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ABSTRACT

Electrical machines may exhibit various types iofbalances and undesirable
harmonic distortionsThese mayincrease the torque and flux ripples, acoustic noise,
unbalancedrireephase currentsyhile also reducingfficiency.These types of imbalances
and undesirable harmonic distortia@not be controlled by using the conventional indirect
torque control (ITC) and direct torque control (DTC) stratediessome higkperfarmance
motion control, such as precision machine tools, robotics, and servo drives, low torque
ripples are howeverpbligatory. Nowadaysnorestudies have been conducted on the ITC
strategy to control undesired current harmgrgash as double synchranieference framse
(DSRF), resonant controller, second order generalized integration, and reference current
generationSuch strategieshowevercan rarely be applied to DTC strategy.

In this research, the influence of asymmetric winding impedancesiancbd back
EMF, and inverter nonlinearity in thrgghase surfacenounted PMSMs has been
systematically investigated by employing space vector modulations (SVM) based ITC and
DTC strategies. This thesis firstly presents a modified ITC strategy by exgrteipositive
and negative sequence components in the statianarfgame, and then a coordination
transformation is used to control the machine in DSRF. This strategy provides faster
dynamic responsehencompared with the conventional DSRF strategiyce the filters
and the decoupling network are not required.

Due to thdack ofresearch regardintpe DTCstrategyunder unbalanced conditions,
this research investigates and proposes modified cascaded and paralleSVIMTC
strategies. The conventionalscaded DTC strategy is investigated under balanced and
unbalanced conditions. Then, a modified control strategy is introduced by adding two
compensators (the conventionatd@htroller with a resonant controller, and the use of the
negative and positivesequence voltage vectors) to suppress fié@&monic components
in the torque and stator flux linkage.

Furthermore, for parallel DTGVM, the compensation of the 2nd and 6th harmonic
components is investigated by means of either a resonant controlieadaative filter. In
addition to the simplicity of the proposed strategies, these may also be able to significantly
reduce the torque and flux ripples, while maintaining the merit of the fast dynamic response
of the conventional DTC strategy even undearalde fundamental frequency. Moreover, it
has been proven that the compensation from using a resonant controller or an adaptive filter
is parameter independent. Thus, regardless of unbalanced conditions, an effective torque
ripple minimisation can still & achieved by properly selecting the dominant harmonic
compensation.
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CHAPTER 1
GENERAL INTRO DUCTION

1.1.Background

Since the introduction of modern permanent magnet (PM) materials, i.e. ferrite
magnets in 1950s, SmCo magnets in 1960s, and NdFeB magnets in 1980s, as well as
semiconductor devices and power electronic switching circuits, enormous
develgpment has been carried out on various PM machines. By replacing the rotor
electromagnetic poles which employ winding excitations and require an electrical
supply source with the PM poles, the slip rings/commutators and brushes are
eliminated in brushlessNP machinesMany innovative PM machines have also been
developedSeveraloutstanding featurelsave beeracquired by using brushless PM

machines, for examplé], [2]:

1 Since the magnets are placedlwarotor, the copper losses are redwnsthigh
efficiency and better thermal characteristics can be obtained.

1  The lack of mechanical components such as slip rings/commutators and brushes
make the machine lighter with high power/weight ratio, largguefinertia ratio,
and good reliability.

1  The structural rigidness allows the PM machines to operate at very high speed
without special method.

PM machines are now used for many applications, wimclude, but are not
limited to, domesticuse aerospaceise industrialuse and wind power generators,
amongst other®?M machineson the other han@|so have some drawbacks, such as
high cost of rare earth PM materials, low reliability at high temperature and electric
loading due to thereversibledemagneasation of PM materialsas well adifficulties

in handling during the manufacturifigj, [4].



Machines
PMDC
Machines
Y
[ PMSM ]
Sinusqidal type

[Surfacemagnet typﬁ [Interior magnet typ
SPMSM IPMSM

PMAC
Machines

Y
[ BLDC ;
Trapezoidal typ

Fig. 11 Classification of different types of PM machines.
TABLE 1.1 DIFFERENCESBETWEEN PMSM AND BLDC MACHINES

PMSMs BLDCs

Flux density (in space)

Sinusoidal distribution

Square distribution

Back EMF

Sinusoidal waveform

Trapezoidal waveform

Stator current

Sinusoidal waveform

Square waveform

Electromagnetic Torque

Constant

Almost constant

Energized phases

3-phases on at any time

2-phases on at any time

PM machines can be classified into two groups: PMDC machines and PMAC
machines as shown Fig. 11 [3]. The costruction of PMDC machines similar to
that of DC machines with commutatofhe only difference is that the PM replaces
the field winding. For PMAC machines, the field is generated by the PMs located on
the rotor while the brushes and the commutat@siaonger required. Therefore, the
machine structure is simpler and more attractmencompared to PMDC machines.
Depending on the shape of the back electromotive force (EMF) waveform, PM
machines can be further classified into two tyesapezoidatype calleddrushless
DC machine8 (BLDCs), and a sinusoidal type callédM synchronous machin&s
(PMSMs) or brushless AC machines (BLACs), as showign1.l.

Essentially, PM brushless DC and AC machines are similar, witiméded
stators housing the phase windings and Apdte PM rotors. The main difference lies
in the shape of the badkMF and the control techniquBLDC machinesinduce
trapezoidal baclEMF voltage waveform in each stator phase winding during rotation
while brushless PMAC have sinusoidal bd&MF [3]. Table 1.1 summases the main

differences between PMAC and BLDC machines.



Depending on the stator and rotor configurations, PM8afsbe divided into

two main groups with respet how the magnets are mounted on the rf&p16]:

1 Surfacemounted PMSMs (SPMSM): In this type of machine, the PMs are
mounted on the surface of the rotas, shown irFig. 12 (a). The magnets can
be regarded as air space to the armature field because the permeability of the
magnets is close to unitg:€1). Thus, this kind of rotor can be considered as a
nonsaliency machine, and therefore, the inductances in the quadrature
coordinates, i.edg-axis, are approximately equakEL q). The electromagnetic
torque in a SPMSM is not produced by rotor sadieand can be considered only
as the interaction between the stator phase currents and their relevant stator flux

linkages[7].

1 Interior magnet PMSMs (IPMSM): For this type of machines, thes Rké
buried inside the rotor laminah, as shown irFig. 12 (b). IPMSMs can be
considered assalient pole machine with differedtraxis inductanced <L g),
since the permeability of the PM materi a
core.These machines have some drawbacks suldsastructural integrity and
mechanicalrobustness. The electromagnetic torque produced in IPMSMs is
similar to that of SPMSM with the addition of the reluctance torque component
associated with rotor saliencgdtures.

Theoretically, to achieve smooth torque and flux linkage with low ripples, both
waveforms of the EMFs and the phase currents regulated by the drive system need to
be purely sinusoidal and symmetri¢a], [8]. Regardlessf the rotor configuration,
the fundamental principle of motor drive is the same, and the differences are only in
some particularities. In practice, for driving a thmse PMSM, a thrgghase six
switch voltage source imvter as well asa suitable control strateggre required.
Recently, various control strategies were proposed for induction machine. drives
Thesecan be extended for PMSMsd can be categmed into two broad groups:
scalar and vector controlsig. 13.
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Fig. 12 Cross section of PMSM shows the rotor shaft and PM placement

[Variable Frequency Contrpl

Vector Control

v y v

[V/ Fs constan} [' s:Fs(YE)] [Field oriente}i [Li';:g(rjigzt(i:lgg [Direct Torqu} [ Pg:g:jty ]

v
[Rotor Fqu] [Stator Flux][ Circular Flux I‘)J[Direct TorquT [ Hexagon Flux J
T U

Oriented Oriented ){Trajectory(Takahash)j ( basedSVM rajectory(Depenbroc
v
[ Direct ] [ Indirect ] [ Open Loop] [ Close Loop Flux]
(Blaschke (Hasség NFO (Jonssoin & Torque Control

Fig. 13 General classification of PMSM control stratedi@ls

For scalar control strategies, the magnitude and frequency (angular speed) of
voltage, current, and flux linkage space vectors are contraMéde this issimple to
implement,there isa restriction for use in higipeformance applicationsThese

4



strategies, howeveaye still commonly employed in many industrial applicatjdos

instance, in theonstanwoltage/frequenciV/Hz=const.) strategy. On the other hand,
in vector control strategies, not ordye the magnitde and frequency of the space
vectors of voltage, current, and flux linkage controlled, as in scalar strategies
instantaneous vector positiorme also controlledThese techniques and their

subdivisionscan be summased in the general flow chart shown Fig. 13 [9], [10].

1.2.Control Strategiesof BalancedPMSM Drives

Vector control strategies for PMSM drives are used extensively for industry
applicationsin particular inservo motor drivesn which constant torque operation is
desired. In traction and spindle drives, constant power (field weakening) operation is
also desired. The vector control of PMSMs is very similar to that of induction machine
drives. It is based on the relationships and expressions of space vectors in a dynamic
state. In this manner, the vector control gives the exact orientation of the vectors at
each moment (steady and transient states). This control strategy provides better
perfamance than the scalar control method, but it is more complicated and expensive.
It is, also still the most common control strategy. There are different criteria to classify
the vector control strategies as showfrig. 13 [9].

Amongstthese strategies, the most popular methods are indirect tooqtrel
(also known as field oriented control (FOQJL], [12], anddirect torqe control
(DTC) [13], [14], which will be discussed below.

1.2.1.Indirect torque control

Indirect torque control strategy (or FOC) is one of the most popular linear
control strategies for induction maaks. It was firstly presented more than 45 years
ago in the early 1970s in Germany by F. Blasdikg. It was further developeith
the 1980sto meet the challenges of oscillating flux and torque responses in the
inverterfed s/nchronous and induction motor drivie.

In FOC, the stator flux linkage and electromagnetic torque are indirectly and
independently controlled as those of separately excited DC machines. It is usually
implemented inma single rotational ¢Ig) synchronous reference frame (sin§lRF),
with two closedoop current controllers required. Hence, the contralaxkis current

component is contributed to the magsiati component only, while the regulation of



the g-axis current is solg associated with torque producti¢hl]. Usually, these
controllers are the conventional proportional integrator (P1) regulators, due to their
low steadystate error and fast dynamic responBlee current referencénowever,
should be constant or slowly varying. Nevertheless, applying the conventienal Pl
regulators to control the AC components associated with the constant value is not
straightforward (as will be discussed later in this thesis). For a-pivese system,

with ig, in, andic being the currents in each of the phases, the Blark transformation

IS necessary to meet the main concept of FOCApeendixA) [15], then the current

in the stationary frame can be expressed as

e 1 l o
i 528 2 2%
g a%¢ b (1.1)
b e i
e B B
é 2 2 U

CLARK

whereig andip are current in the stationaty freference framefig. 14 [15]. These
two variables (and algg s= igtjip) include all the information abouté positive and
negativesequence components of the thpb@ase current&ne These curreststill

have alternating value®can be used to control the thwglease currentnscusing only
two controllers. Furthermore, the Parknsformation is often epioyed to obtain

direct values from the alternating thyglease currentd 6]
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where di=¥t is the instantaneous phase angle at the instantaofd ¥, is the

fundamental synchronous frequeritg].



Fig. 15 Schematic diagram of field oriental control strat€hjij.

The currentsia and iq are the projection ofianc represented onto two
perpendicular axes rotating with an angular speedofThis rotating frames
associated with the Park transformation and syncsedrwith the rotor phase angle
is known as the synchronous reference frame (SRF). These currents have a DC value
in the SRF and can be expresseddas idtjiq While they are alternating at the
frequeny of ¥ in the stationaryU breference frameFig. 14 illustrates the
relationship between the stationary and synchronous reference frames.

Moreover, by using transformations (sé@pendix A) the current in the

statimary and synchronous frames can be represented by the following expressions:

iab:idqejwrt 3 lcoswt ) jrsin(u )] (1.3)

i =i, 27" 3 Jgostwt) | sin(ut)] (1.4)

Fig. 15 shows a schematic diagram of the FOC based on the -SRite
Furthermore, several operating modes for both SPMSM and IPMSM can be achieved

by accordingly controlling botb- andg-axis current component$hese are:
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1.2.1.1. Constant torque angle (CTA

For a simple control strategy, some implication has to be takem int
consideration regarding the produced torque. The load torque can be controlled by
maintaining the torque anglg(which is the angle between the stator current vector

and the rotor permanent magnet flux) at a constant value’ ,ofig016.
Aq
[

i is

Ui:90° g
‘\v ¥em o o

Fig. 16 Vector diagram of constant torque per ampere control under steady

This control strategy can be implemented by controlling dtexis current
component to be zero, while the cutrgactor is aligned with thg-axis to maintain
the torque angle equal to®This strategy isencealso known ag& =0 control, which
is one of the most commonly used strategies due to its simplicity. The rotor PM flux
vector amplitude and the torqueghm are constaniThis method is commonly used
especially for SPMSMwhile not preferred for IPMSM due to the existence of the
rotor saliency. The change in the produced tothusonl vy depends on

current amplitude.

1.2.1.2. Maximum torque per ampere(MTPA)

The main target of this strategy is to keep the stator current as small as possible
for a given electromagnetic torque. In this manner, the maximum torque per ampere
(MTPA) can be achieved.heiqs componenthowever,s not equal to zero and may
cancel some reluctance torque produced by high saliencg,miip 17. It istherefore
recommended for IPMSMsince both the electromagnetic and the reluctance torques
are taken into consideration. For SPMSMs, this strategymigas to CTA control
stratey, [18], [19].

t

he
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Fig. 1.7 Current and PM flux vectors under maximum torque per ampere opera

1.2.1.3. Unity power factor (UPF)

The advantage dhis control strategy is that the phase shift between the current
and voltage vectors is zero, which reduces the power consumed by the machine as
shown inFig. 18. Whenthe power factor anglbecomeszero under ths control
strategy only active power ighereforesupplied to the machine under this strategy
[19], [20].

|
———————p
3

< g

I,UPM’_ - d

Fig. 18 Current and PM flux vectors under unity power factdiPFC).

1.2.1.4. Constant stator flux (CSF)

In this case, the stator flux linkage magnitude is kept constant with an amplitude
of t he y®W¥wdskhown . 19. To achieve this mode, tldeaxis current
must be éss than zerag< 0. The power factor in this control scheme is close to unity
and the current required for achieving torque up to 1.1 per unit is the lowest compared
with other control modefd. 9], [21].
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Fig. 19 Current and PM flux vectors under constant stator flux control strate

1.2.2.Direct torque control (DTC)

Nearly 20 years after introducing FOC, direct selhtrol (DSC) and direct
torque contro(DTC) straegies were first presented for induction machines in Japan
by Takahash[13] and in Germany by Depenbro{®?], [23], [24]. These methods
rely ondangbang contrdinstead of decoupling control, which is the idea of FOC.
They are capable of faster torque respsasel better dynamic performance than the
conventional FOC[13]. Despite the difference between IMsdaPMSMs in
magnetsation, the application of DTC strategy was extended to PMSMs. In the late
1990s, the conventional DTC technique for IPMSM was introducgatjn[25], [26].
Recently, investigation of DTC strategy was further extended for BLDC drives as
reported in27], [28].

The main operating principle of DTC strategy is based on controlling the
electromagntc torque and the stator flux linkage directly and independently in the
stationary reference frame hppropriatey selecting one of the eight voltage vectors
and then controlling the flux and torque of the selected veleigr.110 shows the

eight voltage vectors of the power source inverter o8]t These vectors express

the output ofthethrepehase voltage source inverter.

switching states (On or OFF), six ofeffe eight vectors can be active with the
maximum magnitude of 2¥8 , and the other two vectors have zero magnit{@@s

The switching states applied to the inverter are selected from a predefined optimum
switching lookup table (LUT) to minimse the instantaneous torque and stator flux

magnitude errofl13].

10
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Fig. 110 Possible voltage spagector in voltage source inverter.
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Fig. 111 Block diagram of hysteresis DTC.

Typical hysteresis DTC employs two hysteresis comparators, which are used for
comparing the reference torque and flux with their actual values calculated by the
ma c hi n e skyg. 1o Anedf them is a threéevelhysteresis comparator for
torque error correction, and the other is a-texelhysteresis comparator for flux
linkage error correction-ig. 111 shows the block diagram of the hysteresis based
DTC of PM3M [26]. In[13], the application of DTC for IM was introduced, both zero
and nonrzero voltage vectors were employed for the optimum switching LAfT.
optimum switching LUT howeverwithout the zerovoltage vectarwas proposed in
[14], [30]. This scheme is based on the idea that the zero voltage vectors cannot keep
the stator flux linkage vector at its original position as the PMs placadatating
rotor [14], [31].

11



Fig.112Ci rcul ar trajectory of -referentedrame.f

Zero voltage vectors can be presented in the optibdumwithout causing any
problems because these vectors are only employed when the electromagnetic torque
is inside its hysteresis bafi2], [33]. By using hysteresis comparators, the magnitude
of the stator flux is usually kept constant by making the stator flux rotate in a circular
trajectory along the reference path for sinusoidal AC machines as shéign ri2.

While the hysteresis torque controller tries to keep rtiotor torque within a pre
defined hysteresis bari84]. Hysteresis DTC strategy has a lot of advantages and
disadvantages, which can femmariseds follows[9], [35], [36]:

Advantages:

1 Simple, and independence of machine parameters except the stator resistance,
which is involved in stator flux estimation.

1 The processing time is less than other methods like PWM modulator used in
FOC.

71 Direct control of the torque and stator flux linkage in the stator frame. Therefore,
it does not require the vector coordinate transformation and the inner current

loop, which provides a better dynamic response.

Disadvantages:

1 A threephase inverter is modulatedirectly, thus the switching state of the
power devices remains constant until the output state of each hysteresis

controller changes, which leads to serious torque and stator flux ripphes in

12



conduction region due to the small conductance. Althoumgineasing the
modulation frequency can reduce degradaitioperformanceit is still limited
by the processor speed.

1 The switching frequency changes with motor speed, load torque, and the

bandwidth setting of the two hysteresis comparators.

To mitigate he inherent drawback of hysteresis DTi@merous control
strategies have been proposed in literafddd, [37], [38], [39], [40]. The most
common way is direct torque contrbbsed on space vector modulation (D$ECM)
strategies, which are usually implemented by replacing the hysteresis comparators and
switching table with Rtegulators and SVM. Seveta¢énefis can be realisethrough
usingDTC-SVM strategiexompared with the conventional hysteresis DTC strategy
such as constant switching frequency and low torque and stator flux ripples.
Essentially, the DTESVM can be implemented by utilising either oner&dulator
(cascaded) DTGVM [37], [38], [39], [40], [41], or two Ptregulators (parallel) DTC
SVM [42], [43], [44], [45]. Both schemes aim to generate the reference voltage vector
(RVV) from the torque and stator flux linkage errddlowed byusng cdculations
to operate the voltage source inverter (VSI) via SVM algoridi

Different SVM algorithmdave beempresented, such as right aligned sequence,
symmetrical sequence, alternating zero vector sequence, and higirest con
switched sequendd7], [48]. Symmetrical sequence SVkhs beeremployed in this
thesis since it produces a lower total harmonic distortion (THIB]. Further
discussions about SVM will be presentecCimapter2.

In the cascaded DT-SVM, the Piregulator is placed in the closémbp torque
controller. The outputs of the feégulator represent the variation of the torque angle
( Gp). According to this variationt he err or i n t hycashbeat or
predicted by comparing the current with the previous values. Afterwards, the final
RVV can be calculatef87], [49] as shown irFig. 113 (a)[37], [38], [39], [40], [41].

