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ABSTRACT

Permanent magnet synchronous machim&e drawn much research attention in recent
years due toheir superiorities ortorquedensity, efficiencyandpower factoretc Meanwhile,
the open winding topology can enable the machiteeobtain higher DC bus voltage
utilization ratio, better fault tolerant capability and higher torque output. Hencegdbarch
on open winding permanent magnet synchronous mahiae increased recently. In this
thesis, the open winding permanent magnet synchronous machine ae&sidiedwith
particular reference to zero sequence.

Firstly, the open winding permanentagnet synchronous machine drives having common
DC bus suffer from the zero sequence circulating current issue, which irsctieadesses
and torque ripple The mechanism analysis of the zero sequence circulating current is
thereforepresented The integated model isestablishedand the influences of the cross
coupling voltages in zero sequence and the parasitic effects in inverter nonlinearity are firstly
identified. Moreover, two suppression strategies are subsequently proposed, which include
the modebased and nemodel based methods. The amodel based method is constructed
on the frequency adaptive proportional resonant contralierhas fast dynamic. The non
model based method is based on the extremum seeking algaritthhas better generality
for different machinesSecondly, the zero sequence is also utilized to improve the torque
performance of the open winding permanent magnet synchronous machine. The zero
sequence current injection is adopted to enhance the average torque component af the ope
winding permanent magnet synchronous machine where the zero sequence back electro
motive force is used. Also, the shifted zero sequence current injection can be used for torque
ripple reduction. The proposed torque ripple reduction method reduces tHeidtan
requirement of the current controller fr@rimesof the fundamental frequendy 3 times of
it. Thirdly, the zero sequence characteristics are developed for the sensomteskas well.
Two zero sequence back eleetnotive force based methods have been proposed, which
have higher robustness and fmarametric advantagerespectively. The zero sequence
saliency information together with the zero sequence high frequeoktgge injection
sensorless method is also proposed for the zero and low speed operating region that is not
applicable for the back electrootive force based methods.

Finally, the proposed analgs and methods are all validated \l@e laboratory open
winding permanent magnet synchronous machine drive systentseshdlimensional finite

element analys.
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NOMENCLATURE

Third harmonic flux density (T)
Amplitude of thefundamental back EMF (V)
Phase A back EMF (V)
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Rotational inertia (kgmp
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Resonant coefficient
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Amplification factor of inverter
Winding factor for third harmonic back EMF
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Three phase stator inductance matrix (H)
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DC component of the arbitrary phase salfuctance (H)
Amplitude of the second harmonic of the salfuctance (H)
DC component of mutuahductance between any two phases (
Amplitude of the second harmonic of the mutual inductance (
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Phase resistance (¢
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Zero vector time (S)
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CHAPTER 1 GENERAL INTRODUCTION

1.1 Introduction

The permanent magnet synchronous machines (PMSMs) have been widely used in various
industrial applications, such as industrial automation [ELR10], electrical vehicles [CHA96],
wind power generation [HAQ10], machine tools [LIU12] and household appliances
[ZHAOL17]. Fig. 1.1 shows the Toyota Prius drive unit including the motor, the generator and
the drive. Fig. 1.2 shows the Siemé@&\W wind turbine direct drive permanent magnet (PM)
generator. The development of the PMSMs is in company with the PM mat&helsare

earth PM materials which have high remanence, high coercivity, high magnetic energy
product and linear demagnetization curve [HEN10] enables the PMSM research to enter into
a new stage. The PMSMs are therefore extensively investigated and adopted
aforementioned applications. The advantages of the PMSMs include high efficiency, high
torque density, and high power factor [HEN10]. Hence, the drive technology is also very
important for these applications. With the development of the poweraiad, the inverter
based drives are broadly used in different areas. Many advanced control algorithms [BLA72]
[BAY72] [FRE96] [ZHO97] [JAH87] [KIM13] [WALO7] [MOR90] [JUN13] are proposed

and adopted. New drive topologies [WELO03] with associated advantdge emerge. In this
thesis, one of the new promising drive topologies named as open winding (OW) is thoroughly

investigated with the particular reference to the zero sequence.

Fig. 1.1 yota Prius 201CFig. 1.2 Siemen8MW wind turbine direct drive PM genera
PMSM lamination [WEBD]. [WEBC].
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1.2PMSM Topologies and Mathematical Model
1.2.1PMSM Topologies

As for the PMSMs, the geometry structure can be various. Meanwhile, different PMSM
topologies could also have different characteristics spadifi suitable for different
applications. In general, the PMSMs can be categorised into two types, namely, the surface
mounted PMSM (SMPMSM) and the interior PMSM (IPMSM) [HEN10]. Fig. 1.3 shows
two examples of the PMSM rotor have 2 pole pairs. Fig(d)3hows the SMPMSM and

Fig. 1.3 (b) shows the IPMSM. The SRMSM is popularly used for the servo system due to

its low torque ripple performance and small inductance which is good for fast current control
[SLE94]. The IPMSMs are nowadays arising attésts to replace part of the SRMSM
applications [WEBa]. The IPMSM has saliency which could produce extra reluctance torque
via proper control. Meanwhile, the consumption of the PM material of the IPMSM is lower
than that of SMPMSM which is also favourdé. Moreover, the winding configuration of the
PMSM can be either distributed or concentrated winding. The distributed winding is naturally
used and developed from the induction machine for PMSM. Recently, the concentrated
winding [ISHO6] becomes more attive due to the shorter end winding, ease of

manufacture and potential fault tolerant capability.

N

N

(a) (b)
Fig. 1.3 Two typical PMSM rotor structures. (a) SMWISM. (b) IPMSM.
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1.22 PMSM Mathematical Model

The mathematical models for the SMASM and IPMSM mainly differ on the saliency. Due

to the geometrical asymmetry in the equivalent magnetic patlts fordg-axes in IPMSM,

the d- andg-axis inductances are different in the IPMSM. The general PMSM mattoain

model is usually expressed in the synchronous coordinate asd g-axes. Thed-axis is
aligned with the north pole of the PM. The physical three phase system can be transformed

into the synchronous coordinate. The projection is shown in Fig. 1.4.

Fig. 1.4 Projection of three phase coordinate to synchronous coordinate.

In general, the voltage equations of PMSM can be expressed as

i Y

U, = &Iq -l? W 4 (1.1)
_ni Wy

Uy = &Id dt Weyq (12)

whereuy andug ared- andg-axis voltages, respectivelig is the phase resistanag,andig

represent thd- andg-axis currents, respectively, is the electrical angular speed and
Y=L, (1.3)

Ya=Lis % (1.4)
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whereLq andLq ared- andg-axis inductances, respectively, angh is the PM fluxlinkage.
Usually,Lq is smaller thar.q which is due to the larger magnetic reluctance-axis, namely,

larger equivalent air gap.

The torque equation can be expressed as
T.= /Y g €Ly EQid] (1.5)

wherep is the pole pairs. The torque is contributed from the PM torque and the reluctance
torque components. If the SFMSM has less saturation effect draxis, the saliency is

negligible and there will be n@luctance torque.

The mechanical motion equation can be represented as

7,235 R, WE (L.6)

whereJi s the rotational Rypsthetesisitance qoefiicient dfifises r ot o
the load torque.

1.3 Conventional PMSM Drives
1.3.1 General Framework

The conventional PMSM drives consist of pulse width modulation (PWM) strategy, control
algorithm and inverter topology. Many PWM strategies [HOL03] [BRO88] have been
developed to modulatthe output of the inverter, of which, the most popular one is the space
vector (SV) PWM (SVPWM) [BRO88] [HOLO3]. Meanwhile, the three phase half bridge
inverter is commonly used for the medium and low power drives. Fig. 1.5 shows the typical
control diagam of the PMSM drives. The current sampling and position sensor are normally
required for the closed loop control. The control reference signal can be either speed or
torque, which is depending on the application. Meanwhile, the major high performance
cortrol algorithms are field oriented control (FOC) [BLA72] [BAY72] and direct torque
control (DTC) [FRE96] [ZHO97] which will be introduced in Sections 1.3.3 and 1.3.4,
respectively.

