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ABSTRACT

Compared to conventional three-phase permanent magnet synchronous machines (PMSMs),
dual three-phase (DTP) PMSMs exhibit higher power rating, power/torque sharing capability,
and fault-tolerant capability, as well as lower torque ripples. They also maintain the merits of
PMSMs, i.e. high power density, high torque density, and high efficiency. However, the major
current harmonics are only limited by low impedance composed of resistance and leakage
inductance, which makes DTP PMSMs suffer more from current harmonics. This thesis
investigates the new and novel control techniques of DTP PMSMs, with particular reference to
the control of current harmonics.

A novel virtual impedance technique is proposed to increase the machine equivalent
impedance of the DTP PMSM system. It enhances the voltage harmonic disturbance rejection
capability and contributes to current harmonic suppression in a wide range of frequencies. In
addition, the virtual impedance can also reduce the system sensitivity to parameter variation,

which helps to enhance the dynamic performance.

By using the proposed virtual impedance technique, the current harmonics can be reduced
but cannot be completely eliminated or cannot track the required current harmonic references.
To solve this problem, a new concept of virtual multi three-phase systems is proposed to
enhance the current harmonic control in DTP PMSMs. The multiple synchronous reference
frames are combined with the virtual multi three-phase systems for establishing current
harmonic regulators. Compared to the existing control methods, the proposed method has
higher dynamic current harmonic control capability and stability. The proposed concept is
further extended to the current harmonic control of the conventional three-phase PMSMs, and
also shows improved dynamic performance and stability.

The scaling errors in current measurement will generate non-general current harmonics,
which cannot be controlled by current harmonic regulators. An online scaling error correction
method is proposed to suppress the current harmonics and torque ripples. The method is based
on the injection of a high-frequency carrier voltage, and the control of corresponding high-
frequency current harmonics is independent from the torque and speed regulation. The
proposed method will not produce any high-frequency torque ripples since it only requires
high-frequency injection in the harmonic subspace of DTP PMSMs. In contrast, three-phase
PMSMs with high-frequency signal injection usually suffer from significant high-frequency
torque ripples.

All the investigations have been carried out by theoretical analyses, simulations, and

experimental verification.
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CHAPTER 1

GENERAL INTRODUCTION

In the last decades, the fields of new materials, novel electrical machine topologies, power
electronics, microprocessors, control strategies, and bearing technologies develop rapidly.
Under such a background, permanent magnet (PM) machines have been gaining popularity in
both academia and industry, due to the advantages of high torque density, high power density,
and high efficiency [ZHUO7][NAKO5]. Compared to the three-phase PM machines which are
generally employed in industrial applications, the multiphase machines (more than three-
phases) are advantageous for many industrial applications that require high power rating,
smooth torque, power/torque sharing capability, and fault-tolerant capability. In recent decades,
there has been a significant and increasing number of published technical and review papers
that discuss the topologies, modeling methods, control strategies, pulse-width-modulation
(PWM)  techniques, and applications of multiphase electrical  machines
[LEVO7][LEVO8][LEV16][BOJOE].

The early application of multiphase machines was in the field of ship propulsion, which is still
its main application area: five-phase PM machines [PAR05][ZAH16], six-phase PM machines
[QIA16], and fifteen-phase machines [TER04] are successfully applied in ship propulsion. The
increased emphasis on environmental protection has accelerated the development of greener
modes of electrified transportation and has led to the rise of renewable energy industries. The
advantages of multiphase machines attract researchers to utilize them in electric and hybrid
electric vehicles (EVS), e.g., on-board battery chargers for EVs with three-phase machines
[PIR19], five-phase machines [SUB16], six-phase machines [SOU10][SUB16], and nine-
phase machines [BOD17]. Besides, they are also considered preferable solutions for wind
power generation systems due to the power sharing capability [CHE14], modularity [GJE14],
additional degrees of freedom [GON14], and fault-tolerant capability [GON16] provided by
their multiphase topologies. Furthermore, electric aircrafts have received much attention in the
modern commercial and military aerospace industries [DE10][BOJ16][THO09], where
multiphase machines have exhibited irreplaceable fault tolerance capability compared with
conventional three-phase machines in recent years. The multiphase machines mentioned above

can be classified into two kinds, according to the number of phases: multi-three-phase (MTP)



(6-, 9-, 12-, and 15-... phases) machines as shown in Fig. 1.1(a), and other multiphase (4-
[MECO04], 5- [DOR13], 7- [SCU20], and 11- [ABD10]... phases) machines, as shown in Fig.
1.1(b).