13
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Fig. 113 Direct torque control using SVM.

For parallel DTGSVM on the other handhe outputs of the Riontrollers in
the torque and flux loops are interpreted as a reference stator voltage component in the
stator flux €gs) reference frame. These voltages #nen transformed into the
stationary reference frame using stator flux position asigtegenerate the final RVV
as shown irig. 113 (b) [50]. Besides, the Rlegulators in torque and flux loops can
be further eliminated if model predictive/delaélat control strategies are usétese
types of DTGSVM strategies, however, suffer from excessive calculatibase

many nonlinear expressiongiey are timeconsuming andlependent ormachine

parameter§sl], [52].
Machines
Failures
R v
Magnetic] [ Electricalj
-
Bearing Eccentrici®’Demagnetizaticﬂ{ }
[ Fault ][ Fault M\ Fault S el
[Externaﬂ [Winding]
Faults Faults

Fig. 114 Electrical machine fault classification.
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1.3.Control Strategiesof UnbalancedPMSM Drives

In reality, systems being unbalanced and distorted are quite common in electric
drives and wind power generatohfibalance and distortiocan occur du¢o failures
or some variancesvhich cause manywbnormal operation condition§hesefailures
andbr vaiancescan be classified into three broad groups: mechanical, electrical, and

magnetic problemsg-ig. 114, whichcan befurthersummariseés follows[4], [8]:

Statorwinding openor shortcircuit fault;
Staticor/anddynamicair-gapirregularities(rotor eccentricity)
Gearboxandbearingfailures

Defectsof the permanenmagnetof PM motors

=4 =2 4 -4 -4

Unbalancedoad conditions

The above conditishave a direct ifhuence orthe machine's normal operation
and produces several symptoms, such as torque ripple, unbalanced phase current,
acoustic noise, vibration, speed pulsations, decreased efficiency and average torque,
excessive heating, and increased iron and cuppses To mitigate the torque and
flux ripples, two major groups of techniguesve therefore begroposed. In the first
group torque ripplewas minimisedising machine design optisation features, such
as magnet sizing, distributed windingad/or $ator/rotor skewing, to reduce the
cogging torque and harmonics in the induced electromotive force (B4 ]54].

Despite thee design techniques providing a valuable solution in seah
reducirg torque ripples, they are unable to achieve the same performance under
different operating conditions. Moreover, they impose additional manufacturing costs
and reduce their efficiencfhe second groupon the other handyhich is within the
scope of thisthesis, involvesusing techniques that are concentrated on control
strategies, whickvill be discussed and categorised in the following sections.

1.3.1.Hysteresiscontrol

As mentionedpreviously, hysteresis controllers are often employed for both
indirect (curent control)[55] and direct torque control undeoth symmetrical[13],
[14] and asymmetric conditior{86]. They can be used effectivelgrftracking both
DC and AC reference values. A simple hysteresis comparator islaveldixed-band

hysteresis controller (as in stator flux control loop), or a tleeel fixedband
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hysteresis controller (as in torgoentrol loop) (sesectiongl.2.2) The modified band
hysteresis controlleis more advancedrhis controller can mininge torque/current
ripples andeitherlimit the switching frequency or fix it, which makes the machine
performance very similar to that aPWM [57], [58]. Hysteresis controllers agdso

used for direct power control under unbalanced conditions.

1.3.2.Repetitive control

Repetitive current control is often employeedcompensate fdorque ripple in
thesynchronous refence framg59]. It is based on the internebmpensatiomodel
to achieve perfect trackirand forrejecting arbitrary periodic signais a fixed period
and provide zero steadyate erragfor the given reference sign@o].

It has some similarities withterative learning control[61]. It can be
implementedria adapting a digital modgés it isable to generate the required periodic
signals. Thee generated signals could be either based on discrete Fourier
transfornationor feedback included in the closkxbp controller{62].

1.3.3.Deadbat control

The deadbeat contr@ alinear controlstrategy originatingrom the family of
predictive controller$10] as shown irfFig. 115. It is currentlywidely used in many
applications [63], [64]. It is based on the common principtéd discretetime
implementation to predict the required input signal (curfenexample) to obtain the
desired output signalé&Jsing this prediction, it can select the switching state of the
converter (ON/OFF]65], or the output voltage vector produced by the converter
(predictive control with pulse width modulatdf6]. The design oftte deaebeat is
assumed taninimise the number obpossible computationsaid thusdelay) at all
frequencies. It can provide zero steadigte erras after two cyclesThe first cycle is
consumed in the computation procesghile the next cycle isor moduktionand other
delays such agilters and inverter dead tin{67], [68]. When the deadbeat controller
is well tuned, it carthusachieve the fastest transient response of all digital current
control systemg59], [69], [70]. Fig. 116 (a) shows an equivalent diagram of a three

phase system represented in sifgiase.
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Fig. 116 Principle of deadbeat control.

The plant transfer function (TF) is simply an RL circlithen the inpu voltage
to the planu(t) can be represented in tirdemain as

u(t)=L pm HRi(t) (1.5)
LIO - Riy wn) (1.6)
di)_R. . 1

o0 T &0

whereu(t)=[v(t)-e(t)] is the input voltage to the plani(t) is the inverter vahge,e(t)
the disturbance voltage(t) is the current, andR, L are the plant resistance and
inductance, respectively. Assuming the delay due to computat&)%rﬁswhich can

be substituted by!and the PWM replaced by zeooder hold (ZOH), then expression
(1.5) can be written as
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ik +1) = ®V%i) %(e‘m”s 1)u(t) (1.8)

i(k +1) =i ) bu(t) (1.9)

-R R
s 1 T ls . . . .
where a=et " , b= E(e L B, andTs is the sampling time. Then, using tke

transformation, the following expression can be derived as:
I (z)z=al(2) +bW( 2 (1.10)
and

b bz
@)=V = Z_U(2) (1.11)

Then, the plant TF in discrete time domain is:

I (z) _ bzt
G, (2)= = 1.12
sO=5 0 T (112
The system closelbop TF can be driven as:
G (z z
Gsys, CL(Z) = ~ ( ) GPL( ) (113)

1- G (2) G (2)

In the deadbeat control, it is assumed that the cllug®z system TF has the
lowest possible delayhichis Gsys oL(2)=z*, wherek is the lavest possible delaip
the closedoop control system. As mentiongdeviously,in deadbeat contrpFig.
1.16, the actual current can track the reference current and provide zero steady state
erroisat the end ofwo sampling periods, henke?2. Then, the closelbop system TF

can be written as

-2

_z
Gsys al2) = 1. 72 (1.14)
Then,the resulting TF of the deadbeat controller is
1 z? 11-az?
Gos (2) = = (1.15)

G,(2)1-z% bz-z*
The main drawbacks of deadbeat conteshinique can be summsed by

1 High sensitivity to parameter variation from their estimated values, which

generate tracking err@and stability problems
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1 Very sensitive to measurement errors caused by transducers or.scaling

1 Unable to achieve zero steashate erras at nonrzero frequencies (it is not
preferable to use for AC components, although it is possible)

1 Deadtime compensation is required

1 Two samples delay is always present

To overcome these disadvantages, several improvements have been groposed
literature[67], [69]. Most of them are based on adding observers to compdosate
the delay caused by computation and plant nonlinearity to reduce the cobteoller
sensitivityto parameter viaation and mismatches. These schemes usually increase the
drived €omplexity, which may not be necessary for applicationsvhich a fast

dynamic response is not requifé&d], [69], [71].

1.3.4.Double synchronous reference frame controller (DSRFs)

As discused insection8l1.2.1, the current can be easily controlled in single SRF,
since the measured AC components and/or voltages of the proper sequence are
transformed into therelevant DC quantities inth8RFusi ng Par kdés tr ansf
[16]. As long as the DC quantities are involved, the classical control technique using a
PI controller can be implemented to achieve the desired performancée@iher
hand, under unbalanced conditions, the electrical variables of valtageirrent can
be decastructedinto their positive, negative, and zero sequence components. They
maythusrequire a unique control strategy. In general, the most commorowantrol
current/voltage vectors iBy using two synchronous reference framess sccalled
a@ouble synchronous reference frari@SRF)controllers[72], [73], [74]. Both SRFs
rotate at the fundamental frequencybwth positive and negative sequence directions.
They thereforeprovide the perfect solution to control the poskiand negative
sequence current componeriisthindividually and simultaneously.
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Fig. 117 Double synchronous reference frame controllers.

In practice, DSRF strategy is widely employed for pHaskedloop and grid
voltage synchromsation under unbalanced conditiof¥®], [76]. It uses a pair of PI

controllers in each of the positive and negative SBEshown irFFig. 117. For most

standard DSRF control strategies, the measured unbalancegbltlasee currents are

transformedintoboh posi ti ve and negative rotating S

~

g =1 o Fa ™ SJ ’S:idg gd C23(27 i, sin(2g )" w16
s do 0 1o @) H, Cos(2g)
DC terms AC terms
PEPR R g‘ldg B, LOS(@, 4, Sin (20 ) (1.16b)
dg —"d d - N + - |
q " 'dr Tdg do o0 lea gadn(Z )+, c0s(29)
DC terms

AC terms

whered, " =¥t andd,'=-¥t, in (1.16). The currents in the positive and negative SRFs
are not pure DC due to the cragsupling effect between both SRFs, which appears as
oscillation at twice the fundamental frequenay Bdverlapped with the DC quantities

in both SRF972], [76]. The amplitude of the oscillations in one of the SRFs matches
the DC amplitude of the other and vice versa. Moreover, when the tracking references

have DC values, these oscillatiomdl appear in the resulting error signals at the input
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of the PI controllers, which cannot be avoided by uaiognventional P1 controller due

to its limited bandwidtj77]. They hencagive rise to steadgtate errors and anease

the torque rippleTo achieve full control of the injected currents under unbalanced
conditions, these¥: oscillations in both SRFs must be cancelled blany solutions
oriented to overcome this issimve hence beepresented, whiclwill briefly be
discussed in the following sectidoy exampldiltering the measured feedback currents
to obtain a pure DC value by employing the low pass filter (LPF) or notch[#Rér
[78], [79].

1.3.4.1. DSRF controller based on adaptive filter (AF)

The most straightforward solution to attenuate the effects ofthestillations
consists of filtering the measuredrrents by using the adaptivwetchfilter (ANF),
tuned at twice the fundamental frequenay,Zas shown irFig. 118 [72]. The output
of the ANFF isthe measured currentsgthout 2¥ , frequency. The error signal at the input
of the PI controller wilthereforebe free fom oscillation. The main drawbacks of the
ANF, howeverjnclude unavoidable dynamic response deleysch reducehe phase
margin of he system. These obstacles can be solved by increasing the damping factor
of the ANF, but at the expense of the systestability.

Fig. 118 Oscillation cancellations in DSRFs controller using AINE].

Moreover,a very low damping factor will increase the filter selectivity of the

particular frequency, which may cause a problem when the system frequencgdeviat
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Using an adaptive notch filter madlus reduce these issues and cancel out the 2

oscillations under variable frequen@g].

1.3.4.2. Decoupled DSRF controller (DDSRF)

In the previous techniques, the effect of the Bscillation resulting from the
crosscoupling between the reference frames and the currenbrgeeith different
sequences has been overcome by using filters or by modifying the controller.
Nevertheless, the amplitude of the AC oscillations in the positive SRF is matched to
the DC amplitude in the negative SRF and vice versa. Researchers haupettvel
techniques which can compensfatethese oscillations by adding a decoupling network
between both SREZ3], [76], [80]. This structure is also known asdeg¢ouple DSRF
controllelb (DDSRF). It can be implemented by estimating the decoupling terms (DC
terms) of each SRF by using a kpass filte{ 73], [76], and then using a cressupling
network to reinject them into the opposite sequence frame after converting them to AC
at thefrequency of2y,. The AC oscillation in the measured currents of both positive
and negative SRFs encecancelledout. An excellent D@eference current tracking
canthusbe achieved, which results in error sigrfaée of oscillations at the input of
thePI controlles, as proposed if¥3], [80], [81], [82].

Converselywhenthere is a mismatch between the DC reference currents and the
DC measured currénin the synchronous reference frames, the instantaneous errors
generatedbetween the reference and the measured currents at the input of the PI
controllers will have oscillationdt would thereforenot be possible to achieve full
control of the oscillabns in the measured currents.

A modified DDSRF is proposed jii6], in which the values of the cressupling
terms indicated in (16) are obtained from the reference currents and the resulting error
signals by using a firstrder lowpass filter as shown #Rig. 119. The output signal of
these filters cathusbe used to compensdte theerrors generatealy the feeeforward
loops in the cancellation of ther Dscillations. This scheme provides a better dynamic
response in comparison to the one based on ANF technology as demons{i#gd in
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Fig. 119 Decoupled DSRF controll¢73].

Apart from the above techniqués compensate fothe 2 oscillations in the
measured currentd is alsopossible to achieve zero steagtate error at the input of
the PI regulator by adding the oscillation terms obtained from the medsecddzhck
currents into the tracking reference currents. This technique does not need ANF or
additional decoupling networkunlike theDDSRF strategyThe estimation of the
oscillation terms is still requirethowever This technique is widely employearfdirect
power control (DPC) under unbalanced grid connections. It does not matter if the
controller schemes ut#e a Picontroller[75] or hysteresis comparatd&b], [56], [83],
since the reference and measured values are always mgash¢si6], [75], [79], [83],

[84], [85]. Furthermore, a resonant controller (as will be discussedanong1.3.6)
can be implemented to avoid any mismag canceling these oscillations and

achiewe goad dynamic and steaestate performance.

1.3.5.Double secondorder generalized integrator (SOGI)

Unlike the DSRFjn whichthe positive and negative sequence components of the
unbalanced threphase system are extracted in both SRFs. It is possible to extract the
from their original unbalanced input signals in the statiorafyframe using the
principle of signal delay. It is based on adding or subtracting thdimealsignals and
the signals delayed by a quarter of the period, which can be mathematically described

as
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Fa+(M/s) :%gFa( Vg) -F g w 22 M{
L (1.179)
Foi) =S W F (W )

o)=L F vl
) (1.17h)
P ) =S (W F (W

where the factoF could be any variables, i.e., voltage, current, and stator flux linkage,
in the stationary) irame. In (1.%), attainingaphase shift delagf 9P is an interesting
target.Researchers have therefattempted to explre the easiest and most efficient
way to achieve suchdelay under variable frequency, for example, adaptive fil8&is
[87], generalised integrato(&l), and second ordgeneralised integrats (SOGI)[88]
[89], [90].

Fig. 120 (a) shows the second order adaptive filter (AF) based on the
implementation of the genersdid integratoGl). This structure uses two integrators,
one in the forwardlirection and the other irthe backward direction. The transfer

functions (TF) of the adaptive filter taken from different nodes can be expre$9édl as

|
Ly F (1)

(b) Secondorder AF based on SOGI
Fig. 120 A quadrature signal delay genergiot].
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G|(8)=k—e($ 7: 7 (1.18

D(s) = = (9 Frks W (1.19)
_gF', . kw?

Q(9) = = (9 St ks W ° (1.20)

TheTF of Gl provides an infinite gain at the resonant frequency, which cancels
out any steadsgtate error when controlling sinusoidal signals at a particular resonant
frequency. Moreover, another interesting feature of Gl (also knasva resonant
controller in many applicationsas will be discussed isection81.3.6),is that it
generates a signal outpyfd(t) shifted by 98 as shown irFig. 120(a). These TFs also
indicate that the bandwidth of the bapass filter given by (19) and the static gain of
the lowpass filter of (1.0) are not only a function of the gainbut also depend on the
fundamental frequency G Under variable fundamental frequency, such as variable
speedhowever this issue beomes inconvenient since the controller would not be able
to control the bandwidth of the filter.

To overcome this problem, a modified Gl structhas been proposed, whigh
known as a seconorder generaded integrator (SOGI) to distinguish it from the
conventional G[91]. The AF structure based on the SOGI is showfign 120 (b),

where its TF are giveas:

F' w's

_F _ kw's

D(s) = = (9 T iws ° (1.22)
_gF', . kw?

Q(9) = = (9 s 5 (1.23)

25



Fig. 121 SOGI structure for sequential component extractor.

The above TFs show that the bandwidth of the AF based SOGI is not a function
of the fundamental frequenaya It only depends on the galinand thus it is suitable
for variable frequency applications. Furthermore, the magnitude of ieadrature
signalsF @ndq Fabde similar to the magnitude of the input sighalhen the estimated
frequency €9 of the filter is the same as the inputguency § ), i.e.,¥ 6= ¥. In this
manner, the filter structure of SOGI shownrFig. 120 (b) will be highly suitable for
guadrature signal generation (QSG). Once a QSG is obtained, the sequential component
extraction can be e calculated inthe stationaryU firame based on the expressions
(2.17), as shown irFig. 121[92].

1.3.6.Resonant ontroller

Recently resonantcontrollers have started to bewidely used in many
applications, partially under unbalanced and distorted conditions. The implementation
of resonant controllers is equivalent to the conventional Pl controller represented in two
SRFssimultaneously, of which the first one is in the posiseguenc&SRF and the
other in the negativeequence SRI77], [93], [94]. It is thus capable of tracking
sinusoidal reference signals at any frequency with zero sttatyerrs, and can be
used very effectively in both stationary and synchronous reference frames.
Nevertheless, conventional Pl controllers are unable to eliminaterdev harmonic
components and achieve zero steatiife erras due to their bandwidth limitatro To
increase the bandwidth, increasing the proportional gain is an ofitioay result in
system stability problem$iowevel[94], [95]. The best solution isenceto replace the

conventional Rcontrollerswith resonant controllers (R) or combine them (PIl and R)
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to work together as a proportional resonant controller (PIR). Nowadays, resonant
controllers are used directly in the stationary reference frame. It provides many
advantages such as siliofty and important samgs of computatioal burden because

of t he el imination of Par kos transfor mat i
synchronisation errors, améducing the number of controllers required to drive the
machinesince the controllercan simultaneously track both sequenitdgsthusbeen

employed in many fields, for example, wind power application, active power filters

[96], [97], [98], photovolaic converters, uninterruptible rectifiers, PMSpS], [100],

[101], [102], boost converterd 03], [104], and micregrids.

1.3.6.1. Principle of resonant controllers

As mentionedin the DSRF control strategyig. 117, the conventional PI
controller TF Gpi) can be expressed:as

Go(9)= K, At (1.24)
s
whereGp) providesan infinite DC gain controller at frequency in the synchronous

reference frame. The equivalent TF of the PI controller of the positive SRF represented

in the stationary reference frame can be obtawiadpplication of a frequency shift of

(ij ¥ at all frequency ranges by substitutitg (S ), which results in

b . K,
Gu(9=G(s-Im) % ?J_Wr (1.%%)

In a similar way, the TF of the PI controller in the negative SRF can be

represented in the stationary frame by substituling(S* W) as

N : K.
Gu(9=Gi(s+im) % g:ll:]_Wr (1.26)

Combining(1.25) and (1.8) yields

Gen(9)=G(3 *Gi(§ 2K 242 s K K, (1)

Equation (1.2) is the TF of the proportional resonant controller (PR}, which
provides an infinite opefoop gain at the frequency &f ¥ (also known as resonant

frequency). Infinite opetoop gain means unity gain and zero stesidye errcs (zero

27



phase deviation) in a closéabp response at this frequency. Furthermore, it can be
deduced that the TF ofgzis the same athe TF of the Gl asdiscussed irsection
81.3.5, which can be implemented by using two integrator metsodill be discussed

in Chapter.