15



’—‘ Udc
}—‘ PMSM

Control Referencs Py
Signal Control PWM _I 4 '
Algorithm Strategy

4+ 4 Inverter
Current Feedback

Rotor Position Feedback

Inverter

Fig. 1.5 Typical control diagram of the PMSViwets.

1.3.2 Principle of SVPWM

The SVPWM is realized via the combination of the nearest two SVs in the identified sector
and two zero vectors. The SV diagram is shown in Fig. 1.6. The zero vectors can be inserted
into the vector sequence. When differemsarting patterns are adopted, different types of
SVPWM are obtained. Consequently, the switching loss and spectrum distribution are
different. The common forms include the continues PWM, symmetrical PWM, third
harmonic injection PWM and discontinues PWEHO02].

u_ (010) | u,, (110)

120

u. (011)

180

Vl V5
u_(001) u._ (101)

240 300

Fig. 1.6 SV diagram.
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Meanwhile, the modulation time of the nearest vectors in the selected sector can be calculated

as Table 1.1. Hence, the zero vector time can also be determined.

Table 1.1 Calculation of modulatidime

Sector Modulation Time Sector Modulation Time
(\/_ sbref aref) (\/§ sbref aref)
I Il
3T
(\/_ sb ref -BVS aref) T4 L Vsb ref
VDC
T
T4 =a N saref —\/évs bref) T3 @ Vsb ref
Dc Vi
1] \ET v -
Te = Vopre L=— 3Vsare —\/évs re )
° VDC oret ' 2\/DC f el
3T
T2 = L sbref (\/§ sbref aref)
VDC
\ VI T
(\/§ sbref saref) T5 2\/ saref _\Evs bref)
DC

1.3.3 Field Oriented Control (FOC) [BLA72] [BAY72]

Fig. 1.7 shows the classical FOC system for PMSM. In the diagram, the SVPWM is adopted
due to its higher DC bus utilization ratio. The voltage reference signals are generated from

two proportional integral (PI) current contiesls. Thei;, =0 control is applied which results

in no reluctance torque and theaxis current reference signal is directly proportional to the

generated torque. Thepaxis current reference is from the speed PI controller. The current

feedback signals can be transformed intodhandg-axes and then after the low pass filter

(LPF) to be used for feedback. The speed feedback is the differential of the positionifsignal.

necessary, the LPF can also be used for this signal. The FOC enables a linearized control for

PMSM.
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Fig 1.7 Diagram of FOC.

1.3.4 Direct Torque Control (DTC) [FRE96] [ZHO97] [TAK86] [DEP88]

A classical DTC PMSM drives diagm is shown in Fig. 1.8. Two hysteresis comparators are
adopted to control the deviations of the stator-flakage and torque components. The stator
flux-linkage is not only decided by the PM fHirkage but also the armature reaction flux

linkage as

yI=\V % ) (L) .7

The amplitude of the stator flehnkage might not be constant if the optimized torque control
is applied, such as MTPA, which is relevant toithendi,.

Udc
* A
£:O—> ! | ’—‘ }—‘ PMSM
} 0 Dy A

Flux-linkage Voltage Uq,
Estimation Reconstructiof

Y a [y
yd yq
Yyy i * i
s a1\ab a
Torque

Estimation iq I

dqg

»| Switching
» SV Table
_I_* + T_l;l DT

'S 4 S,

YYYVYYY

\L
Y

i
=

9,

A

A

A
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Fig. 1.8 Diagram of DTC [ZHO97].

1.3.5 Other Control Algorithms

Based on the classical control algorithms including FOC and DTC, several kinds of other
control algorithms with specific features have also been broadly investigated, which have
also formed independent research branches. The major control algorithmse ifloid
weakening control [JAH87] [MOR90] [SON96], maximum torque per ampere (MTPA)
control [KIM13] [JUN13] and sensorless control [CHEO3] [COR98] [YOO11]. Meanwhile,
the parameter identification algorithm [WAN14], fault tolerant control [WALO7] and modern
control theory employments, such as artificial neural network [RAH98], predictive control
[PRE13], particle swarm optimization [LIU13], fuzzy control [LI09], etc, are also studied

widely.

The fluxweakening control consists of the feedforward [MOR90] aseblback methods
[SON96]. Figs. 1.9 (a) and (b) show the feedforward and feedback methods, respectively.
The feedforward method is of fast dynamic performance but requires the machine parameters.
Additionally, the nonlinear effect such as the saturationtangberature variation cannot be
included in the conventional feedforward method. The feedback method has better generality
but slower dynamic when compared to the feedforward method. Therefore, to overcome the
drawbacks of the feedforward or feedback rodththe improved methods are still under

development.
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Fig. 1.9 Diagrams of fluxveakening control. (a) Feedforward method. (b) Feedback method.

A

A

The MTPA control is researched to maximize tingjue with lowest copper loss. The MTPA
control includes the feedforward [JUN13] and adaptive methods [KIM13]. The feedforward
method is similar to the feedforward method for flugakening control. The machine
parameters are necessary to be used fouleding the proped-axis current reference signal.

The lookup-table (LUT) or regression function can be used to implement the feedforward
method. Fig. 1.10 (a) shows a feedforward method for MTPA control [JUN13]. On the other
hand, the adaptive MTPA nfetd is essentially perturbation based method. The searching
algorithms are usually adopted in the adaptive MTPA control. Fig. 1.10 (b) shows a high
frequency current injection based MTPA control whose mathematical theory is based on
extremum seeking [KIM1]3 The adaptive MTPA method is insensitive to the machine
parameter variation while the perturbation signal is contained in the currents which could

result in torque ripple and additional loss.
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Fig. 1.10 Diagrams of MTPA control. (a) Feedforward method. (b) Adaptive method.

The sensorless control is another popular research essential. To eliminate the position sensor
which is expensive, many methods have been proposed. In theory, the rsittwnpo
information can be contained in the back electro motive force (EMF) [CHEOQ3] [CHIO9] or
the saliency related machine parameters [COR98] [YOOL11]. The back EMF based methods
are usually developed based on thedinkage model or the back EMF modehd saliency

related parameters for the PMSM include the synchronous inductance and high frequency
resistance. The most common methods are based on the inductance saliency. While the eddy

current reflected high frequency resistance which also contains saliency can also be
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used. Fig. 1.11 (a) shows the back EMF based sensorless method using sliding mode observer
for IPMSM [CHEO3]. Fig. 1.11 (b) shows the high frequency square wave injection based
sensorless method relying on inductance saliency [YOO11].
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Fig. 1.11 Diagrams of two typical sensorless methods. (a) Sliding mode observer based

method. (b) High frequency square wave injection based method.
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1.4 Openwinding (OW)-PMSM Drives
1.4.1 OW-PMSM

The OWPMSM drives [ZHAL7] are investigated and improved in this thesis. The OW
PMSM is simply defined as Fig. 1.12. No matter for theonnected or deltaonnected
PMSM, the three phase windings of the PMSM can be disconnected and placece as thre
independent phase windings as shown in Fig. 1.12, which is driventndge for each
phase. Compared to thecdnnected or deltaonnected PMSM topology, the number of the
driven terminals increases from 3 to 6, namely, ntaltminal machine. As forhe OW

PMSM, the duainverter drives are utilized, which is essentially equivalent to teidte

driven topology. However, the concept is different since the control strategy can be easily
implemented based on duialerter structure. Meanwhile, more Xlble controllability can

be expected. Due to the independence of the phase winding, better fault tolerant capability
can also be obtained. Moreover, the zero sequence is essentially controllable for-the OW
PMSM, as a result, more stable torque performa&acebe achieved under fault mode. Since

the DC bus utilization ratio of the O\WMSM is much higher, the capability of the power
delivery for OWPMSM is higher as well. Moreover, according to the investigation in this
thesis, the OWPMSM also has specifisuperiority on sensorless control. However, the
increase of the switching device number and the induced circulating phenomenon are also
inevitable. Hence, the advantages and disadvantages of thENDBWM can be summarised

as Table 1.2.