(b)

Fig. 1.1. Winding axes of multiphase machines. (a) Multi-three-phase machines. (b) Other

multiphase machines.

Since commercial three-phase inverters and many advanced control techniques can be utilized
for the drive of each three-phase set of MTP machines, MTP machines have become more
popular in recent years. Considering the recent developments in PM materials, MTP PM
machines are currently especially attractive. The MTP PM machines not only exhibit the merits
of multiphase machines but also retain the advantages of PM machines, such as high torque
density, high power density, and high efficiency. In terms of the machine drives, the winding
sets can be fed by multiple generic and modular three-phase inverters as presented in Fig. 1.2.
The DC links of these inverters can be connected to the same power source, Fig. 1.2(a), or
isolated power sources, Fig. 1.2(b). This means that the drive topologies do not need to be
redesigned and can be flexibly connected to fit different applications. For the common power
source, it is usually employed in the applications that only have a single power supply, such as
electric vehicles. This drive topology makes it possible to achieve interleave techniques for the
purpose of reducing the DC link ripples and minimizing the DC link capacitor. For the isolated
power source, it is feasible to applications with multiple power supplies/consumptions, such as
the ship propulsion system and winding power generation, and the power can be freely

exchanged among several isolated systems through multiphase windings.
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(b)

Fig. 1.2. Drive topologies of multi-three-phase machines. (a) Common power source. (b)

Isolated power sources.

The advantages mentioned above motivate the development of multi-three-phase PM machines,
and the existing design and control technologies of multi-three-phase PM machines are
summarized in Fig. 1.3 based on current research and relevant papers. The control part of multi-
three-phase PM machines can be divided into modeling methods, control strategies, pulse
width modulation (PWM), and other technologies. To be more precise, the modeling methods
can be divided into multi individual three-phase dg model and vector space decomposition
(VSD) model. The control strategies include field oriented control (FOC), direct torque control
(DTC), and model predictive control (MPC). The PWM technologies include the
overmodulation, voltage vector selection, and carrier phase shifting. There are also other
control technologies such as fault tolerant control and sensorless control. The relevant papers

are also listed accordingly in Fig. 1.3, and the key papers are marked in red.
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Fig. 1.3. Development of existing design and control technologies of multi-three-phase PM

machines.

Among the multi-three-phase PM machines, dual-three-phase (DTP) PM machines are one of
the most popular because the main advantages of multi-three-phase PM machines are
maintained and the phase number is not increased too much compared to conventional three-
phase machines. More importantly, most technologies of the DTP PM machines are generic
and also applicable for other multi-three-phase PM machines. Therefore, this thesis will focus
on the control of DTP PM machine systems. This chapter will review the main modeling
methods and control strategies of DTP PM machines.



This chapter is partially published in Energies [ZHU21]

[ZHU21] Z. Q. hu, S. Wang, B. Shao, L. Yan, P. Xu, and Y. Ren, “Advances
in dual-three-phase permanent magnet synchronous machines and

control techniques,” Energies., vol. 14, no. 22, Aug. 2021.

1.1 Introduction of DTP PM Machines

The conventional three-phase PM machines have one set of three-phase windings, and the
spatial phase shifting angle between two adjacent phases is 120 electrical degrees, as shown in
Fig. 1.4(a). As described in the name, the DTP PM machines have two sets of three-phase
winding with isolated neutral points, and the spatial phase shifting angle between the two sets
can be 0O electrical degree in Fig. 1.4(b), 60 electrical degrees in Fig. 1.4(c), and 30 electrical
degrees in Fig. 1.4(d). Compared to other kinds of DTP PM machines, the machine with 30
electrical degrees phase shifting shows advantageous performance, such as greatly reduced
spatial harmonics and elimination of the 6th harmonic in the torque ripple. Thus, it is more
attractive to the industry and academia. It should be noted that all the DTP PM machines
mentioned and investigated in this thesis are this kind of machines, i.e. the DTP PM machines

with 30 electrical degrees phase shifting between two three-phase sets.