1.3.6.2. Resonant controller in stationary reference frame

In the unbalancedhreephase systems, the most dominant harmonics are the
negative sequence 6k-1 andthe positivesequence harmonics @k+1, wherek is an
integer numberlt canthereforebe deduced that odd harmonics will appear in the
spectrum analysis of the current/voltage in the statioabeyr U freference frames.
Generally, for control imbcframe, an individual controller in each phase is required,
where the reference currents are compared with the actual measured currealb. The
frame structure can be implemented by employing a hysteredisadbeat controller
in the current loop for nonlinear control schenmesa PR controller foalinear control
system. Moreover, for controlling in the stationddybreference frame, the DSRF
controller system ifrig. 117 canbe represented by its equivalent in the statiokhby

reference frame as

qu+(s) :[GPI(Q] ' l;a+ (1.28)
Vo (9=[G,(9] * R. (1.29)
Va5 (9 =[Tgq L Gi( T o] * DG (1.30)
Vo5 (9 =Ty L Gi( 8T 4] * DB (1.31)

Ger

where theransformatiommatrices [laq+] and [Taq] in (1.30) and (1.3) correspond to
thePar kds tr dseeAppendimnA)t Thennthe voltage and current in the
stationaryU freference framarerepresented in terms of their positive and negative
sequence componentshichcan ke obtained by adding the two portions of ().&8nd
(1.31), giving:

Va b(s) =V a+1( g v 3(03 (132)

Di,fs) = iD.fs) + I5) (1.33)
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Iabc

Fig. 122 Equivalent of DSRF controller represented in the stationary frame.

Fig. 122 showsan equivalent circuit diagram efDSRF controller represented

in stationaryU reference frame.

1.3.6.3. Resonantcontroller in synchronous reference frame

Under symmetrical conditions, the electrical variables in the SRF have pure DC
componentsusing a Pl controllerthereforepnly provides satisfactory performance.
On the other hand,nder asymmetric conditions, various harmonic components may
exist in the SRFThe resonant controller céimusbe combined with the conventional
Pl controller (PI+R) to compensat®r the undesired harmonic components.
Moreover, if more than one frequencgmpensation is required, the mukisonant
controller can be employedsince each resonant controller is responsible for
compensatingfor one frequency. This technique is widely applied in many
applications for exampleunbalanced grid connectigy{105], [106], [107], inverter
dead time compensatid@5], and multi-harmonics compensatida08]. Moreover,
the msitive 6k+1 and negativék-1 harmonic components in the stationary reference
frame will be combined in a single harmonic of order 6k when they are expressed in
the fundamental SRR.he even harmonic withereforedominate in the fundamental
SREF so justone resonant controller tuned l&6k will be enough to track both
stationary harmonicg3], [109], [110], [111], [112]. It is worth mentioning that all
the previous strategiesscussethave beefocused on current or direct power control
However, information about direct torque control under unbalanced conditéens
rarely been explored. @ne special technig@s and modification schemes are used,
which will be highlighted in the following chaptes$this thesis
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1.4.ThesisOutline and Major Contributions

1.4.1.Thesis outline

The main objective of this thesis is to present a study of the possiiect
and direct torge control strategies for thrgghase SPMSMshat haveasymmetric
phase winding impedances. This thesis includes an extensive review of the existing
control strategies for balanced and unbalanced machine drives, mathematical models
for balanced and unbaleed PMSMs, and discussions about symmetrical
components. Both indirect and direct torque control strategies have been stittlied,
modified schemethen beingoroposed to mitigate the drawbacks of operation under
unbalanced conditions. In addition, thefliences of inverter nonlinearities,
unbalanced backEMF, and variable winding resistances and inductances are also
included in this study. This thesis consists of seven chapters, which aresedgasi

follows:

CHAPTER 1: In this chapter, the fundamentaisEPMSMs, their types, differences,
construction, and applications are presenteltbwed bya general review of existing
indirect and direct torque control strategies for balanced and unbalanced PMSMs

addition, the main causes of machimdalancesre also briefly discussed.

CHAPTER 2: In this chapter, the details tife hardware configuratisand software
implementation used in this thesis are presented. The different control strategies are
modeled in MATLAB/Simulink- V.2010b, and then construdteon a dSPACE
DS1006control boxfor the realtime applications. The test rig details, including the
machine model modification to make it suitable for operations in both balanced and
unbalanced conditions, are also introduced. Furthermore, thewgbh inverter

topology based on space vector modulation (SVM) is reviewed.

CHAPTER 3: In this chapter, mathematical models for symmetrical and asymmetric
PMSMs are derived and the abnormal behargiassociated with unbalanced structures
are highlighted. Basedn this analysis, a modified current control strategy based on
DSRFs ighenpresented. The proposed scheme is based on extracting the positive and
negative sequence components in the statioalacyeference frame, then employing

the ClarkPark transformi@on on the resulting components instead of using them
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directly on the unbalanced currebBecoupling networks, reference current generations
or adaptive filters aréherefore notequired, which increases simplicity and enhances

dynamic performance.

CHAPTER 4: Since the information regarding the use of D$CMs under
unbalanced machine conditions can scarcely be found in literatoredified cascaded
structure DTESVM for anunbalanced PMSMn which the torque and flux ripples are

low, is presented irthis chapter.This scheme is implemented hyilising a PIR
controller instead ofa conventional Rregulator for closedloop torque control.
Moreover, the reference voltage vector is modified by including the information of both
positive and negative segpce voltage vectors. Furthermore, a comparison between
the existing and proposed strategies is presented, demonstrating that significant
improvement in the machine performance can be achieved with the proposed strategy

through the miningation of torque ad stator flux ripples.

CHAPTER 5: In this chapter, a compensation method in the parallel structure direct
torque contrebased space vector modulation (BB®M) is proposedor unbalanced
PMSMs including consideration ofhe influence of inverter nonliaeity by means of
resonant controllers. Low torque and flux ripples are achieved using this strategy for

unbalanced PMSMsonsidering only the second and sixth harmonic components.

CHAPTER 6: In this chaptera control method of torque and flux linkageps is
developed by coupling the conventionald®htroller with two adaptive filters based

on noise cancelation algorithm for suppression of the second and sixth torque and flux
harmonics. The developed method is mathematicatiglyzedand experientially
verified under steady and dynamic states under different asymmetric scenarios.
Compared with the conventional DI®/M scheme based on the PI controller, the
proposed compensation scheme can significantly reduce both torque and flux ripples as

well as thehreephase current harmonics under asymmetric and distorted conditions.

CHAPTER 7: A summary of this research work is presented in detail, in addition to
some valuable idedbatmay be investigateish future work.

Fig. 123 shaws the flow chart of the thesis organization.
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Fig. 123 Flow chart of thesis organization

1.4.2.Major contributions
The main contributions of this thesis are sumpedgkias follows:

1 Derivation of the mathematical model for balaneed unbalanced (salient/non
salient pole) PMSMs.
1 Modification of the DSRF control strategy, which eliminates the need for AF,

reference current generation, and decoupling networks. In addition to the
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simplicity of the proposed method, it provides bettanainic performance than
the conventional DSRF strategy.

Developmenta new method of implementatiof a 9¢ phase shift delay
algorithm for sequential component extraction.

Proposal of a cascaded structure DM strategy foPMSMs withunbalanced
backEMF in order tominimise the torque and flux ripples regardless of machine
imbalance.

Proposal of a parallel structure DIS/M control strategy, which can be used to
compensatdor multiple harmonics by means of resonant controlkemd to
compensatéor the second and sixth harmonics in the torque and flux signals.
Implementation of a parallel structure D'B¥M control strategy for unbalanced
PMSMs by means of the adaptive filter, to compendatehe second and sixth

harmonics in the torque and flux sais.
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CHAPTER 2

SYSTEM HARDWARE AND SOFTWARE
IMPLEMENTATION

2.1.Introduction

This chaptemprovidesan overview of the system hardware configurations and
softwareimplementationspf which the experimental tests throuble wholethesis are
conducted baskon the dSPACE control system for tleattime operationFig. 21
shows the block diagram of tisgstem hardwarsetup. The information regarding the
dSPACE control system, inverter board, software environraedtthe test rig wilbe

extensively discusséd the following sections.

\.’ I p '
. PC Host DS5101

& = Interface “ Digital Output

B N DS817 Board :

% : DS1006 .

Processor
Board ( '
DS2001
High-Speed AD| |
Board
S

DS3001
Incremental
Encoder Boar

i
H
|| DC-maching) |
|T<)j> PR >:9:)® Load torque| |
: \
I

Fig. 21 Experimental system setup.

2.2.dSPACE Control System

2.2.1.CPU board-DS1006

ThedSPACEcontrolsystem used in this thesis is based on tha 0O procesor
board with acentral processing unfCPU) based on a 2.4 GHore AMD Opteron.
The main processing unit can accassdularinput/output (I/O) lbards via its PHS
bus, and multiprocessing is capable via the DS911-GigaModule. Hence, thesal

time application can be running on two or more processor cores of acordtiDS
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1006 board, on two or more muttore DS1006 boards, or a combinatiohall these.

Each multicore CPU contains 512KB L@n-chip cache per core, 6 MB L3 cache,
128MB DDR2267 global memory per core for hosting the data exchange, and 1GB
DDR2-800 local memory for the dynamic application data. The operation frequency of
the CRJ 2.4 GHz per core. Hence, even for the extremely complex control strategies
for standardDSP, they can be easily implemented on the dSPACE control system.
Moreover, the dSPACE control system is not only apgbedotor drive development,

but also for au@motive engineering, aerospace, and industrial control.

2.2.2.PWM board-DS5101

The DS5101 digital waveform output board is designed to generate complex,
high-speed digital signal at high resolution. The board mamucemulti signals at
various frequencies sues encoder signals and puisilith modulation waveforms. It
is able tovary signal pulse widths on the fly, by usiddferenttrigger and interrupt
mechanisms, which provides a high degree of flexibility.

The DS5101 board can generate up tali#&nnelof PWM output. This output
can be used as singbdhase PWM signals (PWML1), thrpbase PWM signal (PWM3),
or threephase with both inverted and nowerted PWM signal (PWMB).

Regarding PWM1, the 1/O timing unit of the DS5101 generates a gihglse
PWM dgnal with runtime adjustable PWM period and duty cycle on up to 16 channels.
While for PWM3, the I/O timing unit generates thggase PWM signals with run
time adjustable PWM period, duty cycle, and interrupt shift. For PWM86, the 1/O timing
unit generas thregphase/sixchannel PWM signals with three inverted and three non

inverted outputs.

2.2.3.A/C board-DS2004

Analog to digital (A/D) conversion is an element of most applicatioramd
control systems due to use of sensors, for example, the phase amdd)C-link
voltage provide analog signals by current and voltage transducers, which Hzese to
processedsdigital signals The control system in this thesis uses a DS20044pgled
A/D board in the dSPACEystems, whiclis based on the processor boB¥®1006 for
digitizing the analoginput signals. It can digitize angnaloginput signal at high

sampling rates.
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The DS2004 higispeed A/D board contains 16 A/D conversion channels, which
provides a differential inpub a sample/hold unit and an A/D comiex, and swinging
buffers for decoupling the conversion process from the read process. The A/D channel
applies the successive approximation conversion technique to achibitedgolution
and maximum conversion time of 800ns. The input voltage rarsgdeistable which is
15V or +10V. Meanwhile, the sources for triggering A/D conversions are also
selectable, for example, external trigger inputs, channel timers, and software trigger.
For the external trigger inputs, four independent hardware interrgpassociatedith
each A/D conversion state.

DS2004 A/D board can realize two different models, i.e. burst model for
digitizing a date set of up to 1638dAalogvalues per burst including triggered sampling
with selectable trigger source for starting therstsand continuous sampling with
automatically started successive bursts, and single A/D converter without utilizing its
burst capability. If the conversion settings are séutstconversion mode, the output
comprises the A/D conversion result of thst burst of A/D conversions on the selected
channel which isa vector of 1~16384 results depending on the buffer settings. If the
conversion settings are set to single conversion mode, the outpubigtbeneof the
last A/D conversion on the currechannel. Then based on the selected input signal
range, the output signal in tsgmulationwill be in the doublerange from-1 to +1
[113].

2.2.4.Encoder board-DS3001

The encodeboardDS3001is specially designefibr the implemersdtion of high

speed multivariable digital controllers whasssentiafeatures are

1 Regulated 5V encoder power supply with sense line.
Compatible with the dSPACE PH&us.

Five parallel24-bit encoder interface channels.
Fourfold pulse multiplication.

Differential (RS422) or single ended (TTL) encoder inputs.

= =4 4 A -

Digital noise pulse filters for the phase lines.

When theencoder inpulines are from2?' to +2%, the output t@imulink should
be scaled withinl to +1. Therefore, to receive thedialangle from he scaled output

value of the DS3001 Simulink block, the following conversion must be applied
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g =2" 0O 2P — soaled_ outpu (2.1)
encoder_ resolution

For the incremental encoders with the resolution of 2B#R, which are

implementedn this thesis, the derived rotor positisinould be calculated by:

=% & sddled outpu 2.2
a 2048 - P (2:2)

2.3.Voltage Source Inverter (VSI)

2.3.1.Hardwar e configuration

The inverter board consists of six switching devices together with six
freewheeling power diodes to form switch threephase inverter agepicted inFig.
2.2. The inverter is designed to drivelaalthreephasemotar, andits kits information

are discussebelow.

Fig. 22 Inverter box with function type (top view).
2.3.1.1. Inverter board

Theheart oftheinverteris basedbn STEVAL-IHM027V1 power board with MC
connector as shown iRig. 23. The STEVALIHM027V1 demonstration board is
designed to be compatible with singlease AC supply from 90 to 220 V, or DC supply
from 125 to 350 V. The systemasDC to AC thregohase inverter for IMs or PMSMs
driving at rated power up to1000 W. The STEVVAIMO27V1 is a thregophasemotor
control demonstration board featuring the STGIPS10K60A 600 V, 10 A, IGBT
intelligent power modle from STMicroelectronicgzurther information and details can

be found in inverter datashg#éte schematic diagram is givenAppendixC).
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Fig. 23 Tope view of the inverter board.

2.3.1.2. Interface board
A top view of the intdace boardvith the nameof its functional partss shown

in Fig. 24, and a brief details regarding these partgarenbelow:

Optocoupler

Transducer

Fig. 24 Top viewof interface board

1 Power supply

The power supplynit is definedin the BLUE frame in Fig. 24, while its
schematialiagramis depictedn Fig. 25. This unit consistdwo groundterminals, i.e.,
AGDOo andiiGNDO. TheAiGNDOIs connectedvith the dSPACE amhall the other control
and sensing system/hereas,heiGD0Ois connectedo the inverter and the other drive
system.Thesetwo grounds areompletelyisolated When the powesupplyis ON, all

thesix LEDs inFig. 24 should ligiten
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Fig. 25 Schematiaiagramof power supply

I Transducers

Thetransduceunit is shownin the YELLOW frame inFig. 24. There are one
voltage transduceand four current transducerd.he output \ltage of the current

transduceto the A/C-boardof thedSPACEhas the followingelationship

431,
,=-—n 300 6.4, (2.3)
1000

For voltage transducer, the relationship is

V.=—Yn_ 95 300 Ve 2.4)
20000 80

whereV,, Vin, andiin are the outpuinput voltages and input current, respectively.

9 Optocoupler

The optocoupleunit is shownin the REDframe inFig. 24. The schematic
diagramof theoptocoupleiis shownin Fig. 26. The input and outpugignals are irthe

samephase
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Fig. 26 Schematiaiagramof optocoupler

2.3.1.3. Control and connecion panel

The control and connector panel has five pasghown inFig. 2.7:

Fig. 27 Function parts of control and conniectpanel

Power connector pai for the inpuDC-link voltage;

Power supplys for invertercontrolelemerns and switches, and should H24V;
Right switch is for the power supply tafrning on/off tke inverter;

Left switch is forcontrollingtheinvertercooling fans

Emergency(EM) stop connectois connectedo theNC stop switch

= =4 4 -4 -—a -a

The sensorand PWM connecta of the inverter, whictare connectedo the
dSPACEand their pin connection descriptiaredefinedin Table2.1.

2.3.2.Software implementation

A threephase VSl is widelgmployedor DC to AC power conversion, whidh
illustratedin Fig. 28. It consists of threphase bridges with six {SS~S) power
transistor swiches. In practice, the mosaditional power devices employed for the

machine drive applications are power MOSFETs and IGBTSs.
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TABLE 2.1 DEFINITION OF PWM AND TRANSDUCER CONNECTOR

1 | GND | 20 | PWM_AT_SET1 1 Ve
2 | GND | 21 | PWM_AB_SET1 2 | 1gSET2
3 | GND | 22 | PWM_BT_SET1 3 | IaSET2
1‘%_20 4 | GND | 23 | PWM_BB_SET1 4 | 1gSET1
: 0 5 | GND | 24 | PWM_CT_SET1 5 | 1aSET1
0 : 6 | GND | 25 | PWM_CB_SET1 6 | GND
- 7 | GND | 26 N/A 5_[',\ 7 | GND
: : 8 | GND | 27 N/A .:_9 8 | GND
o 9 | GND | 28 | PWM_AT_SET2 ' 9 | GND
: 5 10 | GND | 29 | PWM_AB_SET2 'L
) 0 11 | GND | 30 | PWM_BT_SET2 1‘0
0 : 12| GND | 31 | PWM_BB_SET?2
° 13 | GND | 32 | PWM_CT_SET2
"o 14| OND | 33| pwm _cB_SET?
o _CB_
0 : 15| GND | 34 N/A
- 16 | GND | 35 N/A
19_\:/0—37 17 | GND | 36 N/A
18 | GND | 37 N/A
¥ eno

The output AC voltage of the inverters computedirom the supply D@ink
voltage, \bc, and the switching on/off states of the power transistors, wduieh
controlledby adjusting thea, ad b, b 6andc, cd6 gate signal s. Wh e n
transistorsoar ¢ . g% iotSti e dididon t he correspond
transistorare switchedi o f f 0, 4,iS,0eSi,s tfh0ed .S That i mplies, t
line switchesiono requires turning Aoffo the | owel
on/off switching states of the upper transistors or equivalent are sufficient to evaluate
the output voltagess, Wb, andve, and supplies thinreephasdoad.
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Fig. 28 Threephase six switch VSI.

2.3.2.1. Switching patterns and output voltages

ThreephaseVSI has three legs with two transistor switches in one leg. Each
transistor switch consists of a feedback diode (freewheeling diode) connected in anti
parallel with atransistor The feedback diode conducts current when the load current
direction is opposite to the voltage direction. Suppose that the power switch devices are
ideal (inverter nonlinearity will be discussed@mapters). It gives thepossibility to
connect each of the three motor phase coils to a positive or negative terntieaDGF t
link voltage. Thus, the equivalent scheme ofttiveephasenverter is shown irfig.

2.9. There areeight possiblecombinations of the on/off patterns for the thrggper
power transistors, which feed the thygease poweinverter.

The sixpositionsof switches (M~Ve) produce ghase outpuioltage equal £1/3
or £2/3 of the D@Aink voltage. The last two vectors ¢W+7) give zero output voltage.

