimized RFCS-PCC

This method can reduce the number of candidate voltagengactoontrol set for cost func-
tion to 4.

It was originally proposed in [28] and applied for FCS-PTCblsic principle of vector num-
ber reduction is based on minimization of switching numlmereflach period. In each control
period, the vectors selected for the sub-set should requasemum one switching transition of
one pair of IGBTs on one leg of VSI from the last applied vedkagure 5.9 shows all switching
states transitions for 2-level 3-phase VSI with differgmes of lines representing different the
transition numbers between all vectors from each othehéerfigure, only the state transitions
with green double dashed lines and blue dashed lines axexstkccording to the principle for
this method.

Moreover, with this principle, the maximum average switchifrequency of the inverter
becomes:

fSWmin = fc (51)

Therefore, in this work with the control/sampling frequerfc = 10 £ H z, the peak switching
frequency islO kH z. With this reduction of candidate voltage vector numberantool set for
MPC, 42.86% of the calculation effort of vector selection process carséeed. Meanwhile,
with this strict switching number limitation, switching &idoss is also reduced (The percentage
of average switching frequency reduction will be measungtié following parts).

5.2.1 Simulation Verification

This chapter shows the test results of PCC with this RFCS ptacip
Simulation 1 is to find out the speed step up and reversal psod¢ggure 5.10 shows speed,
torque, current and flux of this process. The ripples areslightly increased, when compared
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Figure 5.11: Simulation: Current Tracking Performance oit&8wng-minimized RFCS-PCC.

to conventional FCS-MPC. Figure 5.11 shows the good curréatsking performance.

Simulation 2 is to find out the speed performance under tokguiations. Similarly, in
figure 5.12, there is a slight speed drop, but the generabpeance is quite similar. The
zoomed-in torque and switching states during torque vanatansient are shown in figure 5.13,
which is as fast as FCS-PCC.
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Simulation 3 tests the robustness of Switching-minimize €RHPCC. Figure 5.14 shows the
system performance against the variations?ef Figure 5.15 shows the system performance
against the variations df,. Figure 5.16 shows the system performance against thelivasa

of L.
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All three parameters’ variations tests confirm the good amila robustness of Switching-
minimized RFCS-PCC.

Based on the same reason as in the Dichotomy-based RFCS-PCQtioflitne compar-
atively large current ripples in Switching-minimized RFCS®, in order to protect machine
and inverter, experiments of Switching-minimized RFCS-PCGOnat conducted.

5.3 Deadbeat Triple RFCS-PCC

This sub-section will explain a method that can reduce thebar of candidate voltage vec-
tors in control setto 3 [77].

Its fundamental principle is based on the deadbeat conamMPC, but it is still a FCS-MPC
with reduced number of candidate voltage vectors in therobset. The reference voltage
vectors are calculated in the same way as deadbeat consiBC. Instead of giving this
vector directly to the PWM as in continuous MPC, it is used tdlfirs this method to locate
the exact fan sector in the VSI hexagon. The way to obtain tiggeaof vector for sector
decision is usually through the arctangent function as shiow(5.2). By doing this, only 3
voltage vectors: 2 adjecent vectors of the located sectarefisas 1 zero vector are chosen to
form the control set. Therefore, it is named as DeadbeatelRCS-MPC. Again, it will be
based on FCS-PCC for IPMSM as example in this section. For eeanmpfigure 5.17, the
vectors selected for control set is the blue ong$, and zero vector,.

0f = tan =2 (5.2)

S

However, since for most system, the output range of arctarige—=/2, 7/2|, in order to
find outd? in the range of0, 27) covering all areas of VSI voltage hexagon, a sector decision
algorithm as follows is adopted:

Sector number decision:

ur = ug
uy = \/guz — ujg (5.3)
us = —\/gua — ug

If us >0,A=1,elsed = 0;

If us >0, B =1,elseB = 0;

If us >0,B=1,elseB = 0.

The number of sector is calculated as:
Neye =A+2xB+4xC

The corresponding relationship of secféy.. of sector in figure 5.17 is:
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Figure 5.17: Vector Sector Location for Deadbeat Triple RARCSS.

5.3.1 Simulation and Experimental Verification

This chapter shows the test results of the Deadbeat Triple FFROS system.

Simulation 1 is to find out the speed step-up and reversakgsd-igure 5.18 shows speed,
torque, current and flux of this process. The dynamics as agediteady state performance is
similar to FCS-PCC. Figure 5.19 shows currents’ tracking perémce.

Simulation 2 is to find out the speed performance under tovguations. Figure 5.20 shows
speed, torque, current and flux of this process. Compare teattme results of FCS-PCC, the
performance of Deadbeat Triple RFCS-PCC at loaded conditieves better, with less speed
drop as that in figure 3.19. This means that the voltage veétall 7 vectors with minimized
current errors in cost function may not guarantee an opéthieference, in stead, the voltage
vectors with less angular errors as the reference vector beagven better (at least can be
seen from the case of Deadbeat Triple RFCS-PCC in this test). ks, the following
sub-sections after this one will propose two more extendethaas based on Deadbeat Triple
RFCS-PCC, which also give the angular error or related distaheectors higher importance
for vector selection. The zoomed-in torque and switchiagestduring torque variation transient
are shown in figure 5.21, whose torque response and switahnéngxtremely similar to the case
of FCS-PCC in figure 3.20.

Simulation 3 tests the robustness of Deadbeat Triple RFCS-P@@efs.22 to figure 5.24
show the system performance against the variatiors,pt.; and L.

All three parameters’ variations tests confirm the good amila robustness of Deadbeat
Triple RFCS-PCC.



80 CHAPTER 5. REDUCED FCS-MPC

2000 T T T T T T T T

1000 [— =

Speed [rpm]
|

-1000 — =

2000 \ \ \ \ \ \ \ \ I
0

Torque [Nm]

Current [A]

R ———

| | |
07 08 09 1

Time [s]

Figure 5.18: Simulation: Rated speed start-up and revef&xadbeat Triple RFCS-PCC.

10 — — — Reference
5 L Prediction
— Real
= o < . l
S
-5 F
_10 C 1 1 1 7
0.39 0.395 0.4 0.405 0.41

Figure 5.19: Simulation: Current Tracking Performance ch@eat Triple RFCS-PCC.



5.3. DEADBEAT TRIPLE RFCS-PCC 81

| | \ \ \
15

°WNMWMMWMWNWWWWMWWWW T wnww«m wwmw[ml - j

rpm]
. { 8
o 1

Torque [Nm] Speed [rp

|
0

nt [A]

AN AN
é:ﬁiwmwwwwwwwwm WWMPM%\W. L W“HMMWAMM« N'MMMHW MW

me]

Figure 5.20: Simulation: Deadbeat Triple RFCS-PCC Performancer Torque Variations.

[y
a
T

[y
O

NLN | N\M W MJJ \\‘p‘ U'\Nr\ W \\ | ] E

Torque [Nm]

N ,\WNW N IW m

0.035 o4 0.045 0.05 0.055 0.06 0.065 0.07
3

0.035 0.04 0.045 0.05 0.055 . 0.065 0.07
Torque Variations.

pt'nom

[e]
w

Vector Number

[ee) N -b 0’

.0
Time [s]

Rs 15Rs 0.01Rs

PAPARAANANAIN AN AN AANMANAN NN AN P mAnann AT

" ki

—

§ ZW%’\/WW /MWJ')NWWMMMM /Uv W"‘ M\P\' % NVW W/V““J"wa Wv MWW Wl WM} W\ﬂmﬁ“ﬂ% /LJ‘%

?EEwwﬂ@mfW‘f‘wfWWMMWNﬂ,ﬁ

AR A A e

TTTTTTT

Figure 5.22: Simulation: Deadbeat Triple RFCS-PCC performavith Rs Variations.



82 CHAPTER 5. REDUCED FCS-MPC

Ld 1.5Ld 0.9Ld

e o AW AN AR

Speed [rpm]

o\ M
| th

i M '*fwu il "\"'f.'l.w i ‘V‘Wu i wﬂwwm il Ww Wkl “'\r"w'/b’ Wu‘h“\" I

Torque [Nm]

nt [A]

5 ,WWW [ [ } f
i ”www-w Mg uuuq,.hwhwf““ M‘wwwwﬂw"“ gL ““WW“ Wﬂw

Flux [Wb]

ﬂ At LrIJLw~|'M Iy 1@ \'FfdWL““fﬁ'ﬂwHWﬂl’[”\r“Vr[ﬂHlW“ﬂ'llT”‘m -L[v"LJ_HLﬂJLJUW“"WLJUULWH‘WH“UJMLN?

o 006
Time [s]

Figure 5.23: Simulation: Deadbeat Triple RFCS-PCC performavith Ld Variations.
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Figure 5.24: Simulation: Deadbeat Triple RFCS-PCC performavith Lg Variations.

Experimental verifications are conducted on SPMSM, whosgteare shown in figure 5.25
to 5.30.

Figure 5.25 is the speed start-up and reversal processs Extiteemely similar performance
as in the same process of FCS-PCC in figure 5.25, which showsnpéfication of Deadbeat
Triple RFCS-PCC is not in cost of any deterioration of systenfigperance.

Figure 5.26 shows the successful current tracking.

Figure 5.27 are the torque tracking test under step refereggations.

Figure 5.28 to 5.30 are the robustness tests of Rs, Ls/gnd Same as the previous FCS-
MPCs, the system is only transiently sensitive/tn, deviation, which verifies the good sensi-
tivity of Deadbeat Triple RFCS-PCC.
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5.4 Deadbeat Double RFCS-PCC

This method can reduce the number of candidate voltagenggctoontrol set to 2.

It also obtains firstly the reference voltage vector throtighdeadbeat MPC. However, in-
stead choosing the adjacent and zero vectors of this refesthe vectors for reduced control
set, only one active adjacent vector that is closest to tteeenrece with smallest angular error is
chosen. This will be explained with figure 5.31.

Figure 5.31: Hexagon of reference voltage vector seleétipbeadbeat Double RFCS-PCC.