Table 1.2 Advantage$ disadvantages of OWMSM

Advantages Disadvantages

U Higher DC bus utilization ratio

U Wider torquespeed curve covered regif
U Fault tolerant capability U Increaseof switching device numbe
U Higher power/torque delivery U Zero sequence circulating current
U Superiority on sensorless control

U Allow to use lower DC bus voltage
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1.4.2 Topologies ofOW-PMSM drives

The most common drive topology for GRRMSM is the common DC bus one which is
shown inFig. 1.13 [ZHA17]. Two voltage source inverters (VSIs) are connected to the six
terminals of the OWPMSM. The DC bus for these two inverters is the same one, which
makes the drive topology equivalent to threebrifigedriven structure for each phase
winding. In this topology, the equivalent zero sequence is no longer open circuit. The third
harmonic back EMF contained in the GF¥ISM and the zero sequence modulated voltage
from the inverter will consequently induce circulating current, which should be avoide
However, the zero sequence current is useful for the stable torque maintaining for the fault
tolerant control, which also requires this characteristic. Since each phase of tR&OW

is driven by an Fbridge, any phase current waveform shapes canrerafed independently,

which is different from the conventional single inverter driven structure.
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Fig. 1.13 OWPMSM drive with common DC bus.

Another drive topology for OWPMSM is the isolated DC bus one that is shown in Fit4 1
[KWAOQ7]. The dual inverter drive is supplied by two isolated DC sources and hence the zero
sequence is open circuit. The zero sequence circulating current can be consequently avoided.
Meanwhile, the multievel characteristic can be obtained as wejl.d8opting isolated DC
sources with different voltages (1:2), the migtrel phase voltage characteristic is obtained

in [SHIO1]. The current commutation of the isolated DC bus type is different from the
common DC bus one. Compared to the common DC bestba isolated DC bus supplies
increase the system complexity, cost and size. However, the DC bus utilization ratio is higher

and the zero sequence circulating current does not exist.
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Fig. 1.14 OWPMSM drive with isolated DCls.
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Fig. 1.15 shows the OWMSM drive with floating capacitor and single DC supply [KIMO4].

This topology equivalently forms open circuit for zero sequence. Hence, the zero sequence
circulating current is avoided as well. Meanwhile, the DC voltage ofltagirig capacitor

can be controlled to the suitable and optimal value as necessary to achievievallti
modulation on phase winding. The other isolated DC supply is not required but similar
benefits are still obtained. The power volume of the inverteapacitor side can be less than

the DC side since the power is not delivered via this inverter in capacitoHsidever, no

active power can be provided from the capacitor, sidech should be noticed
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Fig. 1.15 OWPMSM drive with floating capacitor and one DC supply.

Fig. 1.16 shows a dual three level CRWISM drive topology that has been used for OW
induction machine drives [KANO6]. Since the common DC bus is adopted, the zero sequence
circulating current should be taekl for this topology. Meanwhile, the middle point of the

DC bus capacitors is connected, the DC bus capacitor voltage balancing scheme needs to be
investigated as well. Similarly, a simplified dual five level OW drive is studied in [MONO7]
together with common mode voltage eliminatiotdowever, itshould be noticedthat the

power rating of the lower inverter is not reduced for this topology. From the perspective of

hardware cost, it is not as good as the topologies having reduced power rating capability.
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Fig. 1.16 Dual three level OWMSM drive.

[SOMO4]. This topology is proposed to replace the isolated DC bus one and still possess
higher DC busitilization ratio as the isolated DC bus one. When compared to the three level
topology, the additional bulky DC capacitor can be consequently avoided. The zero sequence

circulating current can be suppressed as well.
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In addition to the fully controlled OWMSM drives, Fig. 1.18 shows a halintrolled OW

PMSM converter for wind power generation [NIA14]. From the motor drive perspective, this
topology is not capableHowever, from the generator aspect, this topology is feasible.
Different from the full diode rectifier based converter, this topology provides additional
controllable degree of freedom which shows advance in power factor correction [ZHO16]. It
is a tradeoff between the conventional fully controlled topology and the diode rectifier based
topology. The inverter side can be a fraction of the rated power, which performs as the
compensation system by connecting to capacitor as the energy storage. Genesally, thi
topology can be a cost effective solution for specific application [PAN12]. Besides, another
topology shown in Fig. 1.19 has also been proposed in [YAN10] where the lower bridge
switch is the fully controlled one and the upper is the diode. Similany viitages and

currents are partially controlled in this topology.
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1.4.3 Summary of Current Research

The first OW drive was proposed in [JAH80] by following the concept of modular machine.
Each phase of the modular machine is driven by dmidtye structure, which is equivalent to

the common DC bus topology supplying mydtiase machine. After that, theAOdrives

have been extensively researched for applications such as EV [WELO3] and wind power
generation [NIA14]. Meanwhile, the research perspectives as follow have been thoroughly

investigated.

U Improved PWM schemes.
U Circulating current suppression.

U Faulttolerant control.

Since the OW drives provide more SV combinations when compared to the conventional
single inverter drive, more PWM schemes can be developed by selecting different
combinations. The improved PWM schemes for OW drives can effectively iepinevtotal
harmonic distortion of the output voltage or reduce the necessary switching frequency to
reach the same performance. Furthermore, for the OW drives containing zero sequence path
and allowing circulating current, the common mode voltage elimmaechniques are also
compulsory to reduce the circulating current from the inverter side. Usually, the OW

induction machine contains much less third harmonic, therefore, the common mode voltage
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eliminated PWM strategies are qualified for the associdieas where the zero sequence

disturbances are mainly from the inverter side [SOM13].

However, for the OWPMSM drives, not only the inverter side, but also the machine side
introduces zero sequence disturbances. Hence, several techniques have beed twopose
tackle this issue. The PI controller [ZHA17a] or proportional resonant (PR) controller
[ZHAL17] are mostly adopted to suppress the zero sequence current. The integrated

disturbances analysis is carried out in [ZHA17], namely, the Chapter 2 of thg thes

Beyond constructing the framework of the control system, the potential fault tolerant control
of the OW drives is studied as well. The earliest OW drive proposed in literature is originally
for the fault tolerant control purpose [JAH80]. The fault rtate control capability is
therefore compared to other topologies in [WELO4]. Also, the-BMSM under short or
open circuit faults have been investigated in [SHA10]. Due to the redundant switching
devices in OW drives, the nature of the fault tolerant loiéipaof the OW drives is better
than the conventional single three phase machine drives.

In general, the current researches for BWISM drives have only been partly achieved.
Except for the aforementioned three topics, other research topics are stilloevdlopment.
Hence, more efforts should be put in. In this chapter (Section 1.1 to Section 1.4), the
overview of techniques are introduced from conventional single inverter drives to OW
PMSM drives. The detailed and chaptelated techniques will be gsented in the
introduction part of the following each chapter.

1.5Research Scope and Contribution of Thesis
1.5.1 Research Scope

In this thesis, the OWMSM drives with particular reference to zero sequence is carried out.
The research scope of the thesishewn in Fig. 1.20. The basic control framework is the
FOC. Firstly, as the constituent part of the FOC, the PWM strategies are investigated and
used in Chapter 3 to Chapter 8. The phase shift based SVPWM is used in Chapter 6 for zero
sequence current bas sensorless method. In the other chapters, the zero sequence steerable
(ZSSYSVPWM is proposed and used. The MTPA, flugakening and parameter
identification for OWPMSM have not been investigated in this thesis. Chapter 2 and Chapter
3 are for the zerosequence circulating current analysis and suppression strategies,

respectively. The torque improvement methods utilizing zero sequence back EMF are
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proposed and discussed in Chapter 4 and Chapter 5. Chapter 4 discusses the average torque
enhancement teclqyue and Chapter 5 presents the torque ripple reduction technique. Three
sensorless methods relying on zero sequence are proposed in Chapter 6 to Chapter 8. The
zero sequence current based sensorless method and tparaoretric sensorless method

both basd zero sequence back EMF are presented in Chapter 6 and Chapter 7, respectively.
The zero sequence saliency based high frequency injection sensorless method are proposed in
Chapter 8. The zero sequence back EMF based methods are for high speed oper#tien a

zero sequence saliency based method is for zero and low speed operation. Finally, the general
conclusion is drawn in Chapter 9. The whole thesis is around the exploitation of zero

sequence in the OWMSM drives.