The relationship of the output stator (phés@eutral) voltage componengsd the
output stator (phast®-zero) voltage components can be calculated as,

San B VG Yy
&y, B Ve -\ (2.5)

< no

glcn g VCé ‘gno

where vao, Vho, and veo are the stator phage-zero voltages of phases b, andc
respectively, andno refers to the neutrdab-zero vdtage. The value of the phasto-

zero voltages is equal to the EW@k voltage, \bc. Becausein balance operation
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conditions, the sums of all three l#@neutral voltages must be zero, then the stator

phaseto-neutral voltage components can be given by,

1. V=000 1o Vi=100 1o Vo=110 1o V5=010

Voc ‘Sa S & Vnc‘ S IS S Voc‘ SYS S VDC‘ S A4S

° ﬂlaﬂlbWC ° Tlaﬂlch ° Tlajlch > ﬂlaleWc
1o V=011 1, V5=001 1. Ve=101 1o V=111

ch‘ S 1S5S vm‘ S 1545 voc‘ $S 8 voc‘ S5 S

° /ijlb c ’ jla/L? CO Tlajlb c ° Tlawlb c

Fig. 29 Equivalent power circuit topology of a thrphase six switch VSI.

vV, +V,, v, G (2.6)

Moreover the neutrato-zero voltages can be expressed in terms of the stator

phaseto-zero voltage by substiing (2.5) into (2.6), yielding

ao -wbo V-ct) (27)

no

1
V==V
3(

Substituting (2.7) into (2.5) will give

e2 1 l1g 2 1 1 g
€2 2 2 U € a2 a2 U0
vooey £ Foe o8 £ Tsae
&y BE 3 3 3 Ve g - 3 3 S \?'{Dc (2.8)
o HEe ] 3 o UE H% 1 o SU 8
- = = e = = U
é 3 3 34 e 3 3 a

whereS, S, andS arethe switching states on the inverter Idgg,. 29. Moreover the
phaseto-neutral voltages can be expressed by the Foseiges formula given bellow
[114];
2 S Sl
Van =ZVpcd —sin(mt) +/,, a—in(nut) (2.9)
3 n=1 n n n
whereVmn) is the peak value of theth harmonic. On the other hand, the phtse

phase voliges can be calculated as
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e/ab ? Vae,- Vbn 6&1 _§o
@/bc E‘ Vb@ -Vcn :$b
elca H Vcs- Van @c B

Vod

(2.10)

Fig. 210presents the phage-neutral and phas®-phase voltages #sey appear
from the load side based ¢2.8) and (2.10)On the other hand, the relation beem

Vocandthel woltagec an be obtained by applying
(2.10) tefer toAppendixA), which gives
g2 1 1
=Y, ﬂé_ "5 A 2 9,
o s © 1 . 2. @11
g 3 3
Van Von Ven
J 3 J 3
i B s M et R AR H
U3Voe— —]' —] —’—': ;t Y3Vpe i— _l_ I_T_ 1/3Vpe t— .I_ T —_— ;t
1 o 1 T — N —
-U3Voej— + — - V3Vpe + - — I ~-W3Voe e e Bl i
23Vpel— + —l—= - 2BVpc}- -+ 4 — - 213V N A [Py
N R I I N R I I L
(a) Phaseto-neutral voltages
Vab Vic Vfa
A A 4
i it B s ol e e
T, T T I T T,
i e i — i 1>
—+ 4+ —1—- —+ 4+ 4+ —I—[- -+t ===
72 N N ST NV SNy
(N T I [ T I [ T

(b) Phaseto-phase voltages

Fig. 210 Inverter output voltage from load side.
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TABLE 2.2 SWITCHING PATTERNS AND OUTPUT VOLTAGES OF SIX
SWITCH THREE PHASE INVERTER

Vo 000 -2 -2 L 0 0 0 0 0 Zero vector
1 1 1 2 1 1 2
V1 100 : -1 -1 = e | e = 0
V2 110 ! ! L Ly Ly 2 Ly =
Z E _E E DC E DC 75 DC E DC -\j’i oc
1 1 1 1 2 1 1 1,
V3 010 -3 3 -3 ~3¥mc Foe P -3 \ﬁi e NonZero
V4 011 _1 1 1 . L L e 0 Vectors
2 2 2 3 3 3 3
1 1 1 1, 1 2 1 _ b
A& 001 -3 -3 3 ~3Vec ~3e e e \BVDC
1 1 1 1 2 1 1 1
1 _1 1 1, 2, 1 1 _ly
Ve 101 2 2 2 R s 5o 3o B
v7 111 é % é 0 0 0 0 0 Zero vector

Moreover, the relationship between the switching state and the amplitude of the

8" voltage vectors of the thrgghase VS| are summarized in Table 2.3.

2.3.2.2. Pulse width modulation basedSVM

Pulsewidth modulation (PWM) techniques are widely employedktain the
suitableduty cycle for eaclswitchin the VSI. Therefore, many different modulation
methods were proposed literature[114], [115], [116]. Most of themaim to provide
some general features such as

1 Increased range of linear operation region;

1 Reduced high order voltage and current harmonics;

1 Operated in ovemodulation;

1 Minimal number of swithing to reduce the switching power losses;
1

Low common mode voltage.

Each PWM techniquehas specific feature, which may be different from the
others, and cannot meet all requirements in the full operating region. Thus, the content
of the higher harmonicsoltage (current) and electromagnetic interference generated
in the inverter fed drive depend on the modulation technique. Hence, the development
of modulation methods may improve converter parameters. In the carrier based PWM
techniques, theero sequencsignals(ZSS) are added to extend the linear operation

range. The most commonly used PWM techniques are carrier based, which is also
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known as the sinusoidal (SPWM), triangulation, -babmonic, or suwscillation
techniqueg114], [116]. SPWMis basedn a triangularcarrier signal of which three
reference signalg, w, vcare comparedith triangular carrier signalc. In this manner,
the switching signalSs, S, andS aregenerated. The moduian index (M) of SPWM

is defined as
VE( )

=_mn 2.12
M VE (2.12)

1 ..
Vphase_ 2\/5 M Dy (2.13)

J3 )
V., ="M 2.14
line 2\/5 \QDC ( )

whereVmn) and Vc are the modulating and carrier signal voltages, respectively. The
modulation index in thigechnique can be varied between 0 and 1 to give a linear
relation between the reference and output waves. At M=1, the maximum peak value of
the fundamentalphase voltage i¥pc/2, themaximum phaséo-phase (line) output
voltage with SPWM is approaching 61.2% of the Ddink voltage in the linear
modulation range.

Whenthe neutral poinN onthe AC sidds not connectetb the DC side midpoint
0, (seeFig. 28), the phase currents will depend only on the voltage difference déretwe
phases. Therefore, it is possible to inject an additional Zero Sequence Signal (ZSS). A
schematic diagram of the modulator based oratititionalZSSis shownin Fig. 211
[117]. Moreover,many modilation techniques are dependiog the ZSS waveform.
The most popular PWM methodse shownn Fig. 212. These techniques are divided
into two groups:continuous and discontinuous. In thentinuousPWM (CPWM)
techniques, the nuulation waveformis always within the triangular peak boundaries
and in evenycarrier cycletriangle andmodulationwaveform intersections. Hence, on

and off switchings occur.
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Fig. 211 PWM technique with additional ZSS.
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(d) DPWM1 (e) DPWM2 (f) DPWM3
Fig. 212 PWM waves with ZSS

Fig. 212 also showssinusoidal PWM (SPWM), third harmonic PWM
(THIPWM), and space vector PWM V®WM) with ZSS equal to 0.25 of the peak
value corresponding to a minimum of output current harmonics. In the discontinuous
PWM (DPWM) techniques, a modulation waveform of a phase has a segment, which
is clampedo the positive or negative DIk voltage.In these segments, some power
converter switches do netwitch Therefore, less switching losses (average 33%) can
be ensured. The modulation method with triangular shape of ZSS with 0.25 of peak
value corresponds to space vector modulation (SVPWM) veyimenetricaplacement

of the zero vectors in a sampling period will be discussed in the next section.
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Fig. 213 Inverter space voltage vectors.

2.3.2.3. Space vector pulse width modulation (SVM)

SpacevectorPWM technique (also dald space vector modulation (SVM) as will
be used in this thesis) is used to generate the required voltage or current to feed the
motor or phase signals.i#t widely employedor AC drives with the condition that the
harmonic current is as small passilbe, and the maximum output voltage is as large as
possible. Recently, SVM becomes the nashmonPWM techniquethatis usal in a
threephase VSlifor the control of induction, switched reluctance, aRNMSM
machines Comparing with the conventional SPWMgtl$VM is more suitable for
digital implementatiorand can increase the maximum output voltage with maximum
line voltage approachingp 70.7% of the DA i nk vol tage (compared
61.2%) in the linear modulation range. Moreover, it can oladirgherefficiency, a
better voltage total harmonic distortion (THD), and a higher torque at a higher speed
range[118], [119].

The zeros, noizero, and reference voltage vectare shownn Fig. 213. The
8" vectors are corresponding to theeratiorstate of the inverter. The active six vectors
(V1, V2~Ve) divide thespace plarninto six equal area (six sectors) displaced bY; 60
which can be representdxy a complex vector expssion as

e:—ich exp ¢ -vP3 i=12,..6

1
|
t 0 . i=0,7

In the SVM, to define of which active voltage space vectaesponsible for

generatingthe synthesized output voltage vector. The values of the instantaneous
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voltage vg and vy in the U breference frames angsed to predict the sector of the
operating active vector. Assume three variable valuad&eaf Vierz, andViers that can
be definedas

Vier1 =V (2.16)
Vi, =V3Y, ¥, (2.17)
Vref 3~ '\/éva v b (2.18)

Then calculate theperatingransistors as

N=4<T 2 B A (2.19)

where the values of the variables A, B, and Clmadefinedcasfollows:

A=1, if Vieir>0; Otherwise, A=0;
B=1, if Vier2>0; Otherwise,=0;
C=1, if Vietz>0; Otherwise, C=0

The final relationship between N and the operating sectors is given in Table 2.3.

TABLE 2.3 SECTOR SELECTION

N 3 1 5 4 6 2
Sectors | Sector(1) | Sector(2) | Sector(3) | Sector(4) | Sector(5) |Sector(6)

Furthemore, inFig. 213 there are two operation regions (linear and-inoear).
For linear operation regioVes remains within the hexagon, which means that the

maximum amplitude voltage is equabd/Vio and the modulation indeX) is equal to

M :\/DC/\/§ _p
N Ip 243

8:906¢ (2.20)

The reference voltage vectss sampledwith the fixed clock frequencyf
Assuming thaWes is locatedn thesector(1) of Fig. 213[120], [121], [122], it canbe
realizedby employing the two nearest active voltage vectarandV- along with the
zero vector as shown iRig. 214. The integral ofVies over sindge space vector

modulation cycle gives
T+,

TS Tl TS
Vs dt= Vffit + Vg + yd (2.21)
0 [0]

T T+ T,
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Fig. 214 Calculationof voltage vector duration time.

wheret; andt, are the switching time durations spent on the output voltage v&ators
andV-, respectivelyto andt; are the time durations spent on the zero vettoandVz,
and Ts=1/fs is the sampling time. For sufficiently high switching frequengy is
assumed constant during one switching cycle. Therefore, within the switiley
the variation of the stator voltage vectoM®/er and the status of vectoxd andV:
shouldbe controllecas[123]

TV =tV 1V, §(\, orV) (2.22)
where
ti+to+to=Ts (2.23)
v = %Vl (2.24)
Vv, = t—ZV2 (2.25)
Ts

From Fig. 214, andaccordingto sine law, the relationshifpetweenthe three

vectors can be written as

\Y
| ref| |V1| - |.V2| (226)
S|n(12(?) sin(60- d, ) sin(g
For this formula, the vectoks andv. canbe presented as
\Y 60 -
Vl | ref|SIn( rEf = |Vref|Sin(6C? dref) (227)
sin(126) \/5
IV ot [SIN(@y )
v, =—"F = V. [sin(d 2.28
2 Sln(12(9) \/_| ref| ref ( )
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If the space vectors in the equatiare describedin dq coordinates, then it

follows:

=V1Ts _\/§|Vref |Ts

=3 sin(60 4., ) (2.29)
1 DC

(= Ve V3V [T, sin(@,, ) (2.30)
V2 VDC

to, =T, t, ty) T=H1 \/_Sycos(% d.- (2.31)

DC

Afterward, the time interval of the active and zero vectors,ti,d2, andto 7 are
identical for all space vector of SVM technique. Hence dilty timecycle for upper
(S, S8, S) and lower &, Ss, S) transistor fomll sectors obtained by (2.29) ~ (2.31) can
be representeas

&S, geél 1 k|1 0 k|0 0 k|0 Ok|0O 1 K1 1kget
6S, 80 1 k|1 1 ki1 1 k1 0 KO O KO O kiré} (2.32)
S, & 0 k0 0 k|0 1 k|1 1kl1 1K1 0Kk p8,,

Sector(1) Sectof2) Sect@B) Sectpt) Sectb) Se¢ty
&S, 980 0 k|0 1 k|1 1 k|1 1 k|1 0K O Okaget
€S, 6l 0 kj0 0 k0 0 KO 1 K1 1 k1 1 Kkieé} (2.33)
6S, yél 1 k|1 1 k|1 0 k|0 0 kl0 0K O 1k g§,,

Sector(1) Sectof2) Sect@B) Sectpt) Sectb) Se¢®r

wherek=0.5, which depends on the space vector location, the basic vectors must be
selected to minimize the number of switapichanges in the converter. On the other
hand, operating in theonlineamregion (also calledvermodulation region) is used to
increase the range of maximum output voltage up to 100%-a&t Whis technique has

been widely discussead literature[114], [122], [124], [125].

2.4. Software Environment

Themathematicainodel of the PM machine and timeplementatiorof different
control strategies Wwa been conductedn the MATLAB/SIMULINK (V. R2009a)
software. It carbe easily adaptedith the dSPACE, V. DS1006 platform for raahe
applications. The MATLAB/SIMULINK provide awide range of algorithm
development, data analysis, data visualizatiognai processing, and numerical

computationThen mifile, s-functions, and embedded functions are utilized to achieve
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some mathematical expression such as fast Fourier transformation (FFT) for spectrum
analysis, figurglottingand writing some expressioand the necessafynctions For

figures plotting, the data obtained from the dSPACE are analyzed and Microsoft excel
program is used.

2.5. Test Rig

The experimentaltests are conductedn the balancedthreephase surface
mounted PM synchronousMias designednd manufactureiesh the ElectricalMachine
and Drives Group (EMD), theniversity of Sheffield[126]. The machine stator has
threeteeth of whiclone tooth for each phadéwas designed as two concentrated coils
(nonoverlagping winding coil) in series connectionith the samephase with a
sinusoidal baclEMF. For investigation under different load torque conditions, the
motor is mechanically coupled to the B@nerator, which acts adoadednachine by
adjusting a variablpower resistor connected into the armature winding, and keeping
excitation voltage applied to thHeeld winding as shown inFig. 215. It shouldbe
emphasizedthat the saturation effect of investigated motor can be neglg@éfl The
machine is ¥connected angduppliedby a threephase VSI (the neutral point is not
connected). Itvas designed for highpeed applications of which the rated speed is up
to 9000 rpm at 200V of the Dlihk voltage. Howeve the rated speed of tixC-load
generator is 3000 rpm. Therefore, the maximum speed of the tested motor has to be
limited within the speed range of the Ba@ad generator as well as the fligk voltage
shouldbe reducedrom 200V to 70V.

On the other had, theunbalancedconditions of thaestedmachinehave been
generated by either adding extra impedance to the machine phases as shigvn in
2.16 or addingadditional winding inside the machine as illustrated the terminal
connetion inFig. 216 (b). These conditions will be separately explained through thesis
chapters depending on the implementation method. Moreover, the parameters of the

tested motor are given in Table 2.4.
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(b) System setup.
Fig. 215 Experimental system setup.

Extra Impedance (r+jx|) =

« dl w]'v i) ‘N i

(a) Variable values impedance to create unbalanced behaviors
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Extra windings terminal

z

(b) Front view of extra winding connections

Fig. 216 Implementations of unbalancednzhbtions

TABLE 2.4 PROTOTYPE PARAMETERS

Parameters Values Units
Phase resistance 0.64 q
Winding inductance 3.19 mH
No. of pole pairs 1 -
No. of turns/phase 60 turn
Permanent magnet flux 0.0928 Wb
DC-link voltage 48 Vv
Rated DClink voltage 70 Vv
Rated torque 0.3 Nm
Rated current 2.2 A
Rated speed 3000 r/min
Mechanical inertia 0.00363 kg.n?
2.6. Summary

This chapter introduces the hardware and software system implementations. It
presents a detail descriptioof the dSPACE, inverter configuran, software
environments, and the test rig of which all the experimental results in this thesis are
carried out. On the other hand, the implementation of asymmetric PMSM situation
will be discussed separately through thesis chapters. Moreover, aatyodfictionto

PWM techniques while aextensivediscussion about SVN& also provided
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CHAPTER 3

CURRENT CONTROL OF UNBALANCED THREE -
PHASE PMSM BASED ON DOUBLE SYNCHRONOUS
REFERENCE FRAME CONTROLLER

Abstrac® A simple and effective current control segl for an asymmetric three
phase permanent magnet synchronous machine (PMSM) fed by a voltage source
inverter (VSI). It is based on extraction of the positive and negative sequence
components in phase frame, and then utilizes the double synchronousaefieaene
(DSRF) controller for the current ripple suppression caused by the machine asymmetry.
Compared to the existing DSRF methods, the proposed strategy has advantages of no
requirement of filters, decoupling network and specific current referencéttono
smooth positive and negatigequence current components in both synchronous
reference frames, which also bring the merit of better dynamic performance compared
to the conventional DSRF methods. The feasibility of the proposed strategy has been

verified by various experimental results under steady state and dynamic conditions.

3.1.Introduction

This chapter presents a mathematical model of the PMSM derived in stationary
(abcaxis andU Eaxis) and synchronousld) reference frames for botyalancedand
unbdanced cases. When these machines operate under balanced condition, the
conventional field oriented control strategy, which is usually performed by
proportionalintegral (PI) regulators in a single synchronous reference frame ¢single
SRF)[4], [127], [128], can achieve very good dynamic and stestdye performance.

On the other handunder unbalanced conditignshe machine performance will
deteriorate, which results indhise of torque ripple, extensive heating, acoustic noise,
increase losses and reduce the efficiency due to existpasiive negative, and zero
sequence components. Hence, the conventional current control implemented en single
SRF does not achiewaatisfactoryperformance. Thus, a DSRF control strategy was
introduced to enhance the machine performance under such condi#ihfigs], [129],

[130]. It is well developed anfbr mostcommonDSRF strategies, the measured three

phase currents directly transformed into both positive and negative SRFs, which causes
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AC oscillation at twice of the fundamental frequerqcy combined witithe DC signal
in both SRF$130], [131].

Over the past few years, many approaches, including hysteresis current control,
proportionairesonant (PR) contrd|132], direct power control[83], modetbased
predictive direct power controland double synchronous reference frame (DSRF)
control[72], [75], [129], [130], have been developed and extensively investigated
achieve decent performance of currents when the electrical machines are asymmetric.
Particularly, in DSRF strategy, the current control can be obtained byaupaigof Pl
current regulators in each of the positive and negative SRFs. For most common DSRF
control strategy, the measured unbalanced thhesecurrents are directly transformed
into both positive and negative rotating SRFs, resulting in AC osaillat twice of
the fundamental frequency 5 combined with the DC signal in both SRES0]. To
overcome this problem, many methods have been proposed to elimin&e.the
oscillations in the positive and negative SRdtgh as, filtering the measured feedback
currents to obtain a pure DC values by employing a lcss fiker (LPF) or notch filter
[72], [73].