In figure 5.31, the hexagon plane is divided into 6 sectork thié angular bisectors between
the six active vectors, where only one active vector is idetlin each sector. For example, as
shown in this figurey, is chosen as the vector that is nearest to the reference.

To realize this, the original sectors divided by 6 activetuex are further equally divided
into 12 parts, i.elq,1»,...V I,V 1. And the reference vector is further decided to be in which
one of these smaller sub-sectors. For example; i§ in eitherl, or V15, v, is chosen as the
vector that is nearest to the reference. However, this ndetaonot exclude the potential of
zero vector as optima. Therefore, except the selectedeantiotor, zero vector should also be
always included into the candidate voltages’ control set@st function.

The flowchart of the proposed method is shown in figure 5.32hiWihe dotted line of this
figure is the detailed vector selection process for conelwhose pseudo code of algorithms
can be found in APPENDIX B.

5.4.1 Simulation and Experimental Verification

This chapter shows the test results of the Deadbeat Double FIGTSsystem.
Simulation 1 is to find out the performance of speed step-uprawersal process. Fig-
ure 5.33 shows speed, torque, current and flux of this prottassimilarly good as FCS-PCC.
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Figure 5.32: Flowchart of Deadbeat Double RFCS-PCC.

Figure 5.34 shows currents’ tracking performance, whichl$® good as previous proposed
methods.

Simulation 2 is to find out the speed performance under tovguations. Figure 5.35 shows
speed, torque, current and flux of this process. The zoomeorgue and switching states
during torgque variation transient are shown in figure 5.36e Band of oscillations is also
similar as previous methods.

Simulation 3 tests the robustness of Deadbeat Double RFCS-P&@: Hariations range
of parameters as the tests of FCS-PCC are set. Figure 5.37 te 680 show the system
performance against the variationsff, L, andL,.

All three parameters’ variation tests confirm the good amdilar robustness of Deadbeat
Double RFCS-PCC.

Experiment results of deadbeat double RFCS-PCC are found ireflyd0 to figure 5.45.
Figure 5.40 is the speed reversal process. Compared witlopeetlriple method, the Deadbeat
Double RFCS-PCC has smaller torque ripples. Figure 5.41rditest the currents’ tracking
performance. Figure 5.42 illustrates the performance wtmlque variations. The speed tran-
sient variations are also similar as previous methods.reigut3 to 5.45 are the robustness test
results. Still the system is very robust against Rs variatimnt somehow sensitive to Ls and
Yy Variations in transient.
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5.5 Deadbeat Null RFCS-PCC

This method can reduce the number of candidate voltage rgeict@ontrol set to 0. There-
fore, no cost function is needed and exists in with this me{i76].

In this sub-chapter, based on the proposed Deadbeat DoulISREC, a RFCS-MPC
method called Deadbeat Null RFCS-PCC will be proposed. In aento the FCS-MPCs that
through the minimization of cost function as the criteriadptimization and vector selection.
With the calculated continuous voltage, deadbeat null RFCS-Belects the reference voltage
vectors through a geometrical graphical optimization meéthThus, it reduces the number of
candidate voltage vectors in control set to be null. Sincedirely a finite number, this method
is also classified as RFCS-MPC. For simplicity, it is also exeklg named as Null-Control-
Set-MPC (NCS-MPC).

This method also divides the VSI output voltage hexagoni@teectors as in previous Dead-
beat Double RFCS-PCC. Different from the previous method, itpames the length of the ref-
erence vector to the line segment form by origin and edge xédd@n to decide the vector is
closer to zero vector or to the contained active vector inafrtbe 12 sub-sectors. Therefore,
by doing this, no cost function is needed. Figure 5.46 shbesvay of vector selection.

Figure 5.46: Hexagon of reference voltage vector seleétipbeadbeat Null RFCS-PCC.

In figure 5.46, the length of the line segment form by originl @uge of hexagon i®S,
whose length ig1. If |v}] is longer than/ /2, it is considered to be closer to active vecter
within the sector formed by; andV [,. Thereforew, selected as the reference. Otherwise, if
|v¥|is no longer thart /2, v, is selected.

The flowchart of the proposed method is shown in figure 5.4Thiwihe dotted line of this
figure is the detailed process for vector selection proaelssse pseudo code of algorithms can
also be found in APPENDIX B. Sinc# is periodically varying according to the angle «f
its calculation is a little tricky. This calculation df for different sectors are also shown in
APPENDIX B.
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Figure 5.48: H approximation withj,. .

For simplicity of calculation, a fixed value &f;. can be used to approximate the calculated
H as shown in figure 5.48.

5.5.1 Simulation and Experimental Verification

This chapter shows the test results of the Deadbeat Null RROSgystem and its simplified
form with H = V. approximation. Similarly, same tests designed with sareedp| controller
parameters are applied.

Simulation 1 is to find out the performance of the speed sfepnd reversal process.
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Figure 5.49 shows speed, torque, current and flux of thisgedt’s seen that with the Dead-
beat Null RFCS-PCC, the ripples are comparatively large andbutansient performances are
still similar as the results of previous deadbeat double RPCE-system.
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(b) Approximate:H = V..
Figure 5.49: Simulation: Rated speed start-up and revef&adbeat Null RFCS-PCC.

Since there is no cost function and predicted variablesun@nt tracking exists and thus to
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be shown.
Simulation 2 is to find out the speed performance under tovgtiations.
Figure 5.50 shows speed, torque, current and flux of thisgs®c
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Figure 5.50: Simulation: Deadbeat Null RFCS-PCC PerformandeiTorque Variations.
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The zoomed-in torque and switching states during torquat@n transient are shown in
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figure 5.51.

Torque [Nm]

Vector Number

Torque [Nm]

Vector Number

[
a

[y

- T T T T \HW‘ “

ol h A i M@M‘»m I
2] \M\r\\\[\ \H\\‘ M“ﬂ‘\‘ \”“ . k “‘ I
s VLJ al \N‘\H“\U | q““l o
GMM I W o T
il l“ | | nwn 1 ”Wu | Mﬂu PH”
Il M Wl |
(a) H is line segment be:\;vn;z[:]origin and hexagon edge.
ii\ | ‘\ ‘\U‘H\\N\‘H“\m\‘ ‘\“ '\, \
si' N VI TTTIT I T ARARIRTI t
o plNI \“\J“ ‘»‘.\‘c\w \w‘H‘u‘JH‘ A
5 wn HiREERY | | | |

J T” TR

(b) Approximate:H = V..

0.07

Figure 5.51: Simulation: Torque and \oltage Vectors of Desd Null RFCS-PCC under
Torgue Variations.

Simulation 3 tests the robustness of Deadbeat Null RFCS-PCCe Sarations range of
parameters as the tests of FCS-PCC are set. Figure 5.52 to5igdrehow the system perfor-
mance against the variations Bf, L, and L.

All previous simulation results show the slightly reducésbsly state performance but simi-
lar dynamics performance and robustness of Deadbeat Null FFEES when compared with
conventional FCS-PCC and previous RFCS-PCC with more vectommina set.
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Figure 5.52: Simulation: Deadbeat Null RFCS-PCC performariteRs Variations.

Though comparatively large torque and current ripplestegigeriments are also conducted
on SPMSM, because the large reduction of control set of Destdull RFCS-PCC increases
the necessity of experiments. Figure 5.55 is the speedsavaocess of Deadbeat Null RFCS-
PCC with itsH approximation. No obvious difference in these test with methods is found.

Figure 5.56 are the load tests of both methods. Zoomed irotiqee sub-figures, it is found
that the system with approximated torque reference hastsffe/hich shows the control devi-
ations caused by approximation Bf. Thanks to the outer speed loop, these deviations don't
obviously deteriorate the real torque tracking to the efiee given at the load machine side.
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Figure 5.53: Experiment: Deadbeat Null RFCS-PCC performanitelwl Variations.

However, the drawbacks of approximat&dare shown in the robustness tests in figure 5.57
to 5.59, especially in the Ls deviation test, where the nektlith approximatedd to V. has
longer speed respond time thus larger speed drop. Newesthelvhat must be noticed and
surprising is that the method with approximatddhas actually similar Ls robustness as the
previous methods. However, the method with@uapproximation has best Ls robustness than
all the previous RFCS-PCC methods and is as good as that of therdammal FCS-PCC. This
shows that difference methods contains different aspdatharateristics and advantages. In
light of its good robustness, largely reduction of contetl\gectors’ number and elimination of
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Figure 5.54: Deadbeat Null RFCS-PCC performance with Lg Manat

cost function, Deadbeat Null RFCS-PCC is applicable even therslightly larger ripples in
variables.



102 CHAPTER 5. REDUCED FCS-MPC

60 '"M\\ —
40 - \ 4
— 28L \“N"MW.*,“M‘»,MW.“A-’V”N% e A
& :ig r | | " A At ““” AN Vet RN e : - =
0 0.1 02 03 04 05 06 07 08
50 A T =
Z Vf \ /" ‘\ J A
= V \J e AN M e SN ’Wv Y\
‘< | e
-500 Oi'l 0.2 0.3 04 0.5 0i6 0i7 0.8
10 \ \ \ \
< ' ko 1 mm ¥ | | \‘ ‘
% 0 L%V\AMMMMWW.% w\Mﬁm{ﬂ%W&wWWW WWM W w k\l il ﬂ’ % I J\ ; ‘TH]_lf.h J\*‘UWWW K WMWW‘W W’"W‘HW}Q\WW
-100 Oi‘l 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Time [s]

(a) H is line segment between origin and hexagon edge.