Meanwhile, Fig. 1.21 shows the diagraof the research decision making. From the
perspective of zero sequence path, the common DC bus topology is different from the
conventional PMSM drives. Therefore, it is considered to be further exploited. The drawback
of this topology leads to circulatincurrent issue to be addressed. Hence, Chapter 2 and
Chapter 3 are on this topic. On the other hand, the associated benefits of the zero sequence
circuit are explored in Chapter 4 to Chapter 8, which include thetoguts on torque

improvement and sendess control.
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1.5.2 Contributions of Thesis

The key contributions for each chapter are as follows:

Chapter 2: The integrated mechanism analysis of zero sequence circulating current is put
forward where zero sequence cross coupling voltages and parasitic effects of inverter
nonlinearity are fistly identified.

Chapter 3: Two countermeasures for suppressing zero sequence circulating current are
proposed. One is model based method having fast dynamic and the other onenzdebn
based method having better generality.

Chapter 4: An average torgel enhancement technique by utilising zero sequence current
shaping is proposed.

Chapter 5: A torque ripple reduction technique with reduced bandwidth requirement on
current controller by injecting zero sequence current is proposed.

Chapter 6:A zero sequete circulating current based sensorless method is proposed.

Chapter 7:A nonparametric zero sequence based sensorless method is proposed, which is
also capable of circulating current suppression.

Chapter 8:A novel zero sequence high frequency voltagedtipn based sensorless method
is proposed, which is suitable for zero and low speed operation.
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CHAPTER 2 ANALYSIS OF ZERO SEQUENCE
CIRCULATING CURRENT AND DISTURBANCES

The zero sequence circulating current is normally found inrRMEM with common DC

bus. It is necessary to firstly investigate its formation mechanism in order to develop the
associated suppression techniques. The zero sequence disturbances, including zero sequence
back EMF, cross coupling voltages, zero sequence modulatitage and inverter
nonlinearity, are identified and studied in this chapter.

This chapter was published in ECCE 2016 and IEEE Transactimaosiry Applications.

2.1 Introduction

Open winding (OW) machine drives are recently investigated and devéiapetectrical
vehicle (EV) propulsion, wind power generation and industrial motor drives [WELO3]
[SHIO8] [WAN13] [NIA15] owing to high DC bus utilization and potential fault tolerant
capability. Meanwhile, the permanent magnet synchronous machines (PM®&1s)so
widely used in various industrial applications due to high efficiency, torque density and
power factor [ELR14] [ZHU11]. Specifically, the OWMSM inheriting the synthesis of OW
topology and PMSM is attracting more and more research attentionsORVESHIO8]
[WAN13] [NIA15] [ZHO15].

In general, the OW drive topologies can be divided into two types, viz., OW drive with
common DC bus and isolated DC bus. The common DC bus one essentially requiring no
isolation transformer can reduce the system veluweight and cost. But the zero sequence
path existing in the OW drive with common DC bus enables additional zero sequence current
to circulate within the system including the OW drive and machine. The zero sequence
circulating current will consequenthyaase unwanted power losses, torque ripple and system
instability [NIA15] [ZHO15]. Hence, it is necessary to investigate the origins of the zero

sequence circulating current and seek solutions to suppress it.

At present, zero sequence back EMF is regardethe major disturbance source of OW
PMSM drives in the majority of the relevant research papers [NIA15] [ZHO15] [AN17]
[HWA14]. Meanwhile, zero sequence circulating current due to inverter nonlinearity
[SMO13] and PWM modulated voltage [OLEO5] are alseestigated independently, which

could also be applied to OWduction machine (IM) (OWM). However, according to
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current research, the possible origins of the circulating current are not fully identified in
literature. Meanwhile, the accurate mathematicatlel and thorough mechanism explanation

are not presented as well. In [SAN13], a simple sinusoidal feedforward strategy is adopted to
suppress the zero sequence circulating current. This strategy might not be able to tolerate the
variation of operatingandition. In [ZHO15], a zero vector redistribution method is proposed

to control the zero sequence current and only the zero sequence back EMF is regarded as the
major disturbance source. As for G, the authors in [SOM13] investigate the influence

of inverter nonlinearity that could also cause zero sequence circulating current. However, due
to the parasitic effects of the switching device, it is not revealed in literature that the inverter
nonlinearities will no longer induce zero sequence circulatimgeotiwithin small current

range, as will be presented in this paper. Meanwhile, the PWM strategy modulated zero
sequence voltage is studied in [OLEO5] and the phase shift based method is proposed for the
cancellation. Besides, in [SOMO02], the authors pegpan OW topology with 4 additional
auxiliary bidirectional switches enabling a switched neutral point structure to suppress the
third harmonic currents and reach a higher DC bus utilization. A Pl controller is used in
[AN17] to suppress the zero sequerteulating current. The static error of Pl controller for
alternating signal still exists. With regard to fighase OW drives, an SVPWM scheme with
common mode voltage elimination ability for single DC supply is proposed and two of the
possible switchig sequences are chosen for further investigation [BOD14]. Moreover, in
[HWAL14], a zero sequence current estimator auxiliary vector control method to compensate

zero sequence EMF is proposed based on sinusoidal PWM strategy.

In this chapter, the integratefdrmation mechanism and mathematical model for zero
sequence circulating current are studied. The main contribution is proposing thorough
mathematical model of equivalent zero sequence circuit by including the influences of zero
sequence back EMF, crossupling voltages in zero sequence, inverter nonlinearity and
PWM modulated zero sequence voltage. Of which, the influence of zero sequence voltages
due to the parasitic effects of switching devices and the cross coupling voltages in zero
sequence are alsovestigated for the first time in this chapter. A deeper understanding of the
zero sequence circulating current in ERMSM drive with common DC bus is therefore
obtained. This chapter is organized as follows: In Sections 2.2 and 2.3, the zero sequence
disturbances from machine and inverter side are investigated, respectively. In Section 2.4, the
synthetic disturbance model is summarized. Finally, the experimental validation is presented

in Section 2.5.
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2.2 Zero Sequence Disturbances from Machine Side
2.2.1Zero Sequence back EMF

Third harmonic back EMF is usually observed in the phase back EMF of PMSM except for
those with specific winding configurations or structure designs. The saturation and third
harmonic shaping of permanent magnet can increase tbendrimonic flux density [SHEOG]
[WAN14a] [ZHAl6a]. Also, if the coil pitch factor of third harmonic is zero, the third
harmonic would not emerge in the observed phase back EMF. However, this special winding
configuration also decreases the winding factdundamental component. Hence, the torque
density will consequently decrease. The coil pitch factor varies when different winding

configurations are applied. The condition is derived as follow:

The coil pitch factor of thgth harmonic in the AC machinean be expressed as
k,, =sinw22) 2.1)
2t
wherey represents the slot pitch abié the pole pitch. The pole pitch satisfies
t=— (2.2)

whereNs s the slot number ands is the pole number.