Other research has suggested for compensating the-congsling effect by
implementing a decoupling network between positive and negative [3BGs[73].

This structure is also known as a decoupled DSRF controller (DDSR#finihates

the¢ 5 crosscoupled oscillations by using a decoupling network based on the current
reference, and then -igjected into the positive and negative SRFs. Thus, the AC
oscillations will be eliminated in the DSRF and only pure DC currents are fed back to
thePl-regulatord130].

In addition a DSRF controller without filters in the feedback currents is presented
in [75], where the reference currents match the oscillation in the measured feedback
currens for both SRFs. Thus, the reference currents will have AC and DC components.
To reduce the steaeBtate error, aesonangain path is employed in the current
regulator, i.e. stateeedback path in each SRFs]. However, it las proven that the
statefeedback technique (also calledsonanigain [75]) for decoupling thecross
coupling between the orthogonal axes of each SRF in the DSRF controller does not
provide noticeable improvement, becausettérens added to one SRF interfere with
those added to the other SRRB3].
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Themainfocus of this paper is to investigate the asymmetric phenomenon caused
by the winding impedance asymmetry and its remé@dyodified DSRF contiter is
based on the extraction of positive and negadeguence components in phase
reference frame. The modified DSRF controller ensures pure DC feedback currents in
both positive and negative SRFs. The major benefits of the proposed strategy are not
only parameter independent but also simple structure due to (a) no employment of
filters as used ifi72], (b) no requirement of a decoupling network as addres$&d80h
(c) no need of specific cuant reference generatiqi34]. The feasibility of the

proposed method will be verified by various experimental results.

3.2. Mathematical Model of PMSM under Balanced and

Unbalanced Conditions

3.2.1.Representation of PMSM in stationaryab ceference frame

Comparinga primitive version of a PMSM with woun@tor synchronous motor,
the stator of a PMSM has windings similar to those of weabor synchronous motor,
which is thregphase, Yconnected, ansinusoidally distributed. However, dime rotor
side, instead of using thelectrical circuitin the wounerotor synchronous motor,
constant rotor fluxyranc provided by the rotoPMs should be considered in thuer
model of a PMSM. Since the PMSM has a winding in the stator and a PM ondhe ro
the thregphase stator voltage equations in the statioabeyeference frame of PMSM

canbe expresseth the matrix form a§4]:

¥m o Re 00 iagéwsa e o W (3.1)
U e - u e 5 U N abc .

g’bn g Oé Rb 0 Ibl}l at J}J';lsb ) é Vabr{:J Rabcl abc T

&, 0 06 O R i€ M. e g

wherevan, Vbn, andven represent thetatorphaseto-neutra voltage of phases, bandc,
respectivelyija, in, andic are respectively the stator phase currents of plaasemndc;.
Ra, Ry, andR; are the stator resistances of phasdsandc, respectivelyy sa Y sbn and
Y scare respectively the stator flux linkagegbkses, bandc.
Moreover the complex space vectors of the thpbase stator voltages, current,

and flux linkages, all can be expressed in stationary reference frame as
. 2 )
F =§[Fa(t) aF(t) & F(1)] (3.2)
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wherethe factorg- can be any variables, i.e., voltage, current and slatofinkage

ana@naod flare spatial operators d=eradrientat
a’=e’ 43 The resultant voltage, current, and staltax finkage space vectors are given

in (3.2). Then, the stator flux linkage can be calculated by multiplying instantaneous

phase values by the stator winding orientations in which the stator reference axis for
thea-phase is chosen to the direction of nmaxim MMF. Reference axes for theand

c- stator frames are selectéd be 120 (electrical degrees) ahead of theaxis

respectively.Then, the thre@hase stator flux Iinkag}zgsatJC can be expressed in the

matrix form ag135]:

e/sa

g/sb

é/sb g Méa M cb Lcc I cg éyrcg

le,. Mo Mo ioerve ¢ o

e : é - _ -~

Méa I—bb M bc ! bH -gyrk{L‘::’ é J/s%c = al!)c abc -B-/ral
é

e

(3.3)

~

¥

whereLaa, Lob, andLcc are the selinductances of the stator phaseb andc windings,
respectivelyMab, Mac, Mba, Mbe, Mca, andMcp are the stator phase mutual inductances
between the phase wiimgjs, andya, ¥ b, andy c are the rotor PM fluxes, which are a
function of electrical rotor flux positiorty(), and the peak value of the rotor PM flux

(Yeuw) can be written as

& cos(q,)
Vrabc = yPM gCOS( g -%l) (34)
gos(q - %)

The PM rotor flux is changedaccording to the varieon of d: at constaniyy pw.
Equation 8.4)is often known as theackEMF constant. Due to the saturation effect
and a mechanical structure of PMSM the inductance will be a functiah, tfie
relationship between the mechanical rotor positti#) &nd theslectrical rotor position

dr is given by
q=p,Q (3.5)

wherepn is the number of pole pairfheinductance matrix.anc given in (3.3) carbe
expressedoy Fourier serie§136], [137]. Therefore, it will consist of a constant
component and a sum of even harmonics when the rotor changes its position. Moreover,

the inductance of any phase is anmimum value when the rotor flux direction is
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aligned with thephase. Thughe sef and mutual inductances of PMSM can be written

in matrix form as[4]:

eL Mab Mac Qe L Mabba Ma,ccag
— u € u
Labc(qr) e ba  Lon My U eM ab ba Ly M e at

gM Mcb Lcc gsM ac ca M be cb L c H

& 0 P

é La2 COS( 27r ) ab ba2 CO% 247 % 8 ac, ca2 Cos %‘7_3'0

é :

, ) o ) (3.6)
e

eM ab, ba2 00%27 % 8 Lb2 cos % p 8 M be,cb2 CO# 27I’)

é : :

é 5 5 2

gM ac, ca2 005%27 ?p 8 M be, ck2 CO# 2[7) L 2 COS é@_slo

wherelL,, Lb, andLc are the average setfductances of the stator phased andc
windings, respectivelyla, Lbz, and L are the position dependaifsinusoidal
componets or saliencgomponents selfinductacncs, Mabpse= Mav=Mba, Macca
Mac=Mca, Mocctm= Mbc=Mcb and Mab,paz= Mabz=Mbaz, Mac,ca= Macz=Mcaz, Mbc,co=
Moc=Mcp2 are theaverage and position dependatdator phae mutual inductances
[138]. The stator flux linkage produced by the Rbhsists of dixed and sinusoidal
components and the sum of odd harmonics whénrigpresentedn stationaryabc
reference frame. If this assumpti@walid, the threephase flux linkage produced by
the PM has only a fundamental component as indicated in (3.5). On the other hand, the
electromagnetic torque generated by PMSM can be obtained by usingghergy of
the electromagnetic system derivatiph89]. The ceenergy is defined as

ch(ia’ib’ic’qr): ﬁJ/aia(b :01 c @, ml a
0

+ ﬁ/bib(ia :O’ic @:' qﬂlb +ﬁc(a 0’% 0' # c
0 0

and theelectromagnetitorque can be determined from theartergy expression (3.7)

as

dw, _ dw
dg,, :pdq

To(iainieg,)= (3.8)

Solving (3.8), the expression af-energy for PMSM in stationagbcreference

frame is found to be
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\Nc = E( Laali -H‘btJi H-c£2c) (L+alc1 Ia b L l;t)l ac L I(.Jc+b)b
3.9
. 2p 4 p. (3.9)

Y eulcos(g), Hcos(.q —-1,  cos( ¢-~1)

Thus, according to (3.9) the electromagnetic torque of the PMSM can be written as

& (@) Lir €dly( 9 @
T, =i W@ Lpr Cdba ( (3.10)
dg, 2§ dgq &

m

wherep =[ia ip ic] represent the transport form of the stator pltaseentiane For a
balanced and symmetrical PMSM withcénnection, the sum of the thrphase stator

currents is zero and given:by
i,ti, +. & (3.12)

Thederivationof inductance matrix3.6) is given by

e . 0 4 z
é - LaZS|n(2qr) abbaz Slrmzq 25 8 " ac,ca2 Sln & p
dlae(q,) _ 2 o 2p0 3 4. p 0 u(3 12)
dg =2p, ¢ M 4y b2 SN, ? 0 L, sin % 3 0 M ez S"@ 2r)7 u
m e g : 9 ) U
é a 0 . .4 2 u
é_ ac, ca2S éq _25 9 ™ bc, cb2 Slr( 2@ L(_:Z Sin %q_s_p u
e G : G u

By substituting (3.12) into (3.10), the electromagnetic torquébeaterivedas

.. o, |
P Ve gin(ghrsing g2, sin(, o), 8 !
i |
=Bl ghesin@)i L sing Dy Lasinea2lx ¢ !
i 1
A |
}+2§ abba2SIN(2, 2'0)|,Lb ¥ accazs|n(2p7 )dc M 4. ,SiN(2 4 . ﬁ

(3.13)

Equitation (3.13) represents a general form of the electromagnetic torque of
PMSM with asymmetric windingsdescribedin a threephase reference frame.
However, when the machine windings are symmetrical, LgsLn=Lc=L> and

Mab,ba= Mac,ca= Moc,co=M2, (3.13) can be simplified as
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2,0) ,0 2
b c H
%)

ttzgsin@qr)ii sn2g £); sing2,q 2L g (3.14)

Y o gsm(q)u +sin(, gL, sin(, ¢~

—
]
1
o

——) =) =) =/ =) =) =) (D

+2M, gsin@, ), sin2g Ll sin@a. |

In (3.14), the secondand third components represent the reluctance torque
components associated with a salient pole PM rotor. Geneegjgrdinghe sinusoidal
backEMF PMSMs, all high order bagkMF harmonic components can be neglected.
For a norsalientpole, symmetricaPMSM with a sinusoidal bacEMF both self and

mutual inductance are zero, i.e2=M>=0, and then (3.14) cde writtenas

pyPMgsm(q)l sin( .qg p)l SiF(, q—) (3.15)

As the electromagnetic torque produced by the machine is balanced with the

mechanical load applieto its rotor shaft, the acceleration equation can be given by

dw 1
m=_(T, -I B 3.16

whereynis the mechanical angular spe&dijs the applied load torquéjs the inertia

constant, an® denotes the viscosity constant.

3.2.2.Representation of PMSM in stationaryU b-@&ference frame

3.2.2.1. Electromagnetic torque and stator flux linkage of salient PMSM

In this special case, the PMSM mathematical modeling assumes that:
f  The machine is ¥onnected (no zersequenceplnd symmetricalwith 9C°
electrical degrees betweehandb-axes
1 The inductance versus rotor positiorsisusoidal
1 The phasea winding impe&dance i s sl igh#kFylige)reased

(14@)
1 The flux produced by the PM in the stator is sinusoidal.

Then, the currentyoltageand stator flux will consist of positive and negative

sequence components dudifferentphase impedance:as
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F

o =F + (3.17)

abc_ sym abc as

whereF could be voltage, current, and stator flux linkage, whereas the impedance (

andLanc matrix in the stationargbcreference frame cdve writtenas[140]:

g+ DR 0 O0g RE O 0O gRe&O O
_é U 2 Un €
Rpc=g O R 00 R 0 +0 g0 0 (3.18)
g 0 0O RYg Og& 0 R aggo €0 o0
Rabg sym Rabc_ asy

Fig. 31 Equivalent othreephasewinding in rotational reference frame.

o1+ L, W, M, 2
e U
Labc = é WI ba Lbb M be l:l
g DM, My Lo U
el, M, M, gD 2 D, M, MO« (3.19)
_€ 0é 0
=M. Ly My 5 D, 0 0 l
éMca Mcb Lcc gg DM ca 0 0 {

L

abc_ sym Labc_ asy

According to[4] and fromFig. 31, the mathematical model istationaryU b 0
reference framas derivedby using Clarkdransformation fromstationaryabc to
stationeryU b reference frameséfer toAppendixA). Thus,the parameter matricea

the stationaryU b r@ference frame cave derivedas
Ralf) :[T a«babc][ Rab(][ Tab@x ]’ab R 0 a'_E R 0_ sy R 0_ as (320

Law:[T a«labc][ LabJ[Tab@ ]ab L Oa'_b'L O_ syl H: 0_ as (321)
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wherethe healthy machine parameter (resistance and inductance) matrices under the
assumption oR:=Rp= Rc= Rs, Las=Lbr=L cc=L, andMap=M pa=M ca=M ac=M p=M cr=M.
Then, thesymmetrical ad asymmetricimpedancematrices in the stationary) b 0

reference frameanbe derived asnathematical derivatiois givenin Appendix B)

&4 1 1_5 4a 1 ® a1 _ 1
) + = + 2 T - R . J—— -
SRR R IR 8o gF 3 Ry R
_€a 1 1 5 3 1
R, & _sym E%&_zﬁag R ?QR 2/—33
1 1_ 1_5 4 1 a a1 _ 1
al, 1, 1.0 1y adalp (3.22a)
36 6 IBBET a0 e g R
R 0 0w
_e u
=¢0 R0y
€0 0 Ruy
52 2
&R 0 3
Ralﬂ asyzg O O 0 t (3223)
élD o o t
&* t
LM, df2z) koM. sif2g
L-M) 0 -g& i 2¢
La li)_sym:g 0 (L _M) -Hg%lLZ Mj‘ %n( 27r) }% MZ -EO% 2@
P _ _ _‘é(’: - 2(; -
€ 0e
g
(3.23a)
a2 , 4 4 2, g
g(éo R 2 MPO [( 45;)1: émpg
Lam_asy=é 0 0 0 u
€1 , 4 1 1, u
G0 S FMPO [ F §) Dy (3.2%)
JE0° +m, (§ )MDlcos(27) (M, pin( 2)
+

1

{

( B1,)sin(27,) 0 ¥
' ' I

L

DD~ (D~ D~ D

The positive and regativesequence statdlux linkagesof a salient PMSM can

be derived as belaw
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yaﬁ :[L a_lym as;][i ;b+yr (324)

o

A
+II
’Il
<
Ny

0 15 o T
I—2 NI+2 %35(2‘7) a+ E% M 2t Slrgzrq) b+ Y.
N ¢ - (3.25)

o
=

. O ’ 13 0. -
yb+:(L _M )I b+ L2 M+2 %n(ZQ) a+ 5‘% M 2+C0§2rq) b+ ry

Lol

ya_zg(g B %D g-M [ﬁa aé—§+2 —II)L+ D\/I @asf’q

oL, + 1, §n(2)i, .. (3.26)
(; -

31 0 . 13 7
Yo :Z%Lz + N, %n(Zq)l a- -2_(%32 MZDCO% 2

while the positiveand negativerotor PM fluxescan be gpressed as

yra+ = J/PM COS( g)

) (3.27)
Yive = You SINC 9

_2
Via _5 IJ/PM cos( rq) (328)
yrb— =O

Then, thefinal positive and negativesequence voltage equations in the

stationaryU reference frame cabve derivedas

V,p=V

: 2 : d
N LR L, e (RPL, 008 (329)

and the electromagnetic torque ¢enexpressenh the general form as

T =rT dyali)( Q) +]_-I”T edLaO& ylg T_ T+ (330)
e a® dqm 2 aolg d q H(Hb e

d
. fia+d;/a++i b+é’b+ -(%L2 M )sin(g ) 2. ‘
Te+=§Pn‘| . @ d | (3.30a)
1["'(5'—2 M,)sin(2g J,. &, M ,)cos(2gi) i ..
& dy, . W, 2 .4 2 o
o 2+, (= D= )LD (= HM Bin(2g, ) ~,.-
Te_=g plladg "~ *Tdg G PP M. (3.30b)
i !
|

H DI ,)sin(2, J; &, 2M Dicos(2i,i . |

64



On theother hand, for a machine with-dbnnected winding and sinusoidal back
EMF all the high order harmonic components are neglectads, the torque equation
can be represented in terms of the positaed negativesequence flux and current

components as
T.=15p, IM{ (7, , i .§
=150, I, 000 0 a MoV 1a0) BV T

S Waior vl Jir(vie 5 0i4)
@Uﬁb Vb ) Vi s i)

If the machine is balanced, i.&:5=0 andy g =0, then, the electromagnetic torque

=1.5p (3.31)

A‘:—v—h

can be simplified as
Te :1'5pn a I b _yl! )a (3.32)
3.2.2.2. Electromagnetic torque and stator flux linkage equation of norsalient
PMSM

For a norsalient PMSML,=M>=0. Whereas the positive andgative squence
flux |'inkage components, and t Ibeferenceect r o ma

frame are simpler than those in a salient PMSM, whictbegoresenteds

Y as =(L -M )I a+ Fom COS( g)

Yo =(L -M)i .. Hy sin( 9. (3.33)
_2 4 4 : 2
=13 B % )ID o-MID. < #0859 (3.3

Y, =0.

and for theY-connected winding PMSM, the electromagnetic torque is given by

d
7 =3p fWar; Doy (3.35a)
2 "{dg d g \
T, =3p Y | (3.35b)
2 i dg \

Moreover, the electromagnetic torque folYeconnected windingnonsalient
sinusoidal baclEMF PMSM can be destxd as
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Te=15p, IM{ ¢, ug L5, I{ b DotV iLp) By 1.2 i )
:1-5pngzva+ib+ -y bi+ ,;++( Yy ia- b-'yi b-) a(-+y a+ b'—y )b*(a-—i'y a - Ibﬂ)
(3.36)

For abalanced PMSM, the electromagnetic torque can be simpéified

Te :l'5pn (ya I b Y b )a (337)

3.2.3.Representation of PMSM in synchronouslgreference frame

Accordingto the reference frame transformattbeory (refer tAppendixA and
Appendix B), the symmetrical and asymmetric impedance matrices in the rotational

dgOreference frameanbe derived as

&R, 0 0 g R O O
_é u_ o8
R sm=a0 Ry 0 7 0g R0 (3.38a)
€0 0 Ry Og O R
e . 1
& cos @)  cos(g)sin( g B cos( ¢
2 ¢ 1
quo_asy:§ [RaESin(qr)COS(q) sif (.9 5 sin(, ¥ (3.38D)
é
- 1 1.
é = =
g 2cos@r ) > sin(g) 0
Rigo-
s 81 3
g’ %Lz M, 8 0
&L- M) 0 - 9¢ ¢ . 21 .
quO_syng 0 (L _M) '32"' 0 %?él_z Mil' 8 (3398.)
. ) e .
g Hé _ ]
g
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¢ a2, 4 D 4B B, 4 . a4, _
2 &%D +3 [g 3 E%p —g % i %M co%)g)sm(,q)
oot b3 8 M Bsgrsing) & D e Gbu sifog

—
1
@\m\m\%

éi DL,.. (4:) I]quz-( ) B
+gMy, (3) R, (9 (3.390)
é _ -

The positive and negative voltage components represented po#igve and

negativeSRFcan bepresenteds

dyd+ WJ/
7 q

dt (3.40)
. L Ay .
Vq+ = |K|_sym|q+ T |717/rJ/d -

+ _ .
Vd+ - Ri sym|d+

Vd: = I%ﬂ_asy id- -|d)/_d Wy

dt (341)
dy . _
F{q_ asy q d: nyd -

+ =+ + ..
where Vyq: , lag+ , V 4q+ @re the positive sequence components of voltage, current, flux

in the positive SRF, respectevely V. , lgq. , Vg are the negative sequence

components of voltage, current, flux in the negatBRF Riq sym Rdq_aym are the
symmetrical and asymmetriesistancg andy is the elecical speed rad/sedhenext
section presents the stator linkage flux and electromagnetic torque of salient and non

salient PMSM in positive and negativeq0* synchronouseference frame

3.2.3.1. Electromagnetic torque and stator flux linkage egation of salient PMSM

Theflux positive and negativeequenceomponents can be represented as

yd+ = Ld_symi d+ +yrd -

_ (3.429
yq+ = Lq_isymI q+ +yrq bl

yd _Ld asyd +yrd

(3.42b)
Yo _Lq asyl - Vg -
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Ly =lL M) (—; L, M)

(3.439
Ly ym=[(L -M) (4=L Mt)]
2 4 4
Ly o =[[(= B + )ID —-M]dds’(g,) L,
3 3 3
2 4 4 (3.43b)
Lq_asy:[(§ 6 55 )I-D E'M]%Z(Qr) Log. +
Then, heelectromagnetic torque can be calculated by
_im Waeo(§) 1or edbyo( F 8
Temla—g = Slae 4 e & Tt (3.44)
T 3P (dy‘“ Y g (yq* ). (L# 2M#)i i .. (344a)
e+ _E r yrq d + g J"r'a !.q AbLS 'é' d q+J K
3 &dy, . 1% |
Te =S Pii— ! 3.44b
e 2 n:, dqr Id- d glq ‘| ( )

whered y:/ did0 d gl did0 f esinusoidalrback EMF PMSMDn the other
hand, for sinusoidal baclEMF PMSM, the high order harmonic components are

neglected, and the rotor flux can be simplified as

yrd+ = yPM

(3.459)
yrq+ =O
d- — D/PM (3.45b)
Y =0.