01 0.2 0.3 0.4 05 0.6 07 08
— 8oF \ \ \ \ \ \ \ =
E“f-[z‘%: . - retemsishobsm Ao ”MWMWWWM
o 03 0.4 05 0.6 07 08
. 50 I I I I I =
=/ ﬁ AN
—500 ‘ o 5 o.e 0 7 08
10
<
= WWMWW MWWMMMWMWU WMWMMWWMWWM
10
0 0. o.e 08

Tlme [s]

(b) Approximate:H = V..
Figure 5.55: Experiment: Rated speed start up and rever§sadbeat Null RFCS-PCC.
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Figure 5.56: Experiment: Deadbeat Null RFCS-PCC Performanderurorque Variations.
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Figure 5.57: Experiment: Deadbeat Null RFCS-PCC performaritteRe Variations.
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Figure 5.58: Experiment: Deadbeat Null RFCS-PCC performatriitelss Variations.
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Figure 5.59: Experiment: Deadbeat Null RFCS-PCC performariteyy,, Variations.
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5.6 Conclusion

The analysis of all previous proposed Reduced FCS-PCC methdtie tcoaded state in
their corresponding test 2 are shown in the bar chart of figuf. For thorough comparison,
conventional FCS-PCC without control set reduction and tmgkiied version of deadbeat null
RFCS-PCC with the approximation thét = V. is also shown in the chart.
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Figure 5.60: Analysis of FCS-PCC (7-PCC), Dichotomy-based RFCG-R5-PCC),

Switching-minimized RFCS-PCC (4-PCC), Deadbeat Triple RFCS-PCRO@R), Deadbeat
Double RFCS-PCC (2-PCC), Deadbeat Null RFCS-PCC (0-PCC) ard its V. approxi-

mated method (OH-PCC).

For speed variance:dichotomy, switching-minimized, and deadbeat double wdtthave
smaller speed variances than the other methods. And théeaadull methods have larger
variances than the others.
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For torque variance: dichotomy, switching-minimized and deadbeat double nesthwve
smaller variances. And the deadbeat null methods still bayger variances than the others.

For current THD: dichotomy, deadbeat triple and deadbeat double methodsdnamarly
good current quality as FCS-PCC but the switching-minimizasl tigher THD as tradeoff of
lower switching frequency.

For vector number: being consistent with intuition, it is found that the metb@iiminating
voltage vectors with or partially with no cost function, thgh can reduce the calculation efforts
to some extent, cannot fully ensure selecting the optimizasdor, when compared with the
conventional FCS-PCC with merely cost function as criterigeaftor selection.

For maximum switching frequency: except the switching-minimized method, all other
methods are possible to reach the full switching frequeri@tomes of sampling frequency of
30H z.

For average switching frequency: FCS-PCC is still better and it has even lower average
switching frequency than the switching-minimized methdte other methods all have com-
paratively high average switching frequency, with the dead null methods’ to be the high-
est. Except switching-minimized method has not much loweicking frequency and the two
deadbeat null methods have slightly higher frequenciesatierage switching frequencies of
all RFCS-MPCs are similar.

Therefore, it can concluded from the previous test reshls all proposed reduced FCS-
MPC methods in this chapter work effectively. Accordinglie requirements and calculation
limitations of systems, they can all be good optional alhéwes to replace the conventional
FCS-MPC, with reduction of calculation efforts and even bretteady state performances. And
some of them have even the ability of torque and speed rippihésitions, when compared to
FCS-MPCs. Deadbeat double RFCS-PCC is the optimal amongst Adhtrof its good and
average indexes at all aspects for comparison as shown ne figi60.
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MPC with Disturbance Observer

"It's all about PI parameters adjustment."—-The essencesbfidiance observer.

Disturbance Observer (DO), as its name implies, is injtialvented based on disturbance
related physical systems’ observation models to reduceligtarbances [78]. It belongs to
observers/estimators, and works also as model predictmé&raller and a form of deadbeat
control in more general classification [79, 80].

In order to achieve fast system response at different loadittons at different speeds, time-
varying nonlinear P, parameters are required to achietienapoperation performance. As is
known that MPC removes the inner current PI controllersiefoge, only speed PI controller
exists in the system. Conventional speed Pl is tuned by expees. Though there are different
methods of PI tunings [81—-84], it is sometimes tedious amdptiwated. Therefore, a mechani-
cal model based DO is designed in this chapter to ease, evigllgaemove the Pl parameters’
tuning work. Therefore, it can say that DO is designed to owpror somehow simplify outer
speed PI controller for better system performance.

In the following sub-chapters, the basic concepts and wgrgrinciples of DO will be firstly
introduced and explained, thereafter, a specially desgif)@ for torque disturbance inhibition
for IPMSM will be designed and applied to both continuous Mdd FCS-MPC to verify the
its effectiveness.

6.1 DO Basics

The most general state-space (SS) representation of a kysgem is in the following
form [36, 85]:

r=Ax+ Byu+ Byd
{CB £ ouw 1 (61)

y=Cx

wherex, v andd represent the state, input and the lump disturbance vectsgectively,
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and A, B, and B; are their corresponding coefficient matrices in the statetfan. C is the
coefficient for output equation.
With the above equations, a DO can be designed as shown infig. 6

Baseline d Control
. Controller Plant y
—> K G L
9-' . Disturbance
d Observer
Gl [

Low Pass Filter

Figure 6.1: DO.

If the disturbance of the control system can be measurediia iansecutive control periods,
a baseline controller can be applied. In this figure, beforergthe control reference directly
from the controller to the control plan, a DO is cascaded ected after the baseline controller
to compensate the disturbance’ influences. The controiteffdO is realized through a posi-
tive feedback. This implementation can make the contraitglabe equally "disturbance free"
for the forward channel. This compensation of disturbabesed on the disturbance related
machine model, can also be considered as a form of deadb@adico

Assume the the control output of the baseline controller is:

u* = f(x) (6.2)

If the the disturbance and input affects the state througtsttime channel, i. éBy = By,
the integrated control of DO is shown as follows.

~

u=u"—d (6.3)

DO contains high flexibility and versatility, rendering tthesign of it and the form of baseline
controller to be independent. In another word, it is noteysand control method sensitive.

6.2 Torque Disturbance Observer for Electric Drives

A DO specially for torque disturbance is designed to imprbnesystem dynamics and thus
guarantee the precision of control [86]. Criteria to guagargystem stability is also achieved
through Lyapunov method [87].

6.2.1 Torque Disturbance Observer Design

Since DO can be considered as an estimator of disturbareestimation error can be de-
fined as:
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eq=d—d (6.4)

whered andd are the estimated and real disturbances. Therefore, itedeitived that:

d(k +1) = d(k) — éq(k) (6.5)

A prerequisite of effective estimation is that the distumt@can be considered as time invari-
ant, with the approximation:

d=0 (6.6)

The derivative of disturbance estimation can be written as:

i —elk) _ —(d—d)

ATS T (6.7)
— T . A_
=g (Bid = Bud)

where a coefficient o is multiplied as the observer gain to achieve varying caysece
rate or dynamics, and with emphasis on different contrabées.
With previous SS of linear system in (6.1), (6.7) can be a&fias:

A S
T Bid+ 2L

d=—
B\T; BT,

(& — Az — Byu) (6.8)

Flux weakening/increasing is still not considered in thaxkv Therefore, in théq reference
frame, by setting rotor flux magnitude,.|* = 0, it gains:

i =0 (6.9)
Since electromagnetic torque and the mechanical equatithie onotor can be expressed as:

3 » e O "
T.=T; = 2 plpaiy 4+ (Lg — Lg)igiy] = 5 - PPy, (6.10)

T, — T, = Jw, + Bw,, (6.11)

wherep is the pole pair numbef]; is the load torque,/ and B are the inertia of moment
and friction coefficient. Omitting the friction, i.e8 = 0, for a speed controlled IPMSM drive
system, it derives:

C o3 P¥eMig T,
{“’m_? 7 J (6.12)

Compare (6.12) with (6.1):
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(T =w,, A=0
3
'U/:Z:;, B():—'ppr
21 J (6.13)
d:Th B, = _j
| Y=wn, C=1

From (6.13), it is seen that the system is linear time invar{&Tl), with the state space
functions’ coefficients to be constant. Substitute (6.18) (6.7), the derivative of estimated
torque is:

JA 1 . 3 »
TT (==) T — JAp - (W — = - PUpariy

T, = ) (6.14)

J 2 J
Backward equivalence of (2.42) is applied for discretizatio

dr  x(k) —z(k—1)

i T (6.15)
Therefore, (6.14) can be expanded as:
. 1 .
Tp(k) = e [Tp(k—1)+ JAr-
r (6.16)
T 5 TPYPMY,
6.2.2 Stability Analysis
Review the estimation error of disturbance:
eq=d—d (6.17)

Since the disturbance changés relatively faster than the error dynamigsof the observer,
and review (6.7), it is derived that:

éd + )\TBled = éd — >\7T c€q — 0 (618)
wheree, converges to zero as long dss stable for all states. To achieve the input to state
stability (ISS) of DO based closed-loop feedforward systieyapunov method is applied. The
stability function is:

1
This yields the derivative:
. A
Ve = eqéq = TTBZ (6.20)

Regardless the value af,, the closed loop system is globally exponentially stablemii
is negative definite, i.e\y < 0.
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6.3 Deadbeat PCC with Torque Disturbance Observer

The designed torque disturbance observer (TDO), whenraieg) into the aforementioned
Deadbeat PCC drive system for IPMSM, is displayed in figure B2 control effort of TDO is
realized through a positive feedback. In this system, dmdyetstimated torque of the last cycle
is shown with(k — 1). Other variables that without sequence number are of cucamtrol
cycle.

Moreover, when the system is turned into a "torque disturbdree" system with the pro-
posed TDO as a feed-forward compensator, the integral pax imore necessary in speed PI
controller, because TDO acts against disturbance vans@b much faster rate than the speed
changes. Therefore, it doesn’t require the comparatively sitegral part in the PI controller,
rendering it to simply become a P controller. Because the Rinpaters are operation points
sensitive, i.e. they must be changed to achieve proper aimdiaed performance with respect
to different load and speed states, TDO simplifies and reddtloe tuning work of baseline
controllers.

Uq,b,c

/ IPMSM

Figure 6.2: DBPCC drive system for IPMSM with TDO.