Let k,; =0, namely, zero third harmonic winding factor, it will satisfy
ugzkpk 4,2,3... (2.3)

Meanwhile, for a reasonable design and the maximum fundamental component,
O<y <. (2.4)
The zero winding factor of thggth harmonic willsatisfy

y=L . (2.5)
u

Due to zero angle shift between phases, third harmonic back EMF in the phase demonstrates

as zero sequence back EMF. The magnetization type, magnet shagitepimsaturation
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[SHEO6] [WAN14a] [ZHAl16a] can all impose influence on the third harmonic flux density
distribution inducing zero sequence back EMF. The winding factor of the third harmonic
exhibits damping effect for the third harmonic back EMF in thase. Although third
harmonic back EMF has no influence on the conventionabihected single three phase
machine system, it behaves as a voltage source in the equivalent zero sequence circuit of the
OW-PMSM. Fig. 2.1 shows the phase back EMF waveformthadspectrum analysis of a

3kW OW-PMSM with 96/slot32/pole combination at 10rpm. It can be seen that the third
harmonic component is dominant in the phase back EMF.
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Fig. 2.1 Measured phase back EMF waveform and spectrum analysi96fstot32/pole
OW-PMSM. (a) Waveform. (b) Spectrum.

2.22 Cross Coupling Voltages in Zero Sequence

Zero sequence signals are usually decoupled figraxis under the assumption of ideal
synchronous machine. In the assumption, the amplitudes of the skaondnics of the
phase selinductancels; and the mutuainductanceMs; should satisfL.s= Ms, which is

also called as the condition of ideal synchronous machine. The relationships between the

second harmonics and the phase self and mutual inductageces ar

L.=Ly -LocOSZy (2.6)
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M,= My M cos2¢ %Z) (2.7)

al

ac

M,.= M, M_cos2¢ %). (2.8)

Both Ls, and Ms; contribute to the saliency of the synchronous machine. However, this
condition is not always satisfied when different winding configurations of the PMSMs are
applied. The typical application is the fault tolerant PMSM [GUO15] adopting concentrated
winding configuration. The low mutual inductance is required for these machines to achieve
magnetic isolation capacity. The influence from the winding configuration imposing on
inductance is analyzed in [PRI15]. Meanwhile, this discrepancy consequently ledms to t
coupling between zero sequence adaxes. The coupling inductance component can be
defined ad =(LszMs2)/2. Typically, Fig. 2.2 shows the phase selhd mutuainductances

of the 12/slotl0/pole OWPMSM with double layer concentrated winding and the 96/slot
32/pole OWPMSM with single layer winding distribution by usi@gdimensional (2D) finite
element (FE) The inductances are calculated according to the method proposed in [QI09]. It
can be seen thatdhcoupling inductance of the 12/stb@/pole OWPMSM is much more
obvious than that of the 96/si82/pole OWPMSM.
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Fig. 2.2 Phase seldnd mutuainductances curves of the O®MSMs calculated by 2{PE.
(a) 12/slot10/pole OWPMSM with doubldayer concentrated winding. (b) 96/ski/pole
OW-PMSM with single layer overlapping winding.

Meanwhile, the difference of the coupling inductance of the two-ERM&Ms can be
understood via the phase A armature winding currentliflbage distributions thse are
shown in Fig. 2.3. In Fig. 2.3 (a), only phase A is excited by 5A current component and the
majority of the fluxlinkage is selclosed. A small quantity of flukinkage is closed via
phase B, which represents the mutual inductance charactdnst. 2.3 (b), more flux
linkage generated by phase A is closed via phase B due to the overlapping coils. The winding
distribution affects the coupling inductance of the ®WISM. The overlapping winding
distribution usually leads to a smaller couplinduntance characteristic for the GRWISM.

If the condition ofLs=Ms; is not satisfied, the inductance matrix transformed o0
coordinate has cross coupling terms betwdgaxes and zero sequence, namkely,Hence,

the d- and g-axis currents will corequently impose coupled voltage components into zero
sequence and induce corresponding zero sequence circulating current. Therefore, it is
necessary to take the influence of these cross coupling components in zero sequence into
consideration for a compretsive circulating current modelling. Whéad Ms,, the coupled

inductance terms between zero sequencalgrates can be expressed as

Lyo :7d 4,cos%y (2.9)
Leo :% = L, sinYy (2.10)
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wherex t = d

(b)
Fig. 2.3 Phase A armature winding current flunkage distribution of the OWPMSMs. (a)
12/slot10/pole OWPMSM. (b) 96/slot32/pole OWPMSM.

The complete derivation is presentifollows:

The three phase stator inductance matgis
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Hence, the corresponding induced voltages dukeHaxis currents imposed on zero sequence

are

U, = dJ; a0 _d(l((jj 't‘do) =3, L ,sin 3w (2.17)

U. . :dJ/qo _d(iquO)
> dt dt

=3, L ,cos 3. (2.18)

Meanwhile, it can be seethat these voltage disturbances can be regarded as current

controlled voltage sources (CSVSs) based@axis currents.

Fig. 2.4 shows the 2IBE results of the zero sequence induced voltages of a 1P0dfmile

fractional OWPMSM with noroverlapping wnding configuration I(;>0) with and without

4A g-axis current. It can be seen that the zero sequence induced voltage is shifted and
distorted at oload condition due to the cross coupling voltage components dopaxes.

The variation of the zero sequence third harmonic induced voltage accounts for 31.7% for the
12/slot10/pole OWPMSM, which is due to the cross coupling voltages and cannot be
neglected.Fig. 2.5 shows the 2D FE results of the zero sequence induced sotihge
96/slot32/pole OWPMSM with overlapping winding configuratiohdd 0 ) wi t h and wi
5A g-axis current. It can be found thgbxis current imposes much less influence on the zero

sequence induced voltage of the overlapping windingEMEM.
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Fig. 2.4 Zero sequence induced voltage of1Bslot10/pole OWPMSM at open circuit and

on-load conditions (150rpm).
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Fig. 2.5 Zero sequence induced voltage ofaslot32/pole OWPMSM at open circuit and

on-load conditions (170rpm).

2.3 Zero Sequence Dsturbances from Inverter Side
2.3.1 Equivalent Zero Sequence Modulation Voltage

In conventional space vector pulse width modulation (SVPWM) strategy, the equivalent zero
sequence modulation signal is gugEngle wave, which induces no zero sequence current
due to the open circuit characteristic of the equivalent zero sequende Elocwever, for the
OW-PMSM with common DC bus, the existence of zero sequence circuit enables the
equivalent zero sequence modulated voltage to induce corresponding circulating current.
Hence, the phase shift based SVPWM [OLEO5] is used to eliminateléwant part of zero
sequence disturbance voltage. The PWM strategy induced zero sequence disturbance voltage
can be effectively eliminated via phase shift based SVPWM. However, the other zero
sequence disturbance voltage sources are not eliminatedveffecFigs. 2.6 and 2.7 show

the synthetic and separate modulation signals for each inverter with 120%nd 180%hift when
40Hz and 0.5 p.u. reference is given. The 120°shift method shows no modulated zero
sequence voltage as expected. Meanwhile, theshiBOmethod shows typical quasiangle

waveform in zero sequence.
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Fig. 2.6 Synthetic and separate modulation signals for each inverter with 120%hift (40Hz,
0.5 p.u.).

------- Modulation signal |
- - = = Modulation signal Il
------------- Synthetic modulation signal

=
o

o
o

©
(6]
|l

Modulation signals (p.u.)
o
o

_1.0 1 1 1 1

0.00 0.01 0.02 0.03 0.04 0.05
Time (s)

Fig. 2.7 Synthetic and separate modulation signals for each inverter with 180%hift (40Hz,
0.5 p.u.).

2.3.2 Inverter Nonlinearity

The inverter nonlinearity characteristic of the ERMSM drive with common DC bus is

different from conventional single thredase machine drives since the inherently contained

39 9"¢ components in phase distortion voltage
float the neutral point voltage of the Y connected single three phase machine. Whereas, those
zero sequence compents due to inverter nonlinearity will be superimposed on the
equivalent zero sequence modulation voltage discussed in Section 2.3.1, as part of the zero

sequence voltage disturbance from inverter side.
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The inverter nonlinearity for OW drive is simply nled via sign function in [SOM13] and

the equivalent zero sequence disturbance voltage is approximately regarded as alternating
square wave, in which the third harmonic is dominant. However, the precise model of
inverter nonlinearity requires the destigp for parasitic effects during small current range,
namely, near to zero current [GON10] [WAN14]. The inverter nonlinear distortion voltage at
small current range exhibits resistive effect instead of saturation voltage drop since the
parasitic capacitares. The influence of the corresponding effects on OW drives has not been
reported yet. The modelling is established as follows.