The stator flux linkage anelectromagnetic torque dhe salient PMSM with

sinusoidal baclEMF and Y-connection winding can be written: as

yd+_Ld sym d+ yPM

3.46

Vg = q_syml q+ ( 3

yd— = Ld asy d- + DPM (3 46b)
YV T Lg agliq- .

3 . .

T E (yd +q + yq d ) + _Pr[ J/F’MI q (—L+d l? q_)l d!— q] (3478)

=3p i), 2p (Lt L) 3.47b

_E (yd q—-yqld)-E r[ .DMIq ( d -q)-l ol q] ( . )
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3.2.3.2. Electromagnetic torque and stator flux linkage equation of norsalient
PMSM

For Y-connectionwinding, nonsalient PMSM, i.e.L>=M>=0 and io=0, the
electromagnetic torqueguation in the gsitive SRF can bsimplifiedas
Praviat vola J#( Hia < aia)

T, =1.5p, I ¢/ 5 T4qd =21.59,8 | (3.48)
e p m{ def Idq} g"'(yd:iq: ¥, i+d ) (+J6 i_q ++-)(i d)

3.3. System Behavior under Unbalanced Conditions

3.3.1.Symmetrical components

As discussed earlier, when there is a slightly change between theptfase
winding impedances, the electrical varedbf voltage, current, and stator flux linkage
can be decomposed into their posijvweegative, and zero sequenceraponents. For
Y-connected winding, the zero sequence components are negléeteerally, the
symmetrical components (also known as satjge components) have interesting
features of which any unbalanced thp®ase system can be represented into three sets
of balanced componends shown irFig. 32 [141].

Fo Unbalanced 3

Fig. 32 Definition of sequentiatomponent$141]

In Fig. 32, thefactorF can be any variables, i.e., voltage, current or-finixage,
and the sub#®sc¢criamd &f0 o f-thegativell and zeresequende v e
components, respectively. Hence, the unbalanced vectors can be represented as the sum

of three sequence vectors as shown bélait], [142]:

F.=F, ¥, F

a-

(3.49a)
F=F, F, F. (3.49b)
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F=F, F, F_ (3.49¢)

c+ Cc

The mathematicaéxpression(3.49) contain nine variable vectors, i.€40, Foo,
Fco, Fa+, Fb+, Fc+, Fa., Fo., Fc., in a system of three equations. From the definition of
symmetrical componentsach set has only one shared vector in system equations. For

simplicity, abedetiheedpas at ed 0
a=11120; a® 4 246:;:a EE€ (3.50)

Then, therelationshipof symmetrical component refers to vedtarcan be derived as

Foo =Faos Foo Fao (3.51a)
F,=a°F,; F ,=aF, (3.51b)
F. =aF,, F _='F, (3.51c¢)

Substituting equatio(8.61) into (3.49), the system equations ca@ represented

in terms abfi opehat st@wnbhbelowf or m i s
ek 2 1e1 1 Fa@ e 2 F, éFaO;a
u ue u é- U
eF 1 a Fae o B AR (3.52)
gFC gelea & (F8 égu F a éR.u

whereA is thefiad operator matrix. Then, thgositive negative, and zersequence

components can be obtained by takingitiverseof (3.52) as

eFo @ Fe o F, g g1l 4 F,
gFa+ EA Fbg’ 3 F 1U a % (353)
. 0 F& B F. e elua a u

In the same manner of getting (B)\5it is possible to solve for phabaandc to
obtain the instantaneous thiplease positive and negative sequence components of

thesephasesThefinal sequential component equations barexpresseds[143]:

¢F,. o 8l a a ofg

é u 1é, Uu-é
aFo- i3 1 a @Fbé (3549
eF. § ga a® 1 HFé
[Fabe-+] [Tabes] [Fand
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eF,. o L el a° a @Fg
é unie 2 U-é
& G5 & L oa g (3.54b)
e~. 0 & a 1 YFe
[Fabc- ] [Tabc— ] [ FabJ

where[Tanc+] and [Tanc] are the positive and negative sequence extracting matrixes.

Moreover, the complagdaxn d’oofrins of the operator
a= L j"@andaz‘—l RE (3.55)
2 72 2 172 |

Substituting t hainto 3B, the positivedo andh negafive i

sequence components in phase frame can be calculated as

el 1 1lg
é2 "z &z 1U
oF. o6 6 S Fe o 0 & -1 F
é¢ uel 1 1geé ol ¢ , (3.56a)
ATb+ T A& A A —‘bé . y b
€ ue 2 3 2 U j9J/3 >
er. ueé 4 1 1 UE H 1 € 0 F
e—- - - u
62 2 371
el 1 1g
. €3 6 6 9L,
eF,. oé ‘ [} 0O 4 -1 F,
& nel 1 _1@2 S (3.56b)
R =S R b
e’ ue 2 3 2 u® jB/3 >
ch- HQ 1 1 1 ché ¥ 1 @1 0 F.
e = = = u
e 2 2 340

Theo p e r prefens to themaginary parof the complex number, which can
be representeih the real timedomainby a 90 phase shift delay. These two sets of
equations can be used to extract the positive and negative sequence components in

stationaryabcreference frame as showmkig. 33 [144].
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Fig. 33 Sequetial components extractian the stationarg breference frame

Furthermore from thecoordination transformatiortieory, the varialgs in the
stationarya b @n be presented in the stationdhbreference frame usin@lark

transformation matrix as

by

ek, o
éF 0 [T s apell Fabes] (3.57a)
€ b+ U

gan @

eF o
éF a I.Ta IS abc][ Fabc—] (357b)
€6 U

gan g

Substituting(3.57) into (3.54) yields

g, s Q[T adeell Tae Il Fask (3.58a)
éFab Q[T aéabc][Tabc][ Fa& (358b)

Taking the inverseof [Tus v ais [Tab ¢ lothen the positiveand negative

sequence components in the stationafyeference frame can be calculated by

gF. s H[T agbell Taocl Tare AL F 1 20 Fe +a[-_5-§ . El, (3.59a)
8% BT cewc Tl T b FL 2p F& . BRI EL (3.59b)

1el -q 1e1 q &F
where =— 5 , ==z 4
I_-rab—] 2& 1 [-rab] 2e'q 1 g:b
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andq is a phassehift operator in the timdomain, which carfe obtainedy dealing

the signal by a quadratuphase shift () from its original signalln fact, this signal
delay can be used fsequentiatomponents extractor or modeling the imaginary part
fjo of the compl e ximenThendioeerdiffeiem quadratere single |
generation techniques have been presented swthpasdilter [131], [144], adaptive
notch filter (AF)[72], [129], [145], seconebrder adaptive filtef146], [147], Hilbert
transformatiorbased phase lock loop (PLL) (FALL) [148], [149], and inverse park
transformatiorbased PLL (IPTPLL). However, some of theare also complex or only
operate at fixed frequencin the next section, a brief discussion of the most popular

techniques including the proposed amerovided

3.3.2.Quadrature-signal generation (QSG) techniques

3.3.2.1. Adaptive filters based on generalized integréon

To date many techniques based on adaptive filter have pesposed. Thenost
common one is the adaptive filter based on generalized integration (GI) or second order
adaptive filter basedeneralizedntegration (SOGI), whiclhvas discusseth Chapte
1, section8 1.3.5, and further information can be foundili46], [147], [150].

3.3.2.2. Hilbert transform

The Hilbert filter is also used for phase detection or Quadraiginal delay
generation that can be used for SCE, it is basdebaner analysis of the input signals,

which presents two main features

f Generating:90° phaseangle shifts of the spectral components of the input signal
depending on the sign of their frequs,

1 Only effects on the phase shift and there is no effect on signal amplitude.

Therefore, as presented in referefide0], a PLL based on the Hilbert transform
can be implemented as shownHig. 34. The time domain expression of the Hilbert
transform of a given input signals defined as

1P @),
H(F):—n— =1 E (3.60)
P tp
which describes the convolution product of the funckioht ) = 1/ "t wi t h

In the frequency domain, the Hilbert transform can be defined as
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Fr (H(F) = &(F) £ fsign(w)] F.(P (3.61)

Pf‘”"

where Fr is the Fourier transform ansigny) gives the sign of the F frequency.
Therefore, in the frequency domain, tHibert filter can be understood as a multiplier

o p e r a(t w)rjsigh(y), which can take the following values:

ée-j if w0
s (=10 if w0 (3.62)
bj if w<o

Thus, the Hilbert transform has the effect of shifting the phagge of positive
frequency componentsy -90° [148], [149].

F=(t)

Hilbert Transform

Fig. 34 PLL based on the Hilbert transform.

3.3.2.3. Implementation of new method of aquadrature-signal delay algorithm

WhenTgs= 1/fsis thefundametal frequency period, thefy4 is the simplest way
to achieve a quarter signal generatidin. implement such a delay under variable
speeds, an algorithm based on the concept of variable integer sampling delay is written
using MATLAB sfunctions.This algaithm does noprovideany filtering capability.
It is able to delay the discretiene input signals at thim port by integer numbers of
samples equal td/4. The variable integer delay stores the information (magnitude) of
the most recent samples reagivirom the input signal, then the outputs is the stored
sample(s) shifted by the input to the delay port. i.e=(tf is a periodic scalar input
signal, the algorithm stores a vector of V+1, the most recent signal sakvples.the
current input samples F(1), the previous input sample F2), and so on, then the
program output is Y(1)=V(1+D(1)), where D(1) is the integer number of the samples at

input of the delay port in which guarter signal delaig satisfied. For variable speed,

the 9 Bphaseshift can be calculated in samples using the expregxiofr Z%

wheref ( listhe fundamental frequency at the instant of sampling one. This process is
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repeated instantaneously for all samples. In this manner, it can ensure taedfast
effective way to generate quadratsignal delay.

IO signal Delay Storage memory Output
Td4=1 01 3 4
1+ —|{1- — — |10 0 0O or — —|0F = 1y4=1
2F —1r — —12 1 0 0 Of — —|1} -
3} 1 — —[32 10 O} — —|2}
4 —{1F — — |4 32 1 0Of — —|3F

Fig. 35 Proposedjuarter signal generatidrased on thateger sample delay

The input to the unit is initially a set of balanced thpba® sinusoidal
waveformssince the system is balanced and the negaggeience components do not
exist. Then, at=0.4sa gain of 0.2 is subtracted from pha@samplitude,and at t=0.7
another gain of 0.2 is added to phase C. These cases simulateaseend thregphase
unbalances, respectively. It is clear fréig. 36 that the proposed algorithm has a fast
dynamic response and accurate performam¢erms ofextraction of the positive and
negativesequence components. Aftehet extraction of positive and negative
components, a DSRF strategy is employad. 36(a) shows the schematic diagram of
the conventionaDSRF, while the proposed DSRIS shownin Fig. 36(b), and the
structure of the positive and negatisequence extraction ung shownin Fig. 36(c).

It canbe seerhat he proposed approach does not requirefitteys. Thereforeit has
very simple structure, but powerful to control therents undeunbalanceadondition,

as will be verified by detailed experimental results.
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Fig. 36 Current behavior in the DSRF.

3.4.Proposed Current Control Method

Currentcontrol based on sing8RF is one of the most commonmasegy for
electrical machines undbalancedcondition. The major benefits of this schemsehat
all voltages and currentseave DCvaluesin the SRF, which are the projectionigiin
the stationary frame. As long as the Q@antitiesare involved, thémplementation of
the classical RPtegulator will be suitable to achieve the desired performance. However,
when the machine windings are asymmetric, the negaégeence components will
exist as shown iffig. 37. Thus, the voliges or currents in the stationahyeference
frame can be represented by the sum of their positive negétive sequences

components as

Fav=F oo ¥ a0 Edq e 'Ed'q gl (3.63)
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whereF represent the stator voltage, current, or flux linkage vectors. Merethe
vectorF can be represent in the rotational positive synchrordni$ (eference frame,

or negative synchronoudd’) reference frame 4451], [152]

Fig. 37 Spatialrelationsbetween different reference frames.

E*=F.* 4 o l2m eF,; @ Fg ed, cos(y " HF, sin(2g) ¥(3.64a)
d d

a a7 dg? © 8RS 4 FE &R sin(2g,7) +F, cos(2¢ )|
DC terms AC terms
= _E - i ] eF, @ F& ed, cos(yg »+F,, sing) ¢
F.=F, 4 el Za T —d7 Z3d+ === Jhlg - ' (3.64b)
da = Faq aq® er, U FE &FIsin(2g) , cos(2g )}

DC terms AC tomms
whered,*=¥t andd; =¥, in (364) the currents in both positiviu{") and negative

(iag) SRFs are not pure DC components due to the -cagsling effect. It can be
deduced that the amplitude of the AC componeiis s in the positive SRF is
matded to the DC components in the negative SRF and oscillating at the frequency of
2y and viceversa.Fig. 39 showsthe unbalanced three phase currents and their
projection in the positive and negative SRFs. The negative seqo@mgmnents can

cause rapid heating and have more damaging effect on the rotor because of producing

the 2r, frequency in the rotor.
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Hence, a DSRFs control strategy is one of most popular strafégjgs 3], [80].
It utilized two independent SRF controller, one for the pesiiequence component
(two PFregulatorsfor d- and g-axes) rotating in positive SRF, and another for the
negativesequence components (two-regulatorsfor d- and g-axes) rotates in the
negativesequene direction Essentially when the tracking referees are DC
guantities, the resulting errotsetweenthe reference and the measured feedback
currents will oscillate at twice of the fundamental frequency at the input -of PI
controller. These errors canrim® controby using the conventional fégulator de to
its limited bandwidtj77]. Therefore, many contributions were presented to cancel out
these oscillations before delivering to ther@julators, such as filtering the measured
currents in conventional DSRF, decouplingwmk and specified reference currents
generatiorj72], [79], [129] (seeChapterl section 81.3.4 for further discussion), which
are significantly increased the cpatational burdens and deteriorate the dynamic

performance.
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3.5. Experimental Validations

The experimental hardware platform to evaluate the effectiveness of the
proposed control strategy is constructed based on dSPACE DS1006 in which the
sampling frequencyfahe current control loop is 10 kHz, which is the same as the
modulation frequency of SVM. The surface mounted PM motor, whose design
parameterare givenn Chapter2 [25]is used

Fig. 39 shows the schematic diagram of thewentional DSRF with AF and
the proposed strategy. Furthermore, to simulate the unbalanced condition in a PM
motor, theimpedancgZexa= 0. 6 @+ 2 mH) amRge= 0 .esq)stameeddl i be
connected in series with phase A and phase B, respectively. The system operates in the
constant torque region, and the reference current in the positivédSRFL.8A. The
steadystate perforrances of the conventionadtig. 39 (a), and the proposed DSRFs

control strategieg;ig. 39 (b), are compared.

(a) Conventional DSRF
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(b) Proposed DSRF
Fig. 39 Schematic digram of the conventional and proposed DSRF strategie

In the conventional DSRF control strategy, the curré@dtsandQ in the
positive and negative SRFs are obtained from the unbalancedptiase currents
shown inFig. 310(1) using the classic ClalRark transformations. According to
equation (3.64), both AC and DC mponents exist in th€Q and’Q waveforms
before using filters, as shown iRig. 310(2) and Fig. 310(3). Then, after the
employment of filters, both the positive sequence comporintsn positive SRFs
and negative sequence componéfis in negative SRFs are pure DC components,
Fig. 310(4) andFig. 310(5). However, there is a little distortion in the negative
saquence components due to the effect ofaftifrequency of the filters.
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Fig. 310 Currents behavior in the conventional DSRF control strategy.

On the other hand, for the proposed control strategy, the po$itiveand
negativeQ sequence componenig. 311(2) andrig. 311(3), are firstly extracted
from the unbalanced thrgdhase currents given Fig. 311(1). These componé&nin
the positive and negative phase frames are balanced with sinusoidal waveform
Furthermore, the transformation of the positive and negaggeience components to
the positive and negative SRFs produces a pure DC variable as sheign3d.1(4)
andFig. 311(5). These results are compared with those obtained for the conventional
DSRF after the adoption of filterBig. 311(4) andFig. 311(5), it can be observed that
they are DC variables.
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Fig. 311 Currents behavior in the proposed DSRF control.

3.5.1. Steady-state performance

The steadystate performance is carried out by setting the reference clfrent
to 1.8Ain the positive SRF, whil&Q is zero. Asymmetric conditions are similar to
those discussed in the above. At 0 <t<2s, the motor operates as a conventional single
SRF controller, since the current control in the negative SRF is disable®@ Thi
the negative SRF are shownHkig. 312 (al) for the conventional DSRF with AF, and
Fig. 312 (b1) for the proposed DSRF. Also, at this time interval, i.e. 0<t<2§Qthe

the posiive SRF will have oscillations at twice of the fundamental frequency for both
DSRF control strategies as showrFig. 312 (a2) andrig. 312 (b2).
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At t=2s,the control of the negative sequence curcempensation is enabled in
both DSRF strategies, the reference currents in the negativé&)SRiFe set to zero. It
is clear that the transient response of the negative sequence current conifonents
in the conventional DSRF strategy is slower than that of the proposed DSRF strategy,
Fig. 312 (al) am Fig. 312 (b1). Meanwhile, the transient responses of the positive
sequence currents as well as the oscillation minimization in the positive SRF for the
proposed strategy are better than those of the conventional strateggwasirskig.
3.12 (a2) andFig. 312 (b2). It should be noted that and0 used in both DSRF
strategies are listed in Tab®1, together withv and0 of single SRF. These PI

parameters are obtained by using the trial and error method in the real time system.

TABLE 3.1 PFREGULATOR PARAMETERS

SingleSRF | Conventional and proposed DSRF

Positive SRF | NegativeSRF
| Proportional gainKp) 15 9 6
d-axis :
Integral gain Ki) 150 650 550
g-axis | Proportional gainkp) 18 10 7
Integral gain Ki) 250 150 750
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Fig. 312 Comparison oturrentresponses at steadjate between the conventior
and proposed DSRFs strategies.