6.3.1 Simulation and Experimental Verification

Figure 6.3 shows the simulation of low speed (300 rpm) witleddoad torque (12 Nm)
variations. The torque is added to the system suddenlysavhen the motor is rotating with
300 rpm at steady state. When the system regains its stathilgyjoad is removed immediately
after2 s. The dashed curves are the references. From this simuldtisseen that TDO works
with increasing effectiveness as the torque observer coaiti\ decreases from 0. Figure 6.4
is the same experimental test on the SPMSM with sayeariations. The experimental results
are highly consistent to the simulation ones.
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Figure 6.3: Simulation: low speed torque performance of DBR@E TDO for IPMSM (val-
ues of\r are shown in figures).
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Figure 6.4: Experiment: low speed torque performance of DBR@E TDO for SPMSM
(black: A = 0, violet: A = —0.5, blue: \p = —1).

Figure 6.5 shows the same simulation of high speed (1500 cpnditions. As can be seen
from the figure, the system performance and trend of TDO tffae of similar form as the
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low speed situation. Figure 6.6 is the same experimentabtethe SPMSM, which are also
consistent to the simulation results. Moreover, the pellegof speed variations (-130, -30 and
-15 rpm forA\r = 0, —0.5 and -1) subject to torque disturbances for different TDCifanients
are almost same as the case of low speed simulations. Thisghat the torque disturbances
and the system’s disturbance rejection ability have noectetationship with the motor speed.
This discovery is further proved by the 3-D figure 6.7 showtimgrelationship among the max.
speed drop/raise (absolute values), motor speeds and TBificants, whose data are gained
through a series of simulations with sudden load torque (48 Mariations. In this figure, the
reduced TDO coefficient also leads to smaller speed ripplésnsient while the motor speed
itself has little influence on the speed variations causeslolglen load disturbance.

Moreover, the relationship between the max. speed dreg/rnad torque and TDO coeffi-
cient is also studied under constant speed (1500 rpm) ¢ongithich is shown in figure 6.8.
This figure is consistent to the previous simulations, inalitthe larger the torque disturbance
is, more speed variations it causes. And the effect of vgrfiDO coefficient is accordant as
that in figure 6.7 .

To properly and fully utilize the TDO, adjustment &f is conducted to find out its range of
sensible values. Figure 6.9 shows the adjustment procesgtihthe trail and error method. In
figure 6.9, when the machine operates at steady state ofgpésdi, a time-varying load with
both magnitude and frequency of time-ascending propegiadded to the system to simulate
an oscillating torque. When the values)af decrease from O to negative, the speed maintains
much more stable to its reference and the correspondingeédrgcking capacity is stronger.
As is illustrated by the figure, beforer is decreased to -9, system remains stable. Therefore,
the theoretical range of propgy is around [-8,0).

In real system, the load torque is time-variant. Therefarmther simulation with noises in
the torque reference is conducted. Figure 6.10 shows themsyserformance with different
Ar when the motor is operating at steady state during 1 secoml pieriod at rated speed
and with rated torque including uniform random noises. Theans and covariances of both
variables for differenf\; are also measured and shown in table 6.1. The stator curkébs T
are also calculated. As can be seen from both the fig. 6.10adotel 6.1, the introduction of
TDO maintains the stability of rotor speed, i.e. showing kenavariances with smalleA,
values. In contrast, the electromagnetic torque of theegystith TDO has larger oscillations,
which shows the sensibility of the TDO and intensive congftdrts of torque reacting quickly
to load torque variations. This is confirmed by the torqueavares, in which the stronger
TDO is, the closer the torque variance is to that of the refezei.e. load torque with random
noises. The zoomed-in figure of 0.014 s shows the electroetiagiorque’s trajectory for the
load variations. It is seen that stronger TDO makes the autgpque highly align with the
disturbances, but with slight delay which is ignorable, witempared to the smooth torque
curves of system with weaker or no TDO. The stator current T TDO is also larger
with torque oscillations. This is understandable becahsegeneration of the varying output
torque depends on the output voltages and therefore alstuthents. The increased THD in
TDO system is undesired from the current quality view, hasvel is sensible because in order
to achieve acute torque disturbance rejection, it is umalde and therefore acceptable. A
compromise of the current quality to the torque control $thtwe made. This affirms again the
purpose and importance of the range selection of TDO coeffién the previous simulation.

The above simulation and experimental results match weh e theories and therefore
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Figure 6.5: Simulation: high speed torque performance of O8Rvith TDO for IPMSM
(values of\+ are shown in fiaures).
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Figure 6.6: Experiment: high speed torque performance of ©BRvith TDO for SPMSM
(black: A = 0, violet: A = —0.5, blue: \p = —1).

verify the feasibility and effectiveness of the proposegealcontrol algorithms.
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Figure 6.7:
for IPMSM.

Figure 6.8:
for IPMSM.
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Figure 6.9: Simulation: Varying torque tracking performarwith different\; values in TDO
of DBPCC for IPMSM.

Table 6.1: Statistic Analysis of Variables for Differekt.

Win T
A7 mean variance| mean variance| THD
0 1500 0.1549 | 12.0053 0.0007| 1.13%
-0.5 1500 0.0469 | 12.0056 0.023 | 1.58%
-1 1500 0.0275| 12.0055 0.039 | 2.82%
reference| 1500 0 12.0052 0.3325| —
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Figure 6.10: Simulation: System performance with randomesin torque in TDO of DBPCC
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6.4 FCS-PTC with TDO

The designed TDO is baseline controller as well as contrategy independent, therefore,
this chapter tests its effectiveness on FCS-MPC. Take PTC asamnple, figure 6.11 displays
the PTC drive system for IPMSM with TDO integrated. The TDQto$ system is exactly the
same as the one applied in DBPCC.

Uqa,b,c

/ IPMSM
PTC \
+ .
Vsl ]
p

>

Figure 6.11: PTC drive system for IPMSM with TDO.

6.4.1 Maximum Torque Per Ampere Implementation

As IPMSM’s current utilization and efficiency are cruciakkn rated speed and torque oper-
ations, especially for higher power applications. Thenefthe MTPA operation control for flux
linkage reference tracking is adopted [28]. Instead of mifieed stator flux magnitude refer-
ence or using simplg* = 0 control, MTPA calculates the optimal reference flux for nmanxm
| ¥ || torque output. This is achieved through solving a pair ofibnquadratic equations
containing reference currents.

Review (2.26), the reference torque from TDO can be writtethasntegrated function of
current references:

A 3 e .
T = 3 plpaiy + (La — Lg)iyiy] (6.21)

And the MTPA trajectory derived from the torque equationresponding to the local (i.e.
absolute) maximum is:

Ls— L
i M(z’?f —i2) =0 (6.22)
73y
with the condition:
2(Lg— L
Mz@* +1<0 (6.23)

Ypum
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Solve equations (6.21) and (6.22), the reference curreatsadculated. Substitute these cur-
rents into (2.25), the reference stator flixcomponents can be achieved and finally reference
flux magnitude is calculated as:

” '1/):(mtpa) ”: \/ 3* +¢g* (624)

Apply the above reference as the flux magnitude referendeeiailowing cost function of
PTC with the above reference, the MTPA operation can be imgiged as:

95 = T2 = Tulk + 25+ Ag - [ 193 || = | bk +2); | | + Lk + 2); (6.25)

where|| ¢, (k + 2); | is obtained with the square root of the predicted fluxes @S3pllows:

| ek +2) I|1= 20k +2) + 930k +2) (6.26)

6.4.2 MTPA-based FCS-PTC with TDO

However, it is found in implementation that if as in (6.25)evé flux is chosen as the con-
trol term, there will have multiple values converging to tleéerence. Therefore, it should be
replaced by the form of components, iéa(k + 2) andzﬁg(k: + 2). Actually in this system,
only one of the two components is enough to force the systetratk its reference without
converging to the wrong optima.

Here, it is easier and intuitive to think of directly applgithe reference current in the cost
function design instead of adopting the flux term.

Therefore, a novel way of implementation for MTPA througHigtg variation in cost func-
tion for PTC is designed and it will be realized through thiofeing cost function:

g = T =Tk +2);] + A - |15 — da(k 4+ 2);| + Ln(k +2); (6.27)

where:} is the reference current calculated from (6.21) and (6.22)d %d(k: + 2); is the
predicted currents from (3.12) in the dq frame. Actuallythia above cost function, currents of
af frame can also be applied, with which it is found through datian that the systems with
both ways of implementation has almost the same error cgamee capabilities. Therefore,
only the case with; as control terms will be tested in this work for MTPA-based P&t
TDO.

The MTPA-based FCS-PTC system for IPMSM with TDO is shown ioreg6.12.

To further reduce the switching frequencies, the switclimgimization of RFCS-PCC as
mentioned in chapter 5.2 is further applied for FCS-PTC.

6.4.3 Simulation and Experimental Verification

Similar as for deadbeat PCC, the observer gainis firstly obtained through a trail and
error process to strike a balance between system dynamicsoegue inhibition extent (i.e.
convergence rate) after plenty of empirical adjustmemtd,its value is fixed. In the following
simulations, if not specially assignetly = —2.5.
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Figure 6.12: FCS-PTC drive system for IPMSM with TDO.

A speed start-up from standstill and reversal process fiatedrpositive to negative speeds
of the proposed system for IPMSM is shown in figure 6.13. leisrsfrom the figure that the
rotor speed can properly track its ramp reference (dasheilit short time. The reversal speed
therein is around-6000 rps. And during the speedup and reversal process, the eleagroma
netic torque reaches its rated (maximum) at the beginnirsg@ho achieve both prompt and
smoothy acceleration and deceleration. The currents ateatied within its rated (3.8 A) at
the full load and speed condition. And stator flux is pregiseaintained around the rated. This
simulation shows that the system with TDO has similar penéoice and fast response as the
conventional FCS-PTC drives. Figure 6.14 is the same expation SPMSM, which confirms
again the non-deteriorated steady performance of TDO tosyistem.