Firstly, the phase distortion voltage error can be modelled as a nonlinear function [GON10]
depending on phase current, viz.,
: a 1 1
Du =f(i) 2 U — — - :
err-x =T (1) Hich 2 (2.19)
where querr.x represents arbitrary phase distortion voltagerepresents arbitrary phase
current,k a n dU arp the distortion voltage model parameters describing the nonlinearity.
Higher parasitic capacitance usually leads to lokveFhe longer configured dead time and
hi gher DC bus U Ehe diffetential of (2119 relgtve to pphase current is
usually defined as high frequency (HF) equivalent resistance [WAN14]. Fig. 2.8 shows the

phase voltage error and HF equivalent resistance curves for arbitrary phase.
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Fig. 2.8 Phase voltage error and HF equivalent resistahges 540V, thedead time is 3£5)
[WAN14].
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The sigmoid type function provides more detail information than the conventional sign
function to describe the small current signal characteristics in region I, which is shown in Fig.
2.8. Within region |, the inverter nankarity demonstrates resistive characteristics due to the
parasitic effects of the switching device, instead of saturation voltage distortion. Hence, the
inverter nonlinearity represents equivalent three phase resistance network in series with the
machinefor small current signals and almost no zero sequence disturbance voltage will be
introduced under this condition. However, the zero sequence disturbance voltage becomes

dominant when the phase current escapes from the small current region |.

The synthet distortion voltage is

e 2 g
eCosg  cos(q G ) cos( q——p )
Wy 08 ;7 2 4t 6.)
Yo GgeSiNg  sin(gr)  sin( q—3p} utd,) (2.20)
oo H € uf @)
0- dt é E 1_ _1 g
e 2 2 2 g

Specifically, the zero sequence disturbance voltage is

_ Fl)+fa,) #G)
0-dt — 3

(2.21)

Fig. 2.9 shows the zero sequence distortiolage and three phase distortion voltages
when the three phase current amplitudes are 3A and 0.25A. It can be seen that the zero
sequence distortion voltage demonstrates as third-qgaare wave when the phase current
is beyond region | and the zeragsence distortion voltage is not dominant when the phase
current is within region |. The model will be validated via experiment in Section 2.5 on three
phase reactor load with phase shift SVPWM strategy to avoid influence from other zero

sequence disturbaa sources.

47



40 — ------- Phase A distortion voltage
N - - - = Phase B distortion voltage
T | - Phase C distortion voltage
2950 | Zero sequence distortion voltag
% -____l._.—_v\ - = - —’.—_. Tr-c - _I,.__-_\____
> ! \ ' ' ! \
5 I \ ! | ! .
£ 0 F
o m
o ! \ ! ' ' -
= » /l_ ..... ‘L-._..I________‘_\___ll_' [ ‘__
_20 1 1 1 1 1

0 60 120 180 240 300 360
Rotor position (Elec. deg.)

(@)

30 — ------- Phase A distortion voltage
< - - - = Phase B distortion voltage
S | |- Phase C distortion voltage
215 | Zero sequence distortion voltag
: = - - e L et ™ e Lew-
g \\\\ ’,4 \\>" N ”’—

C S LON .~

9 \I, \\\ 7 A o l’ \

t O 4 N 7/ \ 7’ \

S 7 \\/' N7 N

'é) N ~ e S ”’ b ~ - s 1
_15 1 1 \ 1 1

0 60 120 180 240 300 360
Rotor position (Elec. deg.)

(b)
Fig. 2.9 Three phase and synthetic zero sequence distortion voltages beyond and within linear
region. (a) Distortion voltages beyond linear region. (b) Distortion voltages within linear

region.
2 4 Synthetic Disturbance Model

Accordng to the analysis in Section Il and lll, the zero sequence disturbance could contain 4
possible disturbance sources. The zero sequence back EMF and cross coupling voltages in
zero sequence exist in the machine side. The equivalent zero sequence nmodalttge

and inverter nonlinearity are from inverter side. Of which, the zero sequence disturbance

voltages from inverter nonlinearity and cross coupling in zero sequence perform as CCVSs.

Fig. 2.10 shows the synthetic disturbance model, namely, theaggntizero sequence circuit
considering all possible disturbance voltage sources wb@sgy,ic)=[f(ia)+(ip)+f(ic)]/3,
0d(ia)=-6% bLgsin3y tand gy(ig)=6% hLcosd tdescribing the characteristics of the CCVSs.

Up represents the modulated zero sequence voltage depending on the modulation strategy and
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whether it is steerable or nag is the zero sequence back EMF which is mainly the third
harmonic componentHence, the synthetic zero sequence differential equataon be

expressed as

. di
Uy =Up g Moy g & RY Lejtg

= f('a)”gb) ul(l b L,sin3w 6 iy jcos3tw 3 wysind  Rig Lo%—f

(2.22)

whereyr represents the zero sequence flux linkage.
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Fig. 2.10 Equivalent zero sequence circulit.

2.5 Experimental Validation

The experiment platform including the 12/sidi/pole OWPMSM, OW connected three

phase reactor and 96/sf82/pole OWPMSM is shown in Fig. 2.11. The specifications of the

two OW-PMSMs are shown in Table 2.1. The 12/€l6fpole OWPMSM is used to validat

the cross coupling voltages in zero sequence with zero sequence voltage measurable structure,
which is shown in Fig. 2.12 (a). The OW connected three phase reactor shown in Fig. 2.12 (b)
is used to verify the inverter nonlinearity effect. The suppressti@tegy is validated on a

3kW 96/slot32/pole OWPMSM platform based on dSPACE, which is shown in Fig. 2.11

(c). The switching frequency as well as the system interrupt frequency is 5kHz. The

switching deadime is set as&x.
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Fig. 2.11 Experiment platform pictures. (a) 12/slé@pole OWPMSM. (b) OW connected
three phase reactor. (c) 96/sk#t/pole OWPMSM drives.
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Fig. 2.12 System configuration of the induced zero sequence voltage measurable PMSM

drive and testonfiguration of the OW connected three phase reactors. (a) Induced zero

sequence voltage measurable PMSM drive. (b) Test configuration of the OW connected three

phase reactors.

Table 2.1 Specification of Two prototype GRPWMSMs

Parameter OW-PMSM | | OW-PMSMSII
Pole number 10 32
Slot number 12 96
Stack length 50 mm 110 mm
Airgap length 1 mm 2 mm
Slot opening 2 mm 5.58 mm
Stator bore radius 28.5 mm N/A
Stator outer radius N/A 195.2 mm
Magnet thickness 3 mm 4.5 mm
Magnet remanence 12T 12T
Magnetconductivity | 6.67X10°( q M) 6.67x10°( ¢ M)
Series turns per phag 132 832
Tooth tip width 12.92 mm 7.19 mm
Polepitch 17.91 mm 37.62 mm
Rated torque 3.85Nm 95Nm
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Rated current 7A 2.83A
Rated speed 400rpm 80rpm
Rated frequency 33.33Hz 21.33Hz