The drive topologies are shown in Fig. 1.5. The single three-phase PM machine is driven by
the conventional three-phase inverter, and each phase of the machine is connected to the
common point between two switches in each bridge of the inverter. The drive of the DTP
machine can be simply derived from the drive of single three-phase machines, as shown in
Fig. 1.5(b). Two three-phase inverters are used to drive the two winding sets of the machine,
respectively, and the DC links of the two inverters can be connected to the same or different

DC power supplies.



z
(c) (d)
Fig. 1.4. Winding axes of three-phase and DTP PM machines. (a) Single three-phase PM

machine. (b) DTP PM machine with 0 degree phase shifting. (c) DTP PM machine with 60
degree phase shifting. (d) DTP PM machine with 30 degree phase shifting.

Ve B
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J J J Single three phase
Y PM machine
[
(a)
b
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Fig. 1.5. Drive topologies. (a) Single three-phase PM machine. (b) DTP PM machine.
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1.2 Modelling of DTP PM Machines

1.2.1 Modelling of Single Three-Phase PM Machines

Ignoring hysteresis and eddy current losses, the voltage equation of the conventional three-

phase PM machines in the stationary ABC frame can be written as

Ug Rs 0 O07ra] 4 ([taa Lba Lea ia l/)fa
Uup|=10 Ry O[] +E Lap Lpp Lep l/Jfb (1-1)
U 0 0 Rgllic Lo Lpe  Lec lC l/)fc

where [Uq  Up U], [ig 1 ic]7, and [Yra Wsp Wrc]T are the three-phase voltage,
current, and PM flux linkage, respectively. R, is the stator phase resistance. L represents the
phase self-inductance or mutual-inductance between two phases. Using ABC-dq
transformation (1-2), the voltage equation above can be transformed into the synchronous
reference dq frame.

cosf, cos <Be - §n> Ccos (09 + %n)

CO)=3| 2 2
—sinf, —sin 9e—§7T —sin 96+§n

(1-2)

where 6, is the electrical angle of rotor position. Neglecting zero sequence components, left
multiply both sides of the equation (1-1) by the transformation matrix (1-2) yields the voltage

equation in synchronous reference dq frame as

e | 8 R i R A IS

where [Ua  Uq]T and [iq igq]Tare the voltage and current in dg-axes. w, is the electrical
angular speed of rotor. L, and L, are the dg-axis inductances. ¢, is the d-axis PM flux

linkage, and theoretically there is no g-axis PM flux linkage due to the field oriented frame
transformation. The torque equation and mechanical equation are as follows [YAN19]

3 3
Te = < PWraiq + Ep(Ld — Lg)iaiq (1-4a)

d
J= =T, —t, ~ Bo (1-40)

where p is the pole pair number. t; is the load torque. w,, is the mechanical angular speed of



rotor. B is the friction coefficient and J is the inertia of rotor.
1.2.2 Double Three-phase dq Model

The three-phase PM machine model in synchronous reference dq frame described in Section
1.2.1 can be extended to each three-phase set of the DTP PM machines, and thus, the double
three-phase dg model is derived. The machine voltage equation and flux linkage equation in

stationary frame can be expressed as

Ug Re, 0 0 0 0 O07rig (Ya]
w| [0 R, 0 0 0 ol W
u| [0 0 R, 0 0 0]|ic|, d]|¢.
U710 0 0 Ry, 0 O0]ix +E Py (1-9)
ul| o 0o o 0 R, olflg by
lw,d Lo 0o 0o o o RJL] Ly,
Ya Laa Lpa Lea Lxa Lya Lya7 (i _l/}fa_
Yy Loy Lop Leb Lap Lyp Lap||iy| |¥ro
ch Lac Lbc Lcc Lxc Lyc ch ic 1.bfc
= <1+ (1-6)
l/)x Lax be ch Lxx Lyx sz %x lpfx
l/)y Lay Lby Lcy ny Lyy Lzy l_y l/ny
‘lpZ‘ Laz Lbz ch sz Lyz L,,] Hlz- _lpfz_

where 1 represents the stator flux linkage variable and 1, represents the PM flux linkage

variable.