The dynamic performances with sudden torque disturbantcested speed condition are
shown in figure 6.15. Adl.1 s, a step rated load torque is added to the system andaiteythis
load is removed but an opposite rated torque is loaded fahan@.5 s. Figure 6.15 compares
the performance of the torque dynamics of the system withvatitbut TDO. It is obviously
shown that the application of TDO can largely reduce theddeap and rise time, rendering the
torque adjustment time to be extremely short. And the torqpmes, currents magnitudes and
flux tracing control capability of both systems are almostgame. This simulation verifies that
the designed TDO works effectively to observe and compensatjue disturbances, without
deteriorating the other system performances. Figure &.1tei same experiment on SPMSM,
whose performance matches those in simulation.

In order to make the test harsher and closer to real stochasicesses and environments.
The steady state performances with random unit torque si@senaximum magnitude df
Nm in torque reference at rated speed and rated torque @mdite shown in figure 6.17, and
figure 6.18 with switching frequency minimized. In these feg) the torque rejection capability
of TDO integrated system is further confirmed. From the smemdes, it is seen that the TDO
based system is more stable therefore with less speedabieci8 against time-varying load
torques.

The system’s robustness under parameter deviations dtaaelition are also tested through
simulation. Since the TDO has only parameter's dependency single parameter, the
system’s steady state performances with sudden changesrtiii/ from 10% to 1000000%,
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Figure 6.13: Simulation: speed reversal performance uRG&-PTC with TDO for IPMSM.
(From top to down:rotor speed, electromagnetic torquégisfinase A current and stator flux.)

which are even harsher than the real parameter change, @ama sh figure 6.19. As can be
seen, the system is very robust agaihstariations of a wide range, even for erroneous hiige

To achieve quantitative comparison, both systems’ perdoice analysis data are shown in
figure 6.20. The bar charts analyze the systems throughrttezgin/variances of speeds/torques,
stator current total harmonics distortion (THD), and thétsing frequencies. In general, the
systems with and without TDO have the same trend of variatioperformance. Thus, there
is no influence of TDO on system performance with differenitcwng frequency strategies.
Judging from the average values, both systems track the@dspeferences correctly. It is seen
that the torque means of frequency minimized system is tyfidéss than the noised torque
reference, which is caused by the inappropriate speeddlemis P parameter and TDO ob-
server gain. However, for fair comparison in this work, ar@meters in systems are kept as
the same, which should be adjusted to achieve best genetahsyerformance. Similar as
previous simulation, the system with TDO has better speefbqmeance and less variations.
However, the torque variance is correspondingly largem®T This is actually not a phenom-
ena of torque deterioration of TDO. Contrarily, it is the résd intensive torque control and
disturbance compensation mechanism. Moreover, as expdbe speed of the system with
switching minimization has larger but not much variance arwleased current THD, when
compared to the system that chooses the optimized voltagiersewithout consideration of
switching transitions. However, the increase of both valale not obvious and crucial. And
the switching frequencies shown in the chart have been t@wmd calculation time is reduced.
In light of this, the minimized system is preferred and there applied for further tests in the
following simulation and experiments.
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Figure 6.14: Experiment: speed reversal performance urd&rPTC with TDO for SPMSM.
(From top to down:rotor speed, electromagnetic torquégisfinase A current and stator flux.)

Simulation and experimental results match well with theotles, and therefore verify the
feasibility of the proposed algorithms.
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6.5 Conclusion

A DBPCC PMSM drive system with TDO has been proposed and vebfiessimulations and
experiments. Through the application of TDO and combininidp weadbeat control, and both
the system’s transient and steady state performances previed. Moreover, the elimination
of integral part of outer speed PI controller reduces thetotonsuming integral error tracking
time and tedious tuning work of parameter. And a FCS predidibrque controlled (FCS-
PTC) IPMSM drive system with TDO has been also proposed arifieceby simulations and
experiments. The proposed system remains fast responsectgrestics of conventional FCS-
PCC.

TDO can not only simplify the control by eliminating the | paneter, but also reduce the
torque response time, thus it improves the transient dycanit doesn’'t depend on the slow
integral process of speed or torque errors. Instead, mastis the torque directly from the speed
and electromagnetic torque, and compensate this torquegigarinstantly to the reference in
a deadbeat manner, rendering the system to be "disturbeaee-MMoreover, it is only rotor
inertia J sensitive and has a strong robustness against this paradesiation. It is proved
to be a practical strategy to reduce the system complexityimprove system dynamics in
industry.

Therefore, the proposed strategy is proved to be a verytefesolution which can be easily
implemented on existing drive systems. Moreover, it canxtersively applied to other drive
systems with various machine types. And the TDO can also dependently adopted to the
system based on different control methods, such as FOC, Dii@eadbeat MPC.
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CHAPTER 7/

FCS-MPC without Weighting Factor

For all FCS-MPCs, there is at least one weighting factor focthst function as long as there
are control terms of different physical natures [88]. Evendtrategies with control terms of
the same attribute, e.g. FCS-PCC, the weighting factor of 1atdsentaken as the optimal for
granted, which is also confirmed through adjustments egpeeis of the weighting factor of
FCS-PCC. And itis found that usually 0.25~0.5 instead of 1 |¢éatietter convergence/quality
for both currents and torque. However, there exists no stanaethod or criteria with physical
guantity for the tuning of weighting factor(s). Usuallyethare simply set to be fixed values
and normalized to achieve fair control between differenintge which is similar as per unit
control. However, this is not a guarantee for optimal cdnfimo all conditions under differ-
ent operation points. There are already some control giemteegarding the simplification or
elimination of the weighting factor, which are essentiallivariations for online tuning of the
priority/importance for different control terms with spiccriteria [89—-92]. Among them, are-
cently proposed strategy—sequential FCS-MPC (SMPC) is alsianu promising realization
of weighting-factor-less FCS-MPC [93]. In this chaptertsesf SMPC are conducted and an
improved extension of it—SMPC with varying control sequercalso proposed and verified.
Moreover, in order to fully study the possibilities of wetgig-factor-less FCS-MPC, a novel
analogue of SMPC—Parallel FCS-MPC (PMPC) will also be propasetitested.

Instead of only using PMSM as control object as in previousptérs, IM will be controlled
in this chapter for SMPC, because the rotor flux of IM is indyaglkose flux control is more
difficult and important than IPMSM with separated magnetergfore, the effectiveness of both
SMPC will be more prominent. PMPC will be still tested on PMSM

7.1 Sequential FCS-PTC

Because of the length limitation of this work, only PTC is tales example to verify the
algorithms in this chapter.
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7.1.1 Conventional Sequential FCS-PTC

The recently proposed novel strategy of Sequential FCS-BT®f as in [93] will be intro-
duced and explained in this sub-chapter, whose block diagahown in figure 7.1.

o T S b :
aoc
a)a)_@»“ L = ®—g, =[AT|—1 g, =8y —— — M
- — A A \
T
Torque/Flux ) l
Prediction ¢ va)
(—
1 1
Torque/Flux  [€—,
Estimation ’ ls
w0

Figure 7.1: Sequential PTC for IM.

The basic mechanism of SPTC is to split the conventional Hadine” congregate cost func-
tion with weighting factor(s) into as many as the number dfitoal terms. And through a
cascade structure of sequential execution of cost furgtmptimizations, some of the control
terms are firstly calculated and the best optimal voltagéovedeading to minimum errors are
firstly selected and serve as the reduced control set’s datavectors for the cost function of
the secondly controlled object.

For example, in this novel SPTC, two separate cost functibrsmtrol, i.e. g andg,, for
the torque and stator flux terms, are adopted as follows:

gr = |T.(k+2) = 17| (7.1)

gy = |Ya(k +2) = [1hs["] (7.2)

Except the additional over current protection term in batktdunctions’ calculation pro-
cesses, the torque cost function is firstly calculated aathést two vectors for it are pre-chosen
for the flux optimization. Thereafter, these two optimaltees are given to the stator flux’s cost
function to find out the optimal vector that will be output &g treference. For the IM under
test, 2 is chosen as the ideal quantity of the pre-choseag®lectors that trikes a balance
between the calculation amount and slightly higher emghasitorque control. It is obtained
after a trail and error process. More than two vectors is oidalle for torque optimization,
while only 1 is absolutely abandoning the control of statox flTheoretically, the less vectors
are chosen for the secondly executed cost function, the sraghasis is put on the first cost
function’s control object. However, this raises anotheatpem and an extra factor to be tuned
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for the SPTC, which is surely machine type and parametersndiepe. Therefore, it comes to
the motivation of extension for this method in the followisigh-chapter.

For easiness of comparison, the simulation and experirheatdication of both methods
will be shown together in the later sub-chapter.

7.1.2 Sequential FCS-PTC with Varying Control Sequence

The basic principle of the extended method of SPTC to be meghan this sub-chapter is
similar as the previous method, whose block diagram is shofigure 7.2. In order to improve
the system precision and dynamics by avoiding the unbatboastrol for either of the control
objects (i.e. torque and stator flux), an sequence or ordectg® is conducted by a simple
logic basing on the previous control cycle’s cost functiorsdues. And these values serve
as the input of a decision-making LUT that decides in eaclroboycle which cost function
should be firstly calculated.

The rule is that the larger a control object’s cost funcganinimum value in the last control
period is, the higher possibility its cost function will bestiy calculated in the next control
period. Through the introduction of varying cost functioesecution sequence, the extended
method considers the varying priorities of different cohterms in different operation points.
As a result, the system’s control performances can be funtmgroved through the tunings of
the error band widths of torque and flux control’s priorities flowchart in figure 7.3 illus-
trates this algorithm. And the cost functions’ executioguence is decided based on the the
rule in LUT of table 7.1, where the error band width valuesarfjtie €7°) and flux gv) are
chosen as half of the average peak-to-peak torque and flpbealues in steady state of the
system proposed in the last sub-chapter with fixed cost iim&equence. These values are
integrated into the logical rules, with whom the final demmstan be achieved as a commend
for an interlocking "switch" that changes the execution seges of control terms.