Furthermore, the steadate responses of the estimated electromagnetic torque
for the conventional androposed DSRF control strategies are showfign 313(a)
andFig. 313(b), respectively. It is clear that the time required to reach the sstaidy
region in the conventional strategy is longer theat in the proposestrategyFig. 313
(c) showsthire spectrum analysisomparisonlt is evident that the"@order harmonic
in the electromagnetic torque is high in the single SiR&egy while itis significantly
reducedwhen DSRF strategieare used and between them, the proposed DSRF
strategy exhibits better torque performance.
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Fig. 313 Electromagnetic torques.

3.5.2.Dynamic performance

Thedynamicperformance of the proposed control strateqg two other control
strategiesi.e. single SRF and conventional DSRFe investigated in this section. The
current referencéQ is 1A-1.5A-1A. Fig. 314(a) shows the threghase currents (top)
and’Q (bottom) by using the singiBRF strategy. It is obvious that the currents are
unbalanced, since the machine is asymmetric and only thentsiin the positive SRF
are controlledFig. 314(b) andFig. 314(c) show the performance of the conventional
DSRF and the proposed DSRF strategies, respectively. It can be seen that the rising
(t and falling ¢ times of 'Q in the conventional DSRIFig. 314(b) (bottom)
are longer than those in the proposed DSR€., 314(c) (bottom). Furthermore, the
steadystate eror in the proposed strategy is smaller than that of the conventional DSRF

strategy.
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Fig. 315 Dynamic response comparison.

Fig. 315 showsthe dynamic response dR at different demand steps for the

conventional DSRF (top) and the proposed DSRF (bottom), respectively. It is evident

that the rising time in the conventional DSRF is approximatety2@Vhile in the

proposed strategy, it is arounth8 Moreover the distortion of'Q is increased if the

fundamental frequency is increased by using the conventional DSRF strate@.5
(top). This is due to the low cufff frequency of the AF, which needs to be modified

accordimg to the change of the fundamental frequency. However, the proposed strategy

is able to overcome these problems since it does not require any filters.

Fig. 316 showsthe speed step responses for sk®fRF, conventional DSRF and
proposed DSRF control strategies, respectively. As can be seerfigord16 the
responses of all strategies are similar.

1100 R
- ef. speed
c 1000 /’ = TN single-SRF
£ 900 / 3\ Conv. DSRF
3 800 / \1_~—-- pPDSRF

\

g 700 D\
» 600 ==T==

500
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Fig. 316 Speed step response of the three control strategies
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3.5.3.Influence of adding extra resistance

Theinfluenceof different unbalance conditions on the sin§RRF, conventional
and proposed DSREscomparedn Fig. 317. It hasbeen accomplishdaly connecting
additionalresistances on phase A, fr@%o to 100% ophase resistance. For the sake
of quantitative comparison, the torque ripple factor (TRF) is defined as

TRF :@100% (3.65)
where isTe is the reference torque, afidpk-pk)is the estimated pedk-peak torque
ripple. It canbe seerfrom Fig. 317 thata positive correlation exists between the level
of unbalanced conditions and the extra resistances for all three strategies, and among
them, the proposed DSRF can achieve lower TRF compared with hibke toto
strategies under different unbalanced conditions.

12

®—single-SRF
—~ 10 == proposed DSRF
o\o 8 —a&— conventional DSRF L]
~ ®
LL 6 i ®
A
2 *‘k = —— Jr
0

0O 10 20 30 40 50 60 70 80 90 100
Extra resistances (% rs)
Fig. 317 Influence of unbalanced condition on TRF for different control strate

3.5.4.Inverter dead-time effects

The influence of the converter dead time on the coli&wo behavior is
investigated The performances of sing&RF, conventional DSRF and proposed
DSRF with different deatimes under symmetric and asymmetric conditiane
presentedn Fig. 318. It canbe concludedhat the increse of dead time leads to high
TRF, no matter whether the motor is symmetric or asymmetric. It issaldentthat
the three strategies obtain almost the same TRF under the symmetric coniligons,
3.18(a). However, under asymmnie conditions, the proposed DSRF strategy can
achieve lower TRF values compared with those of the other two methods.

88



10
8 /___.——"J‘
LL
o 4 l/ ====single-SRF
= 2 conventional-DSRF
0 —a— proposed-DSRF
2 3 4 5 6 7 8

Deadtime (esec)

(a) Balanced condition

60 | ===-single-SRF 7]

50 conventional-DSRF 7
;\c? 40 | —=— proposed-DSRF ”/’
o 30 St ::::::f
o0 | . —emt T

10 [T —

0
2 3 4 5 6 7 8

Deadtime (esec)
(b) Unbalanced condition
Fig. 318 Influence of deadime on TRFE

3.6. Summary

In thischapter, a modified DSRF current control strategy of the asymmetric three
phase PMSM is presented. i$t basedon the extraction opositive and negative
sequence components from the unbalanced-piiase currents, and then uses a DSRFs
controller.Moreover a new implementation of a 9phase shift is used, which is based
on the principle of integer sample delay, this implementation increases the speed of
sequential component extractioompared with the conventional one based on filter
implementationThe proposed strategy ensures the feedback currents in both positive
and negative SRFs are pure DC components. Therefore, it is not necessary to use any
filter, decoupling network, anparticularreference current generation, white used
in the existing médtods. Experimentalresults of the proposed DSRF strategy under
dynamic and steadstate conditions are provided and compared with single SRF and
conventional DSRF strategiesidtvalidatedthat the proposesitrategyexhibits afast
dynamic response, lovsteadystate error under various unbalanced conditions.
Moreover, it can provide advanced performance under the conditions of unbalanced

back EMF, variable speed, and detiwhe variation.
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CHAPTER 4

CASCADED DIRECT TORQUE CONTROL OF
UNBALANCED PMSM WITH LOW TORQUE AND
FLUX RIPPLES

Abstrac® During operation or manufacturing, the electrical machines are exposed
to parasitic impedance in the phases, causing unbalanced-piiese currents, and
increased torque and flux ripple$o mitigate the undesired targ/flux ripples this
paper presents a modified cascadgitect torque control strategy fothreephase
PMSMs, having asymmetric phase impedances. The proposed method aims to generate
the positive and negative reference voltage vectors by extracting tjuensial
components of the stator flux and current
vectors arecombinedo produce the modified reference voltage vector for space vector
modulation. Moreover, for further torque ripple suppression, a standaredrilator
has enhanced by a resonant controller tuning at twice of the fundamental frequency
Various experimental results verify the feasibility of the proposed stratedgr
dynamic and steady state conditions.

4.1.Introduction

In the current control bade-OCstrategy the torque is indirectly controlled by
adjusting the armature currents in the synchronous reference frame (SRF). In this frame,
the rotor inductance and PM flux are constant if the {&diE and variation of
inductances are sinusoidal. Howeeywhen considering the effect of harmonics of the
backEMF and inductance (refer t@hapterl), temperaturehange andflux linkage
saturation, the torque response under current control will be limited by the time constant
of the armature windin21], [153]. Therefore, a hysteresis direct torque control (DTC)
strategy has become popular in recent years. However, as they have many drawbacks
(as mentioned iChapterl), numerous controstrategies havdéeen proposedn
literature[13], [154]. The most common way ke integration of the space vector pulse
width modulation (SVM) algorithm and DTC strategy (D'BYM) to deal with the
aforementioned issued hysteresis DTC strategfifferent SVM algorithms were

presented, such as right aligned sequence, symmetrical sequence, alternating zero
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vector sequence, and highest currentsaiiched sequend&55], [156]. Among them,
symmetrical sequence SVM topology is employed in this paper, since it préolwees
total harmonic distortion (THD}156].
DTC strategywas first proposed for IM driveg®], [154], [157], and then applied
to PMSMs driveg37], [42], [21], [158], including the DTEGSVM strategy for PMSM
[39], [21], [158], [159]. Compared with FOC[153], the DTGSVM directly
manipulates th&nal reference voltage vector (RVV) without the requirenenhner
current control loops. Therefore, it can eliminate the effect of inherent delay caused by
current loops, and hence, improve the dynamic perform@@®e[21]. Furthermore,
due to theconstanswitching frequency, which can be realized by B$FCM, they can
significantly reduce torque and stator flux ripples compared with the hysteresis DTC
strateg){37], [42], [39]. The DTGSVM can be implemented by utilizing either one PI
regulator (cascaded) DTSVM [39], [158], [160] (the target of this chapter), or two
Pl-regulators (parallel) DTGVM [42], [43], [161]. For cascaded DT-SVM [37],
[42], [39], the Piregulator is located in the torque control loop while the stator flux
linkage is controlled in anperloop fashion. The output of torque loop-RPégulator
represent the ¢ ha nig.éAccording tolths change, tipauegroremn gl e (
t he st at orysfcdnbepredided byocompdring the instant value with the
previous valueAfterward, the final reference voltage vector (RVV) candakulated.
Despite the advantages above of the conventional-BYM strategieqg39],
[40], [21], they present some drawbacks when used to drive unbalanced rsastithe
as unbalanced three phase currents and increased torque and flux [8hpl43],
[161], [162]. To date, cascaded DTEVM strategyis widely usedinder symmetrical
conditions [39], [40], [158], while information under unbalanced conditions can
scarcelybe found Therefore, in this chapter, a moddieascaded DTGVM strategy
for unbalanced -phase surfacenounted PMSMss presentedit is implementedy
extracting the positive and negative sequence components of the stator flux and current
in the stationary) Hframe, and then calculating the positive and negative RVV in the
reattime domain. These two vectors a@mbinedto generate a modified vector for
SVM module. The new RVV includes the information of the positive and negative
sequence components andréfere the torque/flux ripples cdre reducedMoreover,
the PIR controller tuning at twice of the fundamental frequency has been employed
instead of thestandardPl-regulator for further torque harmonic reduction, which can

provide zero steady state errand fast dynamic response. The feasibility of the
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proposed strategig verified underdynamicand steady state conditions with various
experimental results. It shows advanced performamterms oflow torque and flux

rippleswhile keeping the merit ohefastdynamic response of the DTC strategy.

4.2.Conventional Cascaded DTCSVM Strategy for
Balanced PMSM

4.2.1.Machine model represented in stator flux reference frame

The principle of the cascaded DI®Y/M strategyis basedn the analysis of the
torque equatiorin stator flux reference framd=ig. 41 describes the relationship
betweerdifferent variables in the PMSM represented in rotatidlog statordqs and

stationaryU freference frames. The mathematical model of the symmetrical machine

derived in the rotatindqr reference frame cdmerepresented as

Fig. 41 Spatial relationship of PMSM variables represented in different fran

Vdrz&idr -H‘Jér -rM/qy

_ (4.2)
Vgr = Rslqr kA Yor Wy
ydr = Ldridr +yPM (4 2)
yqr = I‘qriqr
T =3 i i 43
e _E pn(ydrlqr _yqudr) ( : )

wherey refers to the rotor fundamental angular speedvqr, idr, iqr, Ydr, qr,¥aNdLar,
Lqr are the voltages, currents, fluxes, and-selfidances in thelgr-axis, respectively.
These variables can be transformed into the statordfjgxeference frame using the
following matrix[21], [163]:
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oaie

S

ces (@, sin(¢g) Fye
. .

)
§n (d) cos(¢g) Fg (44)

m

gs

whereF represents current, voltage, or filimkage, andl is the torque angle between
the rotor and stator flux linkage vectors. Then the voltage in the stator flux frame when

the stator flux vectois fixed atds-axis, i.e. )y =0 andyds= ¥, can be written as

. dy
V. =R +-Z S

ds s'ds dt (45)
Vqs: Rsiqs I“‘J/s

Then, the star flux vector can be transformed into the statiorarfyeference frame
using stator flux position angté as

eF, geécos@,) sin(g) &g

(4.6)
er Hg sin(@,) cos(g) F.s
Moreover, thaorque angle irfrig. 41 canbe calculatedrom as
sind, :yf"
v 47)
COSd ydr

"V
Substituting (4.4) for current and (4.7) into the torque equation (4.3): gives

3 - . . .
Te:E an/ dr(ldsSIn Ql 'HqSCOS ya) +q}'{dSCOS y das Sin J/)

3, Yot Vai K& Va,

3 .
P e e T ey PV

(4.8)

Thetorquein (4.8) is directly proportional to thggs-axis current componenig$)
whenthe amplitude othe stator flux linkage is kegbnstant. The rotor flux equation

of (4.2) can be transformed instator fluxdgsreference framas follows:

ecos@ ) -sin(g)o g b, €0 cosp g -sin(, ., &ge

Sin(@) cos(g) 4§~ Yo &, sin@& cos(, i, EHE

Solving and reorganizing (4.9) gives

(4.9)

Vo 8 Ces(g) sin(d) LgeO cosgdg- sin(, b, @@ (,90 on(, ¢4,

9
S 0 -§n(g) cos( §& snQg cos( ¥, U Dads(,§a
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Ly cos @ )+ L, sit (¢) 1, sin( @cos(, ¥k, sin( ,)eos( , Pg
Ly Sin (@), )cos (¢g) 4, sin( Gcos( ¥ Ly st (), cbs (,)d gqs
?yPM 005(9') g
g'J/PM sin (91) H

e
-e
&

(41)

1 Nonsaliency pole PMSMdn these machined,da=Lq=Ls, thus,(4.10) can be

simplified as

e/ds QieL 0 ﬁd@ eWpM gCOSég')
&0 J (4.2
g’qs ueO L, H a® euO a smgg’)

Accordingto Fig. 41, ygsis zero because the stator flux vedsoalignedwith ds-

axis. Henceigsin the second equation of (4.11) can be written as
1 .
=7V eSing (4.3)
LS
Substituting (4.2) into the electromagnetic torque expressiaB)(gives

/ sin
Te = § pnw (44)
2 L,
Equation(4.13) implies that the increase of torque is proportional to the increase
of the torque anglé&, at the constant stator flux magnitude. Hence, maximum torque

can be achieveal ty=90° [21].

T Saliency pole PMSMsdn this machineslqri b, and the torque equation as a

function of stator flux linkage and, can be obtained by solvirigs from (4.11)

as

i = 2yPM sin 9" [(Ldr -qur) (Ldr Lar)COSZyOI]I (4 5)

@ (Lqr - Ldr)Sin 2551/ * .
Substituting (4.14) into the first equation of1l@) gives:

iqs [Zy PMLquIn 91 -I H/(L qr I:dr) Sin 2 yd (46)

2|‘dr I—qr
Then, the electromagnetic torque can be written as
T :§ pn ;?|J7S| yPM Sin )d lJ75|2 (Lqr - Ldr) Sin 2{;7 : (47)

¢ 2 L 2L, Ly \

qr

@D
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Equation (4.16) involvetwo terms: the PM torque and the reluctance torque due
to rotor saliency. The stator voltage of the symmetrical PMSMs in statidhéry
reference frame can be calculated using the following complex vector expri@sgjon
[38], [21], [164]:

. dy .
V., === R, 4.8
dt s (48)

S

wheret =vi+jvp is the stator voltage =iu+ji p Stator current.

On the other hand, the stator flux linkage can be estimated by utilizing either
current modebased on (4.18)38], [21], or voltagemodel based on (4.19) §E65]

[166]:
)
iy Ve
Vslb »6‘ { _>d's
lb @ ¥e equ. )
(4.22)- P>y s|
(4.23)
> Te
——
Fig. 42 Adaptive stator flux estimator.
ys - le s +I/r' (4.9
E=fv. -Riydt ¥, (4.19)

whereys=y o+ j pgtatorflux linkage y= ywe! 9 the flux produced by the rotor, and
yro is the initial rotor flux. In Practice, the retiine integration in (4.19) is usually
replaced by the transfer function of tbevpasdilter (LPF) [167]. However, when the
system fundamental frequency is below the-aftit frequency, the estimator
performance will degrade if the conventional LPF with fixedaftifrequency §¢) is
employed. Veryow cutoff frequency should mitigate this grem, but the dynamic
performance will deteriorate. Therefore, an adaptive structure has been introduced
[165], [166]. Fig. 42 showsthe schematic diagram of the atap stator flux estimator,
the cutoff frequency varying according to the fundamental frequencyxiees, O ¥,
wherep is usually chosehetween 0.1 and 0[265], [166]. The synchronous frequency

¥scanbe calculateds
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W:ya(vb- Fi'l -y(y a&i)
) i+,

The stator flux magnitude, positiomad the electromagnetictorque in the

(4.20)

stationaryU Brame carbecalculatedas

bE =JY *+5 (4.21)

= &,

CE = atan§/— (4.22)

T, =1.5p, Im{y ..i }

o _ _ (4.23)
=15, Im{(y, iy, .G, 1 )} 1&.(yi, , ¥ )

O

> o

Fig. 43 Relationship betweenifterent quantities in different reference frames

4.2.2.Torque and flux control

From equation (4.13), assuming the magnitude of the statondjuandtherotor

PM flux ypu are constanfghenthe torquele canbe regulatedby controlling the torque
argle Uy. At steadystate andconstantorque conditionst is constant corresponding

to the machine loatbrque TL), whereas the stator and rotor flux vectors rotate at the
synchronous speed. On the other hand, during the dynamic or transient condlitions,
varies,and the stator and rotor flux vectors rotate at different speeds. The positive
torque is always satisfied when the torque angle is within the range o <" [22)].

In (4.13), if the voltage drop acrosststaresistancés omitted the stator flux vector

¥, canbe controlled by adjusting therminal voltagerectors, which causes the change

in Uy. Assuming there is a sliglehangein the stator flux vector, the new reference
stator flux becomeg |4, and the torque angle haslightc h a n g & asismowrgin
Fig. 43. Then, the errathatpresents in the torque expression can be represented as
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V.

YeuSiNO g+ ¥ |V | Vousin( 0) (4.24)
L L '

S S

DT, =T, T, 1;5an

It is worth mentioning thatthe el at i onshi p betWwandthe t he t or
change of i{y®noglinear. Thargjoreghedpgulator is usually employed
inthetorqueclosetH oop t o obtain tl)®maomizetthe steadyv ar i at i

state error between the reface and the actual torque val{@g], [39], [40].

Udc
¥s|
V¢
Reference —U> Sa
Voltage
Vector \VA SVM - A’f&
calculation —b> o
. _J
YWY
sl ds | Is
( N\ .
Torque & |
Flux -4 abc
estimation

Fig. 44 Block diagram of the conventional cascaded ES\IM strategy.

Reference
Flux

Calculation

Fig. 45 Block diagram of the RVV calculation.

Fig. 44 shows the block diagram of the conventional cascaded-BVK
strategy. The torque error sigmgle is deliveredo the PI controller, which determines
the change of torque angigl. Then, using this signal together with the information
about the reference and actual stator flux magnitudes, the statgofiittonds, and
the measured statocurrert is, the RVV easily obtained in thiandamental stator
coordinatedd bas shown irFig. 45. Afterward, the RVV is delivered to the SVM,
which generates the switching sign&ls: for the VSI.
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Based on the change of the torquelangl, the reference stator flux magnitude
lys | and stator flux vector positioth, the reference flux components andys are

calculated as

ok
¥
ok
Y5

V.=
2%

cos(Dg +)

4.2
sin(D¢g +X (429

At constanflux operation region, the stator flux reference magnitadsgual to
the PM flux,|ys |= yem. The stator flux reference components are compared with the

estimated values given by

Y 2 =|¥|cos( g

426
v, =|7/sin( @ (429

Moreover, the voltage commands in the statiotafyeference frame can be

presented as

vi=ip #ats wp R

TS TS
* . *- . D
V=1 R @ F RS 41-11

S

(4.27)

whereTsis the sampling time. Furthermore, the next two sections present a method for
designing the torque and flux control lod@63], [168], [18].
4.2.2.1. Stator flux control loop

The flux control loogs basedn the voltage equations given in (4.27). Taking

the Laplace transformation, the equations (4.27eaexpresseds:

V.= Ry,

T 4.28)
V=1 Ry

It corresponds to thélux model of the PMSM machine represented in the

stationaryU breference frame as depictedriiy. 486.
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ioRS Flux model of PMSN
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Fig. 46 Flux model of PMSM in stator coordinate.