As for the machine side, Fig. 2.1 has shown the measured phase back EMF and spectrum
analysis. Hence, the zero sequence back EMF has been experimentally validated. Meanwhile,
Fig. 2.12 (a) shows the zero sequence induced voltage measurable PMSM drivis wééch

to investigate the zero sequence voltage induced by armature winding currents, namely, the
cross coupling voltages in zero sequence. The conventional single VSI topology has the open
circuit characteristic of the equivalent zero sequence citdeitice, the measured voltage is

just the synthesis of zero sequence back EMF and the cross coupling voltages in zero
sequence from the machine side. Fig. 2.13 shows the measured voltage and electrical position
signal at open circuit and doad (,=3.62A) ®nditions, respectively. The distortion
phenomena is in according with the analysis model and FE result which is shown in Fig. 2.4.
The variation trend of the third harmonic voltages for the FE and measured results are
identical, which are 31.7% and 26.5féspectively.
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Fig. 2.13 Measured zero sequence voltages and electrical position signals at open circuit and
on-load conditions. (aly=0. (b)i;=3.62A.
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With regard to the inverter side, Fig. 2.14 shows the zero sequence and phasemn
waveforms of the OW connected three phase reactor under small and large current conditions
when 120%hift SVPWM method is applied. Before the saturation point of the reactor, the
zero sequence back EMF, the modulated zero sequence voltage acmshecoupling
voltages in zero sequence can be neglected. Only the inverter nonlinearity exerts an effect on
the equivalent zero sequence circuit. When the phase current is in the linear region, the phase
current is sinusoidal and no distinct zero segaesurrent emerges, which can be seen in Fig.
2.14 (a). However, the third harmonic zero sequence current emerges when the phase current
is beyond linear region which is shown in Fig. 2.14 (b). The experiment results confirm the

analysis model for inverteronlinearity considering parasitic effects.
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Fig. 2.14 Zero sequence and phase A currents of the OW connected three phase reactor under

small and large current conditions. (a) Small current. (b) Large current.

Moreover, Figs. 2.15 and 2.16 shalae phase currents and spectrum analysis of the OW
connected three phase reactor at small current condition (eliminate the influence of inverter
nonlinearity [23]) when different shift angles are applied. The fundamental reference voltage
is given in thelow level to maintain the phase current within the small current region

deliberately. Under this condition, the zero sequence back EMF, cross coupling voltages in
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zero sequence and inverter nonlinearity can be neglected. Hence, as confirmed by this
experinent results, the 120%hift modulation method having quasi triangular zero sequence
voltages fully counteracted can exhibit lowest zero sequence current. As for the conventional
SVPWM, the third harmonic voltage accounts for 16.7% of the fundamental e/oltagch is

dominant and hard to be neglected.
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Fig. 2.15 Phase current waveforms of the OW connected three phase reactor with different
phase shift modulation. (a) 180%hifted. (b) 150%hifted. (c) 120%hifted. (d) 90%hifted.
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Fig. 2.16 Spectrum analysis of ti@W connected three phase reactor with different phase
shift modulation.

2.6 Conclusion

This chapter has proposed a systematic analysis model for the zero sequence circulating
current of the OWPMSM drive with common DC us. It is found that the zero sequence
back EMF, the cross coupling voltages in zero sequence, from the machine side, PWM
strategy modulated zero sequence voltage and inverter nonlinearity, from the inverter side, all
contribute to the formation of zerocgeence voltage disturbance. The influence of the cross
coupling voltages in zero sequence mainly depend on the winding configurations. The
inverter nonlinearity exhibits resistive characteristic in small current condition because of the
parasitic effects fothe switching device, which induces almost no zero sequence disturbance
voltage. But it is dominant when the phase currents are beyond the small current region.

Experiment results have confirmed the analysis.
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CHAPTER 3 ZERO SEQUENCE CIRCULATING CURRENT
SUPPRESSION STRATEGIES

Based on the analysis of zero sequence disturbances in chapter 2, the suppression strategies
can be developed. Therefore, in this chapter, two suppression strategies are proposed and
validated. Thdirst one is a zero sequence model based method and the second one is a non
model based method.

This chapter was published in IEMDC 2017 and IEEE Transactions on Industry Applications.

3.1 Introduction

Permanent magnet synchronous machine (PMSM) is begonoipular nowadays due to its

high torque and efficiency performances. It is commonly used in many automatic
applications such as servo system, electric vehicle, wind power generation and home
appliance [LIU12] [CHA96] [HAQ10] [ZHAO17]. Meanwhile, the opeminding (OW)

PMSM (OW-PMSM) as a specific type of PMSMs is also arising the attentions [JAH80]
[ZHO15]. The OWPMSM drive system can provide higher DC bus voltage utilization ratio,
which can consequently reduce the requirement of the withstand voltagee fewitching
devices or deliver more power [WELO4]. Also, it is capable of fault tolerant operation and
flexible and independent current control characteristics [JAH80] [WELO4] [SAN13].

The OWPMSM drive can be generally classified as the common DCabdsisolated DC

bus types. The isolated DC bus one requires dual isolated DC sources. It can provide higher
DC bus utilization ratio when compared to the single three phase PMSM drive system. While
the common DC bus one only requires single DC source vdaicldecrease the size of the
drive. However, the common DC bus one naturally contains the zero sequence path which
could produce the associated zero sequence circulating current [SOM13]. As identified in
[ZHAL7], the disturbance sources for zero sequengeent include the zero sequence back
EMF, crosscoupling voltages, zero sequence modulated voltage and the inverter nonlinearity.
The additional zero sequence current can distort the phase currents, increase the system losses
and possibly introduce torguripples. In order to tackle this issue, several approaches have
been proposed [SOMO2YHO15].

The additional switching device or the common mode voltage filter might be chosen to

suppress the zero sequence current. The four additional auxiliary batiedctwitches are
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used in [SOMO02] and [SOMO04] to modulate the equivalent neutral point voltage and suppress
the circulating current with a higher DC bus utilization ratio. The bypass circuit constructed
with resistance and capacitances having low imped@anproposed in [KAL14] to avoid the
circulating current flow into the OW machine. As for the neutral point connected power
converter system which also has the equivalent zero sequence path as-fdSM\With
common DC bus, the integrated AC choke caruged for reducing the circulating current
[ZHU12]. The additional switching devices or passive choke can be effective to suppress the
circulating current while the increase of the system cost as well as the volume is also

inevitable.

Despite of the zeroegjuence back EMF, cross coupling voltages and inverter nonlinearity,
the improved PWM strategies for OW machines have the capability of eliminating or
reducing the modulated zero sequence voltage from the inverter side and can further reduce
the zero sequreee current. The associated techniques are commonly used fondDiéfion
machine (IM) (OWIM) since it has negligible zero sequence back EMF. The decoupled
spacevectorbased PWM strategy for O\ is proposed in [SOMO8] by forcing the zero
sequence volge to zero for each inverter. An improved SVPWM strategy capable of
common mode voltage (CMV) elimination is presented in [BOD14] and two switching
sequences are further investigated. Also, a phase shift based PWM strategy-fbr ©W
reported in [SOMO02a4nd [OLEO5] which is still suitable for OWW.

Moreover, the zero sequence controller is also another approach for suppressing zero
sequence circulating current. The proportional integral (P1) controller is fundamentally used
for this purpose [AN16], [ZHA17a]. Since the zero sequence disturbance is AC signal, the

PI controller cannot ensure zero static error. Hence, the PI controller combined with zero
sequence back EMF feedforward is also used [HWA14], [SAN14]. However, the precise zero
sequence back EMmformation is necessary for the feedforward solutions, which is not
quite favourable. Therefore, the proportional resonant (PR) [ZHAN17] or quasi PR controller
[ZHO15] is adopted to achieve the zero static error for the suppression of zero sequence
circulating current. While the current approaches are effective to suppress the zero sequence
circulating current, the parameter design of the zero sequence controller is still based on the
parameters of the equivalent zero sequence circuit, which includegetbesequence
inductance, phase resistance and/or zero sequence back EMF. Namely, the suppression

strategies are model based method.
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In this chapter, a frequency adaptive proportional resonantPfAcontroller is firstly
proposed and investigated, basedthe zero sequence controller framework. Together with
applying the phase shift based SVPWM method, the proposed model based method can
obtain better higher order harmonic current suppression capability. Then, in order to
overcome the drawbacks in the deb based method, in this chapter, a -nwodel based
suppression method is also proposed by using the extremum seeking (ES) algorithm together
with the adjustable SVPWM strategy for GRMSM. The proposed method can achieve the
optimal shift angle for the djustable SVPWM automatically via the small perturbation
searching scheme. The integrated PWM strategy becomes adaptive SVPWM strategy for
suppressing the zero sequence circulating current. No parameters of the equivalent zero
sequence circuit are requiretience, the second proposed method is more general for
different OW.PMSMs having various equivalent zero sequence parameters. This chapter is
organized as follows: In Section 3.2, the-PR controller based method is presented with
experimental validatianin Section 3.3, the proposed adaptive SVPWM strategy is also

presented with experimental validation. The conclusion is drawn in Section 3.4.