From the flowchart in figure 7.3, it is seen that the extendethatkis almost identical as
the previous method, except that in step 2 an additional LB§ed sequence decision is made
before the cascaded cost functions.

Table 7.1: Cost function executive order decision-making LU
min. g of last period (Nm) | min. g, of last period (IW'0) | Decision

> 0.025 > 0.5 same as last
> 0.025 < 0.5 gr first
< 0.025 > 0.5 gy first

< 0.025 < 0.5 same as last
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7.1.3 Simulation and Experimental Verification

This chapter gives the simulation results of both converatiand extended sequential FCS-
PTC with varying control sequence.

The parameters of the IM under test are shown in table 2.3 abteln 2, which is the same
as a real machine at laboratory. The other control data ate §& the same as in the test of
IPMSM.

Simulation 1 is to find out the performance of the speed sfepanal reversal process.

Figure 7.4 shows speed, torque, current and flux of this ggd@oth systems have similarly
good dynamic and steady states performance as the convanB&S-PTC of IM shown in
figure 3.3.

Figure 7.5 shows the corresponding decisions for contiapieseces of sequential FCS-PTC
with varying control sequence during this process. It ingbat the system automatically and
frequently changes the orders of cost functions’ executiccording to the predefined error
bandwidths of the previous control periods.

Figure 7.6 shows the corresponding torque and flux trackex@pmance. It is seen in this
figure that both systems can track their references well.

Simulation 2 is to find out the speed performance under tovguations.

Figure 7.7 shows speed, torque, current and flux of this gsoc&he differences of both
methods are ignorable.

Experiments are conducted on IM with same parameters as jprévious IM model.

In experiment 1 as shown in figure 7.8, the system is operatiriy steady state of nomi-
nal speed at no load condition, and a sudden load torqueexd ratlue is added at 0.05s and
removed at 0.25 s. Both systems can balance this load immesadvgith almost no time delay
and minor speed drop/raise and regain. The flux performastable in spite of the load varia-
tions. This verifies the good and very similar torque re@tperformances of both Sequential
FCS-PTC systems.

Experiment 2 finds out the influence of torque and flux expixtaton the torque and current
performances for SPTC with Varying Control Sequence. Figudeand figure 7.10 show the
torque standard deviation and stator current THD for défifeée7” ande). As can be seen that
the torque deviation and current THD have very similar shapmntours, which confirms the
torque’s deciding and crucial influence to the current THRhwome difference because of the
flux term’s contribution. Therefore, experiment 2 servesasnstruction for the expectation
values’ selection of7 andey. As a result, in the following tests, the valuesedf andey
are optimized by being reset to the minimum of both contoutk wi" = 0.2 Nm andey =
0.015 Wb, respectively.

In the following experiments, the system steady state pmdaces under different conditions
will be researched.

Experiment 3 investigates the system performances undfferedit operation points with
varying speeds under rated load. Figure 7.11 shows thatlhetlectromagnetic torque ripples
and stator current THDs will increase as the speed stepshgorétically, the system is more
sensitive and susceptible at lower speed conditions. Herybeing different from the conven-
tional PTC, the proposed SPTC with varying control sequera&s\even better at low speeds,
with better torque and current qualities. The reason ligkercontrol effect’'s enhancement in-
troduced by the self-adaptive control priority decisioa,,iat lower speed, because the torque’s
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Figure 7.4: Simulation: Rated speed start-up and reversadmofentional Sequential FCS-PTC
and Sequential FCS-PTC with Varying Control Sequence for IM.

influence is enlarged by larger errors. Therefore, morerobetforts are given to torque instead

of flux.
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Experiment 4 investigates the system performances unfferetdit operation points with
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Figure 7.6: Simulation: Torque and Flux Tracking Perforggof conventional Sequential
FCS-PTC and Sequential FCS-PTC with Varying Control Sequerdd/t

different torques at nominal speed, which is shown in figuie.7From this figure, it is found
that higher torque serves as the temporarily added ineatizapd makes the system more stable
and therefore leads to smaller current THD and even redwsuitghing frequency for intensive
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7.2 Parallel FCS-PTC

In this sub-chapter, PMPCs with both conventional full vestoased FCS for cost function
and RFCSs introduced in chapter 5 will be proposed and veribiethé purpose of calculation
reduction. For RFCS based PMPC, only Deadbeat Triple and Datblmeible RFCS-MPCs
are adopted, because for the Dichotomy-based RFCS-MPC, aswsiknom Chapter 5, the
ripples are comparatively large, and for the Switchingimined RFCS-MPC, the control per-
formance is sacrificed as the cost for switching reductiomd Meadbeat Null RFCS-MPC
calculates directly the reference voltage vector and @asitzo cost function, which is not suit-
able for PMPC requiring cost function.

Similar as SMPC, only PTC will be taken as example for impletaton. The block diagram
of Parallel FCS-PTC to be proposed in this chapter is illtsttan figure 7.13. The torque
and flux related current estimation and prediction are theesas the conventional FCS-PTC as
shown in the bottom area. The middle area is the PPTC mechawisich are manipulated both
laterally and vertically with separate torque and flux e¥sdsorting and integrated optimization
procedures. Depending on the control set size, the systdroptional apply the control set
reduction algorithm shown inside the dotted area. Detéitgdgorithms will be explained in the
following parts.

. Deadbeat Sector
NlLe e .
" g —| fEEy Identification
—>| and Control
> Voltage Set Reduction
Calculation Control Set with

3VV/i2W

»| Torquegt

¢
N

Integrated
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Optimization
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i3> Currentgf
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»

Te(k+1) Prediction iabe(K)

Figure 7.13: Parallell FCS-PTC.
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7.2.1 Full-Vectors Parallel FCS-PTC

The basic idea of Full-Vectors Parallel PTC (or: Parallel HZISC for short) applied in this
chapter is to select the optimal/reference voltage vecton fall 7 feasible vectors through the
parallel optimization of both control terms with separatstdunctions. Unlike the sequential
methods in previous chapter that still require some pararmdée.g. control terms’ error band
widths for LUT decision), for parallel methods, in order &alize the real meaning of control
"without weighting factor"”, neither weighting factor nor extoefficients in other forms are re-
quired. The whole optimization process is conducted baseihople logical decision-makings
that has reasonable theoretical bases. Figure 7.14 dtestthe principles of the optimization
for the control set of FCS-Parallel PTC.

As is shown in this figure, the 7 voltage vectors are substitutto the absolute error terms
of torque (torque errogt) and flux (flux errory f) separately. And these errors’ corresponding
vectors are then separately sorted into two lines, wherbdseone with minimum error value
is on the right end.

Since for both PTC and PCC, the simulation and experimentadrexqces prove that the
torque control is always more crucial than the flux contrdiefiefore, similar as SMPC, torque
control is always given higher consideration and priontfjle the flux control is also consid-
ered but with subordinate importance. Basic logic decisiakings are conducted with torque
as the inferior control term and flux the superior one. Bjirstie best three vectors on the right
side of both lines are analyzed for reference vector selectAnd then, with these three op-
tions, there exist two possibilities. In case 1: if theresexil~3 mutual vectors among the right
vectors of both lines, the one that leads to better torqué@lofe. has smaller/smallest value
of torque error) is chosen. For example, in figure 7.14, theualwectorV; instead of the other
mutual vectorl/ is selected and output as the reference. However, if thare mutual vector
among the right three vectors of both lines, it comes to caséh2re one of the best three of
sorted torque vectors on right end leading to the smallestditor is still selected. This em-
phasizes the importance of torque regulation, while it ktiits the flux errors to the largest
extent, i.e. the worst case is choosing the third worst geltzector for the flux control.

Case 1:
gt Vo Vi vy Vs Va Va
optimal
gf: Vo i Vo Vs Vs Vi g
Case 2:
gt: V3 Vl V6 V4 V5 VQ V2
optimal
of w w Vo Vs Vi v

Figure 7.14: Optimization Principles for Full Control SetRPTC.

7.2.2 Simulation and Experimental Verification

For fair comparison, in this chapter, conventional FCS-Ph@ the proposed Parallel FCS-
PTC for IM with an integrated cost function similar as (7.8) fPMSM is firstly simulated.
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And its cost function is:

95 = 1T = To(k +2)51 + Ag - [ 1903 || = 1| bk +2); || | + Lk +2), (7.3)

The systems are first control under speed control mode.

Simulation 1 is to find out the performance of the speed spepnd reversal process. Fig-
ure 7.15 shows speed, torque, current and flux of this protiessn be seen that the proposed
full-vectors parallel FCS-PTC, even containing no cost fiem;thas visible better torque and
flux qualities than the conventional FCS-PTC.

Figure 7.16 shows the corresponding torque and flux tragk@mtprmance. It is seen in this
figure, full-vectors parallel FCS-PTC's tracking performang as good as that of the conven-
tional FCS-PTC and it has even smaller flux oscillation bamtbsunding the reference.

Simulation 2 is to find out the speed performance under tovgtiations in simulation.

Figure 7.17 shows speed, torque, current and flux of thisgsocSimilar as the speed dynam-
ics process, in light of its smoother torque as well as cturaed flux, the proposed weighting
factor-less method has better control performance.

The proposed method is than experimentally verified on SPMSM

Experiment 1 as shown in figure 7.18 is the speed step rever@aéuver. Similar as in
simulation, the proposed method has almost visibly samamjecs and steady performance as
the conventional PTC.

Experiment 2 as shown in figure 7.19 is the torque variatist #®oth the ripples band width
and speed drop/rise in sudden torque varying transientiaesathe same.

Experiment 3 is to find out the performance under torque obntode in experiment.

Figure 7.20 shows that both systems have instantly fastigoogtput capabilities.

Experiment 4 is to find out the robustness of the conventiBi& and full-vectors parallel
method in experiment.

Figure 7.21 and figure 7.22 shows speed, torque, current erdifider the Rs and,,,
variations, in which both system have same extent and setisg in robustness, i.e. somehow
sensitive to the),,, variation as with the previous methods.