Based on the study in [KAR14][HU17], the ABC-dq transformation (1-2) can be extended as
( ) 2 C(He) 0 ]
Cprp(be) = 3 T (1-7)

3| 0 (6. - g)

Left multiply both sides of equations (1-5) and (1-6) by the transformation matrix (1-7) yields

the voltage equations of each three-phase set as

SRR e R vy
d [Mgig, 0 - Mdldz o
dt [M,i ] [ ] ]



udz] B [Rs 0 ] [idz] Ldldz] to [O —1] [Ldidz + lpfd]
uqz 10 Rs iqZ dt ¢l1 0 Lqiqz
d [Mgig 0 — Mdldl

t e M, ] [ ] ]
where “1” and “2” in the subscript represent the variables of the first and second sets,
respectively. Since the two neutral points are isolated, the zero-sequence components of two
sets are also neglected. M, and M, are the mutual inductance between the two three-phase
winding sets in dg-axes, and they satisfy

Ly=Myz;+ L,

1-9
Ly=My+ L, (1-9)

Equations in (1-8) represent the double three-phase machine model in dg-axes and can be
depicted in Fig. 1.6. Compared to the model of single three-phase machines, the double three-

phase dg model of the DTP machines includes more terms with M, and M,, in the voltage

equations. These terms are introduced by the magnetic coupling between the two sets of three-
phase windings, which means the currents in one set will generate flux linkage in the other set,
leading to the induced electromotive force and motion electromotive force in the voltage

equations.

Fig. 1.6. Double three-phase machine model in dg-axes.
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The electromagnetic torque in the double three-phase dg model can be expressed as

3
T, ==p (raliqr + iqz) + (La = Lq) (fariqr + laziz) w10

+ (Mg = M) (iarlqz + laziqr))

According to (1-10), for the surface mounted type DTP PM machines, the d- and g- axis
inductances as well as the mutual inductances are equal, and the torque can be regarded as the
sum of two parts which are individually provided by the two three-phase sets. However, for
the interior type DTP PM machines, due to the salient effect of the machine, there are additional
reluctance torque which is co-produced by the currents from two sets. The DTP and single
three-phase PM machines have the same mechanical equation, i.e. equation (1-4b), and thus

the mechanical equation of DTP PM machines is not repetitively written in this section.
1.2.3 Vector Space Decomposition Model

Vector space decomposition (VSD) is a group of mathematical transformations to separate the
components with different phase angle relationship. Since the phase angle relationship of the
harmonics is different from the fundamental, it is applicable to use VSD to separate the
harmonic components of voltage, current, and flux linkage in the DTP PM machines. Actually,
the ABC-afz transformation in general three-phase systems shown below can also be

understood as one of the VVSD transformations.

_ 1 1_
=2 =3
U(X va
2
(% D,
z 1 1 1 ¢
2 2 2 |

where “v” represents the variables in the corresponding axis.

The axis definition of the ABC-af3z transformation is shown in Fig. 1.7. The o- and z-axes are
aligned to the axis of phase A, and B-axis is delayed by 90 degrees with respect to o axis. It is
known that the zero-sequence components, e.g., the 3rd and the 9th, can be decomposed from
the phase variables into z-axis using the ABC-afz transformation (1-11), while the other

components, e.g., the fundamental, 5th, and 7th harmonics, are decomposed in a- and 3-axes.

10
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Fig. 1.7. Definition of axes in ABC-a3z transformation.

In terms of the DTP PM machines, based on the study in [ZHA95], the VSD transformation
can be expressed as follows

‘1 1 1 V3 V3 0'
2 2 2 2
va 0 \/§ \/§ 1 1 1 "Ua'
Up ) 2 2 2 2 Vb
Vyq 1%
o=zl 21 1 V3 V3 (1-12)
zZ2 3 2 2 2 2 X
vol vy
V3 3 1 1
-UOZ— 0 e - _ = = 1 -UZ-
2 2 2 2
1 1 1 0 0 0
0 0 0 1 1 1

The definition of the axes in the VSD transformation is shown in Fig. 1.8. Similar to the ABC-
aPz transformation (1-11), the phase variables, i.e., the current, voltage, and flux linkage, can
be decomposed into three orthogonal axis frames, which are also known as three subspaces or
subplanes in many studies. To avoid confusion, this thesis employs the “subspace” to describe
them. The three subspaces are the off subspace (fundamental-related), the z1z> subspace (main-
harmonic-related), and the 010, subspace (zero-sequence related). These subspaces possess the

following properties:

» The fundamental component of the machine variables and the kth order harmonics
(k=12m=1, m =1,2,3,...) are transformed into the aff subspace. It should be pointed out
that the o subspace have been chosen in way of that they are related to the air gap flux.
Hence, the variables in the aff subspace will produce a substantial MMF in the machine

airgap and thus will be torque production, and electromechanical energy conversion

11



related.

» Harmonics with h=6n+l (n =1, 3, 5,...), i.e., the 5th, 7th, 17th, 19th, ... harmonics, are
mapped into the z1z> subspace. As the z1z, subspace is orthogonal to the aff subspace,
the variables in this subspace will not be related to the generation of any MMF in the
air gap, and thus will not contribute to any torque or torque ripples.