Flux Control Flux model of PMSM

Fig. 47 Flux control loop in stationary) reference frame.

Fig. 47 shows the block diagram of the flux components, and the P controller
is a proportional gain, which cdre obtainedy considering the following
assumption:
1 The change in the torque angj#, is zero, which means that the torqaenot
produced
1 The rotor and stator flux vector positions are equal to zerodied,=0, which
corresponds to theas when those two vectors lie along thaxis.
In this manne, the stator flux reference magnituge |=y o can be controlled by
the stator voltage component|vs |, when the voltage drop across stator resistances

is neglectedTherefore, the flux control loop can be simplified as showFign4 8.
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VH=|Vs |

Vs Yo ayo
» P | > > Yo
PMSM

Vp =0 Model
Yo —> 7

Fig. 48 Simplified flux control loop in stationaty eference frame.

The equivalent representationfa§. 48 in sdomain is shown ifrig. 49, where
Cy(9) is the transfer function (TF) of the proportionatdhtroller, which is given by:

C(9=K, (4.29)

P Controller Control plant
Vs FY iy IY ol
o

Fig. 49 Block diagram othe dynamidlux controller.

The TFs between the statouxl magnitudelys |= yo and the stator voltage

magnitudgvs| canbewritten as

G, (s) = bl\;|| = (4.30)

Then, the closetbop TF of the system can be expressed as

C,(96G
G, o (9)= -5 619 (4.31)
Substituting the TF oy (s) andGy(s) into (431) gives
al ¢
K It
by 9 K
G, c(9)= 8%01 = (432)
14K, a 8 s+K,,
gg 0

4.2.2.2. Torque control loop

The torque controloop is shownin Fig. 4.10. From the equations (4.25) and

(4.26), the stator flux errors in the stationBrfframe can be expressed as:
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Reference
Flux
Calculation

Fig. 4.10 Torque control loop with Pl regulator.

cos(g + P | 4 sos(;
sin( g + D | "4sin(,)

Dy, 3V

» (4.33
Dy, 3V

Assuming that for small changes @i, the iy @ 1 andsin (gaiy)a d, and

hence, equations (4.33) can be simplified as

Osin( (Y
Bos( )

To design the torque loop PI controlléne following assumptions have be

Dy, 3%

» (4.39)
Dy, V.

considered

1 The rotor and stator flux vector positions are equal to zerogdied,=0, which

corresponds to th&ituation where those two flux vectors lie along thexis;

1 Statorflux reference magnitude and PM flux are equal, liyk(:frb Y

1 Statorresistancés neglected
Thus, the error of stator fluxes in stationgrgreference frame can be expressed as

Dy, 0

(4.35)
Dy, =Vem DOy
While thereference stator voltages are:
v, =0
. (4.36)
Vb = D aj<p J
Furtherbecause of/, =| V. |, and with substitutingf (4.35), equation (4.36) becomes:
\7; :y PM Wpr (437)
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Then the TF Cy) between stator voltageagnitude‘vg‘ and the change of

torque anglepl, can be expressed as:

v
Cdy (9= Dq’/ :Kp Py (4.39)
Pl controller

Fig. 411 Block diagram of the torque control loop representeddorsain.

Fig. 411 showsthe equivalent block diagram of the torque control Idegcribed
in ssdomain. Moreover, thplant TF can be derived from the stator voltage equation
(4.5) and the electromagnetic torque produced in SPMSM. Sinceeldtgonship

between the load and the electromagnetic torque is:
1

r 14(=3CF e TV (4.39)
and the torque angle can be calculated as:

d, = g-p, ., (4.40)
Taking the differentiation of (4.4Q canbe writtenas:

rg= ragp, ., (440

rpI: Jy’/_pn mW - yVV: yfﬂ#m (442)

where] is a derivative operatofrrom the current equation (4.12) and under the
assumption of small angten (Ty)=Uy, the torque angle can be written as
— iqSLS
d, = (443
yPM

Substituting equations (4.42) and (4.43) into the second voltage equation (4.5)

one can obtain
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. N L w
Vee = Riige ¥ 1(y—s O, Pty (4.44)

PM

Taking the differentiation of the aboeguationgives

A .
Mg =R figg + f—— Or,; p§ (4.45)

Y em

From (4.12) and (43), the relationship between current and torque inghaxis is
Igs=(2Te/3mY s), substitutinggsand equation (4.39) at zero load torque into (4gh®s

R 1o or, B

IV = > o (4.46)
‘ 3pn Lvs| 3pn)/PM ‘J
Taking the Laplace transformation of (4.46) with some arrangeyiedds
sy =T 2 ¢ 4 R BV (447)

3pem 3R J

Then, theplant TF between he ds-axis voltage and electromagnetic torque can be

written as
G ()=t 4 DuS (4.48)
Ve S + B.s +C
3P, 3PZ o .
whereAr = PZE:M, Br.= F;Z;SM, andCr_= %‘:LM. Substituting machine parameters

givenin Chapterl, one obtainsAre=43.63,Bre=146andCre=1214 Hence, the
torque opedoop control TF can be written as

GrLa(s)=C (9 G, (3 G} (4.49)

whereCre (S) is the TF of the standard PI controller given by

Cp(g)=—&—"= (4.50)

The PI controller parameters care obtainedusing eitherSISO tool of the
MATLAB or online tuning in realtime system operatiorf-urthermore, the torque

closedloop control TF inFig. 411is given by:
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T(9 GO (3 G}

(9= 2 . 451
Celd71 (9 Tre(3 6 (3 @ (459
Substituting the TF o€, (s) andC; (9)Ginto equation (4.51) yields
& K, ©
KPnyMAreKm;?-" K ) 8
G (9= SR N (452)
¢ sS+(B K A)s (G, K A)

4.3.Proposed Cascaded DTESVM Strategy for Unbalanced
PMSM

4.3.1.Machine behavior unde unbalanced conditions

As discussed ihapter3, the positive and negative sequence comporexigs
under unbalanced conditions, which result in the rise of the second order torque and
flux harmonics if the conventional cascaded D3ECM strategy is emplyed
Assumingthere is no zero sequence., Y-connection with floating neutral point, the
electrical machinequantitiescan be expressedn terms oftheir positive/negative

sequence componentsthre stationary) reference framas[56], [83], [146]:
_ j (wgt+, i
Foo=F ap F w0 Edqslaj(w ) Fa € e, (4.53

where (i and (. are the initial phase shifEig. 412(a) illustrates the relationship
between different wantities under unbalanced conditions represented in the positive
dgs, negativedgs, and stationary) ireference frames. tianbe seerhat the positive

and negative voltage vectors rotatecircular trajectoriesbut in opposite directions
with angular frequencies of ®¥s. The combinationof these two voltage vectors
producedan ellipsetrajectory which describes the unbalanced situation as depicted in
Fig. 412(b). The current and stator flux can be rewritten in terms of their
positive/negative sequence components referred to the pakjsveeference frame as

T ia 'ij oy _4+_ - 2ug

qus = dgs- I=dqs+ I d(% - (4.546.)

dgs

P V1AL

ydqs = I/dqs +j/dq5, EJéqs,+ o q§. (4.54b)
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In (4.54), the negative sequence componbetsaveas an AC pulsating at the
frequencyof 2¥s in the fundamental stator flusgs reference frameTaking into
consideration the positive and negative sequence componentfrdjue canbe
expresse@ds

K\ d/kds"

(a) Phasor diagram (b) Space voltage vectors trajectori

Fig. 412 Relationship between different quantities in diffenefieérence

frames under unbalanced conditions.

T, =1.5p, IM{ i iat 2.5p [T 4T gsin(2my) F ,c08(2 ut,)] (4559

(J/ :jrs+ Qs+ yqs + dsQ yds q/qs I _dl
esZ (y ds QS+ y'-qs 1 Q yds + ds C)/qs I :ql (455b)
(J/ ds Qs+ yqs I da Q yds + gs ) - qs I +d}

Equation (4.55) comprises of one direct té@iggcorrelated with equdlarmonic
sequence products, and two pulsatbegms i.e., "Yes2 and “Yecz, at twice of the
fundamental frequency¥2 produced by unequal harmonic sequence prod86s
[43], [160], [161], [130]. These two terms anesponsible for thexistenceof the
second order torque harmonin.a conventional cascaded DISYM, single voltage
vector in the positivegs reference frame is applied. This structure fails to ach@mve
torque/flux ripples for unbalanced machin&s. mitigate this problema modified,
cascaded DTEGVM structure has been presented by employing two compensation
models,of which the first one (as will be explained in section 84.3s3pasedon
generatng the positive and negative RV\sdividually and then combining them

together to produce the modified RVV as showfim 413.
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equ. (15b),(17b)
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Adaptive stator
|¥—Si| flux estimator with
SCE

Fig. 413 Proposed cascaded DI®/M strategy.

4.3.2.Sequential component®xtraction

Under balanced conditions, the instantaneous current and flux linkbgexime
are equal in magnitude and displacement Byf@in those inb frame, i.e.,y¥d=N |
and idg=js|. Hence, thereare no negative sequence components. However, under
unbalanced conditions, they will vary in magnituaded/orphase shift, which leath
the emergence of negative sequence compof&3jt4146]. Therefore, the sequential
componentgxtractor (SCE) has been used to obtain the positive and negative sequence
components of the curreand flux in the) eference framdt is baseanthe principle
of signal delay, by adding or subtracting the #t@ak signas and thesignak delayed
by a quarter of the fundamental periodhich is mathematically describeab follows
[146], [169]:

3 o

X, (0 == ex 0 xg@ Sw §
¢ i (4563

_ a, p o

% 0=5 600 w g Zu §

3 o

% =560 wg 2w §
¢ i (456

lée 3 o

X, () == exb(t) X & %ng

Factorx refers to current or flux variable¥he phase shift delay by 9% an

interesting target, and therefore, many researchers tiaded obtain the easiest and
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most effective way to achieve such a delay under variable frequency. Some effort such
as all pass filter, adaptive notch filter (ANR)70], and second order generalized filter
[146], [169] have alreadyeen developed in the past few yednsthis chapter, an
algorithm using MATLAB sfunction has been written based on the concept of the
variable integer sampling delay as described 1i].

Fig. 414 shows the schematic diagram of the SCE and its performance, the
unbalanced conditions ifrig. 414 are createdby connecting extra resistance
(Rex=200%R,) in series wih phase. The stator current and flux behaviarshout/with
considering the effect d%xare shownn Fig. 414(b) andFig. 414(c), respectively. It
can be seen that wh&axis connected, the negati sequence components of flux and
current are significantly increased due to unbalahige,414(b) andFig. 414(c) att
>0.5. The transient time consumed in SCE is relatively small due to the faat dig
signals processing when creating th& pbase shift. It is worth mentioning that the
negative sequence components of both current and flux without additional resistance,
i.e., t<0.5, is not equal taero since the motor under test has a slightly rehe
unbalanced baeEMF caused by designing process, further discussion can be found in
section84.4.2.

(a) Schematic diagram of SCE
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Fig. 414 Performance of SCE without/with adding extesistance.

4.3.3.Positive and negative RVVs generation

As the sequential componeraie obtainedthe positive and negative RVVs can

be calculated individually by predicting the stator flux vector variation in each sampling
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interval Thischangecanbe desdbed as the difference between the expectation and
current values of the stator flux in the next cycle, which banmathematically

expresseas



Dy 3¥'|cos( O #y| sleos(, 4573
Dy, 3%'[sin( Oy #g| ssin(,)

Dy. 3y |cos( -g ¥

. (457h)
Dy, 3% |sin( -g *

where? is the phase shift compensation angle between the stator flux and voltage
vectors in the stationany freference framey 9Q°, lys"| is the stator flux reference
and can be obtained from the reference torque based on the principle of maximum
torque perampere (MTPA) to promote the system efficiefdd], [172]. Usually, for

surfacemounted PMSM with_gq =Lq= Ls, the stator fluxreference trajectory can be

obtained online using motor parametdrs ffn, andy pv) as

(458)

4
S

N e el

_ 2 a LSTE*
- (yPM) "88§
C2 P pm

Although the variations ofmotor parameters may affect the performance of
MTPA, a comprehensive discussion regarding this issue can be fo{dl,ifil72].
Afterward, the modified RVV is computed by combining bgibsitiveand negative

RVVs as follows:

L D‘>+ e

v :-%Qi R, (4599
* D ) -

v;:-%i-ﬂig (4.59h)

T

V=V, W, (4.59¢)

4.3.4.Torque ripple minimization

For further torque ripple reduction, the PIR controller tuning at twice of the
fundamental frequency has been used instestdnélardP| regulatof77], [151], [173].
This modification provides high gain at the selected resonant frequency, which can
sufficiently minimize the ® harmonic of the torque signal and improve the stesidie
error[77], [174]. The ideal Reontroller transfer function cdre expresseth ssdomain

as

—_ Kr S
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whereK; is the resonant gain that provides infinite gain at the desired frequency,
refers to the selected harmonic order to be regulated. Practiballgsonant controller

is usually implemented by using nafeal R controllerto avoid stability problem
associated with an infinite ggib51], [175], [176], which can be expressed by the given
transfer function:

2K, s
s +2w,s {hy)’
—_

Gn(9)

Gg,(S)= (461
Expression (4.61) provides a fingainbut is still relatively high for enforcing a
small steadhstate error and good tracking for the selected harmonics. Anotherefeatu
can beobtainedusing the nondeal R controller is that the bandwidth can be widened
by properlyadjustingyc [95], [177]. The sensitivity and stability of the R regulator
have been verified tloeetically in[77]. Since the resonant frequency is variable, the
transfer function of (4.60) can be implemented by decomposition theGggninto
two integratorg[158], [178] as shown inFig. 415. Further analysis and discussion
regarding the improvement of frequency accuracy and stability margin for digital
resonant controllers, by performing delay compensation and pole correction, is also
available i178], [179]. In this thesis, the structure without delay compensation is used
since the magnitude of the compensation harmonic is low. The complete transfer
function of the PIR contré@r is given by:

K 2K
Gor(s)=Kp : + rateS 2
s s +2u,s {hw)

Gn(9)

(4.62)

whereKp andK; are the proportional and integral gains of the classiefulator. The
input frequencyss is obtainedin the realtime from the stator flux positiods, the
dominated torque harmoniclis-2, and the cubff frequency is chosen as=%+200

while the resonant gain is set to be the same as the integral gain of the PI[t@8jrol

> y(t)

Fig. 415 Simulation model of the resonant controller.

110



TABLE 4.1 CONTROLLER PARAMETERS
Torque loop regulato| Kp1e=0.061 Kite=5.32 Ki2=5.32 | ¥co= ¥5200
Speed loop regulator] Kp =0.00012 | K, =0.0014

Switching frequency | fsw= 5kHz

Sampling frequency | fs= 10kHz
DC-Link voltage 38V

Inverter Dead time | Tp= 5us

4.4.Experimental Verification

Theexperimentatestsare conductedn balanced (with the possibility of manual
conversion taunbalancefithreephase sdacemounted PM synchronous motor. The
information regarding hardwarsoftware,and test ricare discusseith Chapter2. The

controller parameterare listedn Table4.1.

4.4.1.Compensation under steadystate conditions

As aforementioned ifChapter2, the moto under test haa slightly inherent
unbalanced bacEMF due to thenanufacturingprocess, which appears in the spectrum
analysis of the threphase baclEMF given in Table 4.2 (symmetrical38]. The
influence of this unbalaed backEMF isslight, which carbe neglectedand the motor
canbe regardedsa symmetricaimachine.

On the other hand, to investigate the proposed strategy under realistic unbalanced
conditionsthe asymmetry hdseen createnh different phases by aoidy extra winding
( & 1 0)%MNo phasewas shown inFig. 416. The measured impedance of the
additional winding iZext= Rexst Lexi= 0 . 098 q + 0. 102 mH.

Moreover, a resistance Bfx=100%Rs has been deliberately connected ireser
with phasea. These modifications increased the influence of unbalancedHid€kas
shown in the spectrum analysis presented in TableuhBalancell Therefore, all
experimental results are carried out based on this assumption.

Under steady state,@lmotor is driven at eonstantorque ofTe=0.25 Nm, where the
amplitude of the demand phase currentaigd 1 . 9Thefstator flux referencés
obtainedaccording to (4.58)Then, three operating modes are employed, whiclbean

definedas follows:
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Fig. 416 Additionalwinding placement.

TABLE 4.2 PHASE BACK-EMF HARMONICS (V) AT 1500RPM

Phases | Fundamental| 2" 3 5th 7th
A 14516 | 0.412 | 0.048 | 0.318 | 0.197
Balanced B 14.2880 | 0.321 | 0.212 | 0.2483| 0.186
C 153256 | 0.422 | 0.264 | 0.220 | 0.247
A 16.423 | 0421 | 0.132 | 0.201 | 0.192
Unbalanced ——5 14825 | 0312 | 0.101 | 0335 | 0.187
C 15.80 | 0.262 | 0.171 | 0.221 | 0.200

Mode[1] without compensation, i.e., conventional cascaded {SVM.

Mode[2] compensation using positive and negative RVV, while keeps the classic

Pl-regulator.
1 Mode[3] combines betweeNode[2] and employing PIR instead ofassicPI-

regulator.

Fig. 417 showsthe experimental results of torque and flux and their spectrum

analysis under different moddscan be seen that thé*harmonicsn both torque and
flux are the most dominated under Mdd¢ while it can be reduced by 50% in torque
signal and 60% in flux signal when using Mode [2] due to the use of modified RVV.
Consequently, the best results can be obtained when using Mode BT tlaemonic
torque is reduced by 90%, while the effect omfilux is negligible Fig. 417(b), since
the fluxis controlledn an operoop fashion and independent of torque loop. It is worth
mentioning that the-harmonic appears in both torque and flux linkage due to the
correlating ® unequal sequence product of flux and current signals. Nevertheless, this

harmonic is also reduced because of the compensat®3f fiirmonic.
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(b) Spectrum analysis
Fig. 417 Steadystate perfonance withwithoutcompensation.

Furthermore, the currentsehaviorsin the U b and abcreference frames are
depicted inFig. 418(a) andFig. 418(b), respectively. The total harmonic distortion
(THD) of phasea current under Mode [1] is 4.88% and becomes 1.81% with Mode [3],
which meansuch asymmetric machine can achieve balanced cuiiemever, the
unbalanced in the demand voltage is increased under Mode [2] and Mode [3] compared
with Mode [1] as Bown inFig. 419 since it is impossible to achieve balanced current
and voltage simultaneously for such asymmetric mach2&jsNoreover, thevoltage
trajectory angle is modified with compensation, Mode [3], compared without

compensation. This correction is due to the PIR controller, which reducestietiay
stateerror.
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Current (A)

Time (s)

(a) Currents inlb frame

(b) Threephase currentisinc

Fig. 418 Currentbehaviourswith/without compensation.
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