All of the above simulations and experimental results yahe effectiveness and competitive
performance of the full-vectors parallel FCS-PTC to the emtvonal FCS-PTC.
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Figure 7.15: Simulation: Rated speed start-up and revefsalnventional FCS-PTC and Full-
Vectors Parallel FCS-PTC for IM.
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Figure 7.19: Experiment: Conventional FCS-PTC and Full-decParallel FCS-PTC Perfor-
mance for SPMSM under Torque Variations.



7.2. PARALLEL FCS-PTC 151

180 ‘ ‘
' 160 L
=140 ;\ | ]
0 1 2 3 4 5 0 1 2

C | | |
0 1 4 5 0 1

T WW*‘W!WMWu”fh"w“W M'Ju’(\Wﬁ"“J'v'vWW"’#\W\WMWVWV'MW»M il v‘ A M” T WWMWWWWWW
0 1 2 3 4 ; 5 0 1 2

(a) FCS-PTC.
1 - S —
g 421§0 1 2 3 4 5 0 1 2
T2 WWWNw.MWWNNW«MWW il W‘wW.W”.WvNJ‘.“JWM"”M A s

Time [s]
(b) FCS-Parallel PTC.
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7.2.3 Deadbeat Triple Parallel RFCS-PTC

Figure 7.23 illustrates the principles of the optimizationthe control set of deadbeat triple
RFCS-Parallel PTC. Similar as the previous method, firstly timkee vectors are left and sorted
by their corresponding torque and flux errors respectivBince the vector number is largely
reduced, only the best two vectors of both lines are searthédd the optimal one. Because
there must be at least one mutual vector among the best tworsdor both lines, no second
case is to be discussed. The vector among these two vecabraitiimizes the torque error will
be chosen as reference, i.e. in this example, the only muaabr Vs is selected.

gt v, Vo

optimal
gf: Vo Va Vg

Figure 7.23: Optimization Principles for Control Set of Dbadt Triple PPTC.

7.2.4 Simulation and Experimental Verification

Simulation 1 is to find out the performance during speed dtap-8p and reversal process in
simulation.

Figure 7.24 shows speed, torque, current and flux of thisgeacThis process has similarly
comparable performance as the conventional FCS-PTC anmpsawnethods, except the speed
rise time is slightly longer.

Figure 7.25 shows the corresponding dynamics of torque axdtfbcking performance,
which is also fast and precise.

Simulation 2 is to find out the speed performance under tovguations in simulation.

Figure 7.26 proves that it is as good as the methods withrda@erol set and more vectors.

Deadbeat Triple Parallel RFCS-PTC are also experimented BISSP

Experiment 1 is the speed start-up and reversal test shofiguire 7.27.

Experiment 2 is the system performance test under varyirgué& which is given in fig-
ure 7.28.

Experiment 3 is to find out the performance under torque obntode in experiment.

Figure 7.29 shows speed, torque, current and flux of thisgsclt is as good as the case
under deadbeat triple parallel RFCS-PTC.

Experiment 4 is to find out the robustness of the proposedadeth

Figure 7.30 and figure 7.31 shows speed, torque, current erdifider the Rs and,,,
variations. The proposed method has almost the same r@sssas previous method.

Therefore, deadbeat triple parallel RFCS-PTC works exddfles expected, and in light of
its much smaller number of vectors in control set, it is @asi®oth calculation and concept of
design. Containing no weighting factor, it is a very goodrali¢ive for the conventional and
previous proposed methods for electric drives.
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Figure 7.24: Simulation: Rated speed start-up and reveféa¢adbeat Triple Parallel RFCS-
PTC for IM.
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Figure 7.25: Simulation: Current Tracking Performance ch@eeat Triple Parallel RFCS-PTC
for IM.
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Figure 7.26: Simulation: Deadbeat Triple Parallel RFCS-P&@dPmance under Torque Vari-
ations for IM.
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Figure 7.27: Experiment: Rated speed start up and reverg§xadbeat Triple Parallel RFCS-
PTC for SPMSM.
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Figure 7.28: Experiment: Deadbeat Triple Parallel RFCS-P&doiPmance under Torque Vari-
ations for SPMSM.
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Figure 7.29: Experiment: Deadbeat Triple Parallel RFCS-P@&@oPmance for SPMSM under
Torque Control Mode.
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Figure 7.30: Experiment: Deadbeat Triple Parallel RFCS-P&@oPmance under Rs Variation
for SPMSM.
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Figure 7.31: Experiment: Deadbeat Triple Parallel RFCS-P&GoPmance undey,,, Varia-
tion for SPMSM.
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7.2.5 Deadbeat Double Parallel RFCS-PTC

Figure 7.32 illustrates the optimization principles witietcontrol set of deadbeat double
parallel RFCS-PTC. Based on the core principle of giving higbweue priority, the best torque
controlling vector, i.e.}5 in this illustration, is selected.

gt: Ve
optimal
of: Vs Vg

Figure 7.32: Optimization Principles for Control Set of Dbadt Double PPTC.

7.2.6 Simulation and Experimental Verification

Simulation 1 is to find out the performance during speed gfeand reversal process in
simulation.

Figure 7.33 shows speed, torque, current and flux of thisggsacCompared with previous
figures of different solutions in the same process, the ®rpples’ band is further reduced,
but the flux control is not as good as previous ones, becatss lightly larger variations and
slower flux dynamics.

Figure 7.34 shows the corresponding torque and flux tragb@mfprmance. Being consistent
as the last test figure, the torque tracking performance ite geell but flux is not precisely
controlled to align with its reference. However, since fiot, Ithe flux can be strengthened
or weakened flexibly according to system demands, this phenon is acceptable and even
explicable for better torque control.

Simulation 2 is to find out the system performance under ®rguiations.

Figure 7.35 shows speed, torque, current and flux of thisgscSimilar as the previous test,
the flux has comparatively larger value than its referen¢easated condition.

Deadbeat double parallel RFCS-PTC are also experimented S EP

Experiment 1 is the speed reversal performance test. FigB86eshows that, though the flux
ripples are slightly larger, the torque ripples are smalian the previous method. Since the flux
is only intermediate variable, it is not influential whenwtdue is oscillating in larger range.

Experiment 2 is the torque variation test. The experimaetgllts in figure 7.37 agrees with
the discovery in experiment 1.

Experiment 3 is to find out the performance under torque cbniode.

Figure 7.38 shows speed, torque, current and flux of thisgagowvhich shows the similar
competitive performance of deadbeat double parallel RFCS-&5Tthe triple one proposed in
the previous sub-chapter.

Experiment 4 is to find out the robustness of the proposedadethexperiment.

Figure 7.39 and figure 7.40 shows speed, torque, current ardifider the Rs and,,,
variations. Both figures show that the system is not less tohills the further reduction of
voltage vectors in the control set.
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Figure 7.33: Simulation: Rated speed start up and reveréaatibeat Double Parallel RFCS-
PTC for IM.
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Figure 7.34: Simulation: Current Tracking Performance oadllzeat Double Parallel RFCS-
PTC for IM.
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Figure 7.35: Simulation: Deadbeat Double Parallel RFCS-P&GoRmance for IM under
Torgue Variations.

200 T T T T T

-200 N

w [rad/s|

T,[Nm|

io [A]

(6] 0.1 0.2 0.3 0.4 0.5 0.6 0.7
10 T T T T T T
ﬁ o
3 I ”'“' w“ "W MW'N“M Hw Wm h“ Pt e "W“
_10 1 1 1 1 1
(6] 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time [s]

Figure 7.36: Experiment: Rated speed start up and rever8sdadbeat Double Parallel RFCS-
PTC for SPMSM.
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Figure 7.37: Experiment: Deadbeat Double Parallel RFCS-Parthfnance for SPMSM un-
der Torque Variations.
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Figure 7.38: Experiment: Deadbeat Double Parallel RFCS-Paithfnance for SPMSM un-
der Torque Control Mode.
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7.3 Conclusion

In this chapter, to eliminate the weighting factor and sifgfilarify the tuning process, one
solution with online self-adjustive control priority foequential FCS-PTC and three solutions
for parallel FCS-PTCs including reduced calculation effartgl design simplification are pro-
posed based on the previous works and verified by simulatidreaperiments.

Both sequential and parallel FCS-PTCs work satisfactorilkpe&ed. Therefore, the goal to
remove weighting factor for cost function in FCS-MPC is avhkwith the proposed methods.

The proposed FCS-MPC without weighting factor in this chaptald be extensively de-
vised and conducted for FCS-PCC.
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CHAPTER 8

Summary and Outlook

In this dissertation, several different variations of migqatedictive controls and their exten-
sive considerations in implementations for electric dsitave been proposed and verified by
simulations and experiments. Some methods, e.g., FCS-MBOutiweighting factors, can
not only be applied on electric machines, but also furth@tieg on different AC/DC-DC/AC
converters containing cost functions. In order to ensugauthiversality and extensibility of the
proposed methods, three types of most commonly used AC meshre applied in tests, i.e.,
most simulations are conducted on an real IPMSM’s model #rekperiments are conducted
on either an real IPMSM or an IM at the laboratory. Experirsere realized through an high
performance dSPACE real time semi-physical simulationesgstMoreover, the proposed con-
trol strategies or improvements can be further extendether &inds of AC drives, for example,
switched reluctance motors (SRM) or linear motor (LM) drives

8.1 Conclusion

The work of this dissertation can be summarized as follows:

» Chapter 3 has reviewed two main categories of MPCs: FCS-MPC and ContsM&C.
Three most popular examples of both categories, i.e., FGG-PTS-PCC and Deadbeat
PCC have been explained, and their transient dynamics aadyss¢ate have been com-
pared.

It has been found that both FCS-PTC and FCS-PCC have similar g@ddrmances
in light of their dynamics, low switching frequencies andnlimear control/constraint
inclusion potential. And Deadbeat PCC, though contains PWMuiegdts amount of
calculation is much less than the FCS-MPCs. Therefore, it goasd an option as FCS-
MPC in light of its merits of similarly fast dynamics as FCS-U®
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» Chapter 4 has proposed and verified two kinds of increased FCS-MPCs wittinzious

reference voltage, i.e., fan and circular dichotomy-basethods, which can generate
guasi continuous voltage reference thus to be offered GoENM.