3.2 Frequency Adaptive Proportional Resonant (FAPR) Controller Based Suppression
Strategy

3.2.1Principle of FA-PR Controller Based Suppression Strategy

On the basis of Chapter 2, it can be seen that anly steerable and the other 3 sources
might vary within the whole operation range of the @MSM. The alternating zero
sequence circulating current is mainly ueéd by the third harmonic disturbance whose
frequency, phase and amplitude are motor operation frequency and armature winding current
dependent. Hence, the corresponding suppression strategy shown in Fig. 3.1 is proposed to

attenuate the zero sequenceuwiating current.
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Fig. 3.1 Suppression strategy of the GARMSM for zero sequence circulating current
attenuation using PR controller.

Of which, the zero sequence steerable space vector pulse width modulatie8\(R®8M)

is developed to provide @ntrollable zero sequence component. The flow chart of the ZSS
SVPWAM strategy is shown in Fig. 3.2. The zero sequence component is no longer essentially
generated by the SVPWM but superimposed by the zero sequence controller output. Hence,
the over modulkon process should be redesigned by considering the influence from the

additional zero sequence component, which is also shown in Fig. 3.2.

The zero vector time can be reconstructed as

T,=T -, ¥ T. (3.1)

S z
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whereT is the zero vector timd is the switching periodlx and Ty are the fractions of the
total Ts. Meanwhile, the output of the zero sequence voltage is |wéhrthe zero vector

time so the controller can be easily used.
If the over modulation is reached, the Ty andTz can be scaled down as
g=T.I(T, H, F) (3.2)
=gt E&: T, Fl (3.3)

whereT,, T and T, are the scaled fractions of the tofaland the scaled zero sequence

control signal duration time, respectively. The other parts of the AABNM are identical
to the conventional SVPWM.

[ ua’ub’TZ’UDC’TS ]

[

v
X=u, il
— Sector Selection
Y= (\/éua ) /2 Sector NumberA+2B+4C
Z=(3u, u,)/2
v v

Switch Case
casel : {Tx=Z;Ty=Y;} break case2 : { Tx=Y;Ty=-X;} break
case3: {Tx=-Z;Ty=X;} break case4 : {Tx=-X;Ty=Z;} break
caseb: { Tx=X;Ty=-Y;} break case6 : { Tx=-Y;Ty=-Z;} break

g=T,/(T, 4, %)|!
Ti=gTo T = & |
:
[}
[}
[}

Ti=dT,

Over Modulation

L=T T % Tor§ Lo T

T=T,/4T, = %/2
T,=T, /2

A4

Update Register}

Fig. 3.2 Flow chart of the ZSSVPWM strategy.
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In addition, the quadriangle wave generated by the SVPWM is also one the of the zero
sequence disturbance sources, and therefore, the relevant disturbance burden will be imposed
on the zero sequence controllerorder to reduce the controller burden, the phase shift based
method is combined to eliminate the disturbance due to modulation strategy, which is

achieved by decomposition transformation, viz.,

ey, 8 e 1 tanp /6) g

?ul U é.—tan(o/G) 1 by,

e d- 6 L O . (3.4)
eu,, u2e -1 tanp /6) U,

e u e u

g g & tanp /6) 10

The actuald- and g-axis voltage reference signals can be decomposed into two sub
coordinatesg;g; anddxg, which are synchronized with tldlerc o or di nat e but hav
57/ 6 shift eddgzxooglihate. Meanwtsle) thesd tiwcescdordnates are 23

shifted from each other. The relationship is shown in Fig. 3.3.

Fig. 3.3 Synthetic voltage vector of the two sets of the inverters.

The quastriangle waves in zero sequence generated by both SVPWM modules can be
consequently counteracted due to the phase shift. The phase shift is achieved by

reconstructing the voltage references signal instead of modifying the SVPWM modules.

Since tke operation frequency of the GWRMSM varies according to conditions, the
frequency of the zero circulating current will also change with it. The zero sequence current
controller should be adaptive to the frequency variation. Hence, thRBR-&ontroller is

adopted, which is shown in Fig. 3.4.
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Proportional ResonantController

Fig. 3.4 Block diagram of the FRR controller.
The transfer function of the FRR is

K,S

T (3.5)

C(9= K,
whereK, is the proportional coefficienk;; is the rsonant coefficient and¥3is the resonant

frequency.

When compared to conventional Pl controller, the integrator is replaced by the generalized
integrator. The input speed feedback is used to determine the resonant frequency of the FA
PR controller. As shen in Fig. 3.5, the FAPR controller has highest gain at the selected
resonant frequency, viz.¥3 Hence, the third harmonic disturbance can be responded by the
FA-PR controller. The static error of PI controller for alternating signal can be avoided when
the FAPR controller is used. Meanwhile, this controller can also adapt to variable speed

condition.
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Fig. 3.5 Bode diagram of the HAR controller.

Meanwhile, for the conventional SVPWM without shifting or reference signal reconstructing,

the equivalentzero sequence voltage spectrum is shown in Fig. 3.6. Even with HRRFA
controll er, the higher order har moni cs i nc
accordingly. Hence, the shifting based ZS$WM can further reduce the influence from

these vtiage components when compared to the conventional methods.
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Fig. 3.6 Spectrum analysis of the zero sequence modulated voltage for 180%hifted SVPWM.
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3.2.2 Experimental Validation of FA-PR Controller Based Suppression Strategy

In order to validate the fefctiveness of the suppression strategy, Fig. 3.7 (a) shows the phase
A and zero sequence currents when controller is enabled at 5s. Figs. 3.7 (b) and (c) are the
corresponding zoomed regions A and B in Fig. 3.7 (a). It can be seen that the zero sequence
circulating current induced by multi sources is suppressed.
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Fig. 3.7 Experiment results of the zero sequence circulating current suppression strategy. (a)
Transient phase A and zero sequence current waveforms before and after conaioléet. en

(b) Before controller enabled. (c) After controller enabled.

To verify the effects on higher order harmonics elimination, the suppression performance
comparison is shown in Fig. 3.8 with and without the phase shifted mdthoah be seen

that before the shift enabled, even with-PR controller, the ninth and the higher order
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harmonics cannot be suppressed, as shown in Fig. 3.8 (b). It can be found in Fig. 3.8 (c) that

the ripple in the zero sequence circulating currentush lower. For these two scenarios, the
parameters for the FRR controller are the same.

<
c
o
5 .
002 Region A Shift Enabled ~ Region
0.0 2.0 4.0 6.0 8.0 10.0
Time (s)
(@)
02
<
c
0.0 PN
5
o
-0.2 : : :
0.0 0.5 1.0 15 2.0
Time (s)
(b)
02
<
c
D 0.0 MrsAAn At AN A A s i
5
®)
-0.2 : : :
8.0 8.5 9.0 9.5 10.0
Time (s)
(c)

Fig. 3.8 Suppression performances with and without the phase shift method. (a) Before and
after shift enabled. (b) Before shift enabled. (c) Afaift enabled.

Figs. 3.9 and 3.10 show the transient step speed and step load tests, respectively. The low
frequency envelope curve occurring in the phakeand g-axis currents are due to the
mechanical eccentricity which is operating frequency depéndiecan be seen that the

ripples in the zero sequence currents slightly increase after the step speed and step load
conditions. The suppression effect is still guaranteed.
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Fig. 3.9 Transient step speed performance. (a) Phase A curder¢i@ sequence current. (b)

d- andg-axis currents. (c) Speed reference and the measured speed.
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