Simulation and experimental verifications have proved tR&S-MPCs can maintain
the fixed switching frequency of the inverter, have betterticm accuracy, improves the
current quality and reduces the torque ripples signifigafitherewith, the system’s reli-
ability can be ensured.

Chapter 5 has introduced five different realization of reduced FCS-MB&hat the size
of finite control set for cost functions is minimized. The ren of candidate voltage
vectors is reduced by these methods to 5, 4, 3, 2 and 0, resggct

Simulation and experimental results have shown the effegiss of all proposed reduced
FCS-MPC methods. With reduction of calculation efforts andiaterioration of system
performance or even better steady state characterigtieg,could all be considered as
ideal alternatives for the conventional FCS-MPC. Moreoveme of them have even
better torque and speed ripples inhibitions ability thamdbnventional FCS-MPC.

Chapter 6 has proposed a TDO to improve the system’s transient andysttate per-
formances. By applying TDO to both deadbeat PCC and FCS-PTClauml that the
integral part of outer speed PI controller could be elimadab reduce the tuning of pa-
rameter.

Simulation and experimental results have verified that bkintathe system to be
"disturbance-free”, TDO can not only simplify the controlt lalso reduce the torque
response time and the general transient dynamics. Moreiiveas a strong robust-
ness against this parameter deviation. Therefore, thecagiph of TDO to MPC has
been proved to be a feasible and effective solution to rethesystem complexity and
improve system dynamics.

Chapter 7 has introduced to ways of weighting factor-less FCS-PTCrobstrategies:
sequential FCS-PTC and parallel FCS-PTC. In order to realiiem@ed torque and flux
control by changing the cost functions’ execution sequerm#ine, a sequential FCS-
PTC with self-adjustive control priority has been propoaad compared with the exist-
ing sequential FCS-PTC. Moreover, based on the reduced FCS-MRGapter 5, three
variations of weighting factor-less parallel FCS-PTCs hasenproposed and tested.

Simulations and experiments have confirmed that both séiglemd parallel FCS-
PTCs work satisfactorily as expected. Therefore, the reahnmg of FCS-MPC without
weighting factor weighting factors in the cost function sheeved with the proposed
methods, which significantly simplify the tuning work of tR€S-PTCs.

To conclude, according to the experimental results, allggoechapter 2 have been achieved
by the work in the dissertation. As is implied by the title bistwork, it has fulfilled the gap on
further studying MPC'’s applications on electric drive syssen depth and on the proposal of
several extensive considerations and solutions for ma@eligtive control.
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8.2

Future Work

Several topics have been found as the future researchidiieéts the extension of the topics
discussed in this work and in the further consideration$fBCs’ application to electric drives:

Calculation redundancy reduction/elimination. For the increased FCS-MPC, the cal-
culation effort is still the main problem. Further reseastiould be the introduction of
redundancy minimizing strategies such as those inteqlisary algorithms for artificial
intelligent, such as ant colony optimization and grey wgifimization.

Improved disturbance observer. Since the DO proposed in this work is only capable
for torque disturbance’s inhibition, more DO or more intggd DO with higher multiple
disturbances inhibition potential should be designed emmémented. One possibility is
to introduce a DO that can also remove the P parameter evaitgetp extra parameter
to be tuned.

Parameters identification. For all model based predictive control strategies, therobnt
variables thus the control performance is more or less then$d machine parameters’
deviations, as shown in the previous chapters, in which regstem is sensitive té,
variations. Therefore, better robustness should be agthigwough the online parameters
identification.

Long horizon MPC. Based on the existing methods on single step MPC, and with com-
paratively precise machine parameters, long horizon MRitildhbe applied to further
improve system prediction range and control precision gstesn performance.
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APPENDIX A

Nomenclature

General remark:

Scalars are italic letters:

Vectors are bold lower case letters:

Matrices are bold upper case letters:
References are marked with a star superscript:
Rated values are marked with a star subscript:
Predictions are marked with a hat superscript:
Time derivation:% or i

Coordinate variable components are with a-b-¢} or d-q subscript: z,, zy, Z¢, Ta, T3, T4, Z4

g&&;k&&
3

Symbols and parameters:

State vector
Input vector
Output vector
State matrix
Input matrix
Output matrix
Phases
Equivalent two-phase coordinates
V-1

\oltage
Current

2Aamre 28

™
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S S QY

Resistor

Capacitor

Inductor

Inertia

Time (continuous)

Time (discrete, current sample)
Sampling time

Machine variables and control coefficients:

Vs, Uy
is,
¥s, Pr
We

Wm

Te

T

Acronyms:

AC
AD
ASM
CPLD
CSlI
DA
DB
DC
DMTC
DO
DSP
DTC

Stator and rotor voltage

Stator and rotor current

Stator and rotor flux

Electrical machine speed

Mechanical machine speed
Electromagnetic torque

Mechanical load torque

Number of pole pairs

Stator and rotor resistance

Stator and rotor inductance

Mutual inductance

Switching state of phaseupper/lower arm
Weighting factor

Observer gain

Error band width values of torque and flux

alternative current

analog to digital
asynchronous machine
complex programmable logic device
current source inverter
digital to analog

deadbeat

direct current

direct mean torque control
disturbance observer
digital signals processor
direct torque control
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EMF
FCS
FOC
FPGA
FS
GPC
IFCS
IGBT
IM
IPMSM
ISS
LM
LUT
MCU
MMF
MPC
MTPA
OPA
PC
PCC
PID
PMPC
PTC
PWM
RFCS
SMPC
SPMSM
SPWM
SRM
SVM
THD
VSI
VSP
VvV

electromotive field
finite control set
field oriented control
field programmable gate array
Finite Set
genetic predictive control
increased-finite-control-set
insulated gate bipolar transistor
induction machine
interior permanent magnet synchronous machine
input to state stability
linear motor
look-up-table
micro control unit
magnetomotive force
model predictive controls
maximum torque per Ampere
operational amplifiers
predictive control
predictive current control
proportional—integral—derivative
Parallel FCS-MPC
predictive torque control
pulse width modulator
reduced-finite-control-set
sequential FCS-MPC
surface-mounted permanent magnet synchronous meachi
sinusoidal pulse width modulation
switched reluctance motors
space vector modulation
total harmonics distortion
voltage source inverter
varying-switching-point
voltage vector
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APPENDIX B

Pseudo Codes

Pseudo Codes of Sub-sector And RFCS Decision for Deadbeat e RFCS-PCC:

Table B.1: Pseudo Codes of Sub-sector And RFCS Decision for [Raea@muble RFCS-PCC
(corresponding to figure 5.31)

if sector (1)-11:

if sector (3)-1:

if sector (5)-11I:

if >0
subsector Il :Vy, V5
else

subsector H :Vs, V)

if 0" <%
subsector | :V4, V)
else

subsector || :V4, V)

if 0" < —%
subsector 1l :Vs, Vj
else

subsector Il :Vy, V

if sector (2)-VI:

if sector (4)-1V:

if sector (6) V:

if 0" < —%
subsector V| Vg, V)
else

subsector 4 : V4, V)

if 0" <%

subsector 1Y :Vy4, V,
else

subsector 1V :Vs, V)

if 0 <0
subsector VY :Vs, V,
else

subsector V :Vg, Vo

Pseudo Codes of Deadbeat Null RFCS-PCC and Calculation af:
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Table B.2: Pseudo Codes of VV Decision for Deadbeat Null RFCS-R&o@dsponding to
figure 5.46) and Rough H Calculation

if sector (1)-11: if sector (3)-1: if sector (5)-111:
if >0 Oy = 0* Ogp=0"+m
O = 0" H =V si:?gige)o) H=—Vie- s;:?%r—/l-?)@)o)
else if V<4 if (V<4
bp =0+ Vour = Vo Vour = Vo
end else else
H =V, - 2205 if 0" <1 if 0" < -1
if |V*|<% Vour = V1 Vout = V3
Vour = Vo else else
else Vour = Va Vour = Vi
if >0 end end
Vour = Vo end end
else
V;)ut = VE’)
end
end
if sector (2)-VI: if sector (4)-1V: if sector (6) V-
Oy = 0% + 2w Op=60"+m if >0
H o= Vi 280 | pmyy, . S5l | g = gy
if [V <Z if [V <Z else
‘/out:‘/[) V:)ut:% 00:6*+27T
else else end
if 0 < -2 if 0 < -2 H=-V,, - 22
Vour = Vi Vour = Vi if V¥ <4
else else Vour = Vo
Vour = V1 Vout = Vs else
end end if <0
end end Vour = Vs
else
Vout = ‘/6
end
end
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Table B.3: Pseudo Codes of Precise H (for clarity, itis renaase@’) Calculation for Deadbeat
Null RFCS-PCC (corresponding to figure 5.48)

if sector (1)-II: if sector (3)-1: if sector (5)-11I:

o R— Vi o B o R— Vi
sin(m/3) v s.in(Q(w//%)—(G—w/Zi)) sin(m/3) v sm(27r//§) 0) sin(m/3) ‘s/m(27r/(3 /3()()9 2m/3))
= Q = sind = Q szd’ri (27/3—-6) = Q = sidrg(27r/3+9)

120°— (6 — 60°)

if sector (2)-VI: if sector (4)-1V: if sector (6) V:

Q _ Ve Q — Ve Q _ Ve
sin(w/3) ‘s/zn(27r/(3 /é? 57/3)) | sin(w/3) ‘S/Zn(27T/(3 /é? m)) sin(n/3) ‘S/ZTL(ZW/(g /é? 2m/3))
de-sin(m e sin(m e sin(m
= Q sin(mw/3—0) = Q sin(mw/34-0) ] = Q sind

‘/;[C

120° —

120° — (6 — 180°)

20° — (6 — 300°)
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