» Zero-sequence I=3m (m =1, 2, 3,...) harmonics, which are also non-electromechanical
energy conversion related, are mapped into the 0102 subspace to form the conventional
zero sequence components. When two sets of three-phase windings have two isolated
neutral points, no zero-sequence current path will exist in the 0102 subspace. Hence, the
machine model can be simplified from a six-dimensional system to a four-dimensional

system for isolated neutral point topology.

B
X
Y
O
A o
Zp 02
A A
C v
Z
> >0,

Fig. 1.8. Definition of axes in VSD transformation of DTP PM machines.

Neglecting the zero-sequence subspace, the VSD model of the DTP PM machine can be
established as below through left multiplying both sides of the equations (1-5) and (1-6) by the

transformation matrix of (1-12).

ua RS O O 0 ia l/)a

U,B _ 0 Rs 0 0 l[)’ i 7,[1[; )
wa| =0 0 Ry 0||in| T a |y (1-13)
uzl Lo 0o o Rli, V2
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Yy L, O 0 Ysa
Vp_ [0 Ls 0 LY
1/)22 0 0 La 0

where L, and Lz are the a- and B-axis inductances, respectively. L, is the leakage inductance.
Since the a3 and z1z, subspaces are orthogonal, the machine variables in the one subspace are
decoupled and isolated to them in the other subspace, which results in the diagonal resistance
and inductance matrices. As studied in [ZHA95], the fundamental components of machine
variables are mapped in o3 subspace, and the torque and energy conversion only happen in the
o} subspace. To simplify the machine model and further provide the guideline for the design
of the current/torque regulator, the machine model in o subspace is further transformed to

synchronous reference dq frame as
Ugy [Rs O07[ia] , @ [Lpia 0 —11[Lpia +¥ra
uq] a [0 Rs] [iq] +& LQiq] T @ [1 0 ” Loig ] (1-15)
where
] [ cos(6,) sin(@e)] [ua

sin(6,) cos(6,)

-1 2l

Lp 0] [cos(8,) sin(6,) cos(8,) sin(6,)1"
0 LQ]_[—sin(Be) cos(6, )HO LB][ sin(8,) cos(6.)

The phase angle relationship between the dg-axes and the af3-axes is shown in Fig. 1.8.
Comparing equation (1-15) with the single three-phase PM machine model (1-3), it is easy to
find that the DTP PM machine model in o, subspace has the same format with the single three-
phase PM machine model, which implies that the current/torque regulator in this subspace can
be designed in the same ways as they are in single three-phase PM machine systems. The

machine model in z1z> subspace remains as

uz]_ _ RS 0 izl] L lZl] _
[u 2] B [0 Rs] [izz dt L alz2 (1 17)
The main harmonics, e.g. the 5th and 7th, are mapped in z1z> subspace, and it is clearly seen

from (1-17) that the current in this subspace is only restricted by the resistance and the leakage
inductance, which are usually very small. This determines the DTP PM machines will suffer
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more from the current harmonics compared to single three-phase PM machines if without
effective suppression of these current harmonics. Both equations (1-15) and (1-17) build up the
VSD electrical model of DTP PM machines. In terms of the torque model, due to the fact that
the average torque and torque ripples are only relevant to variables in off subspace, the
electromagnetic torque can be expressed by the cross-product of the flux linkage and current

in the stationary a8 frame of o3 subspace as

T, = 3p(l/)aiﬁ - lpﬁia) (1'18)

or by the cross-product of the flux linkage and current in the synchronous reference dq frame

of o subspace as
T, =3p[(La — Lq)iaiq + Yraiq) (1-19)

The main current harmonics are not mapped in of subspace, which means there is no 6th
harmonics in iy, iy, and ¥s,4. Therefore, even if there are significant 5th and 7th current
harmonics existing in phase current, the 6th torque ripple does not exist in DTP PM machines
as it does in single three-phase machines. The elimination of the 6th torque ripple is one of the
key superiorities of DTP PM machines. Compared with the torque equation (1-10) in double
three-phase dg model, the torque equation (1-19) in VSD model is greatly simplified and is

more practical in the torque estimation of DTP PM machines.

1.3 Field Oriented Control of DTP PM Machines

1.3.1 Field Oriented Control of Single Three-phase PM Machines

To understand the FOC of DTP PM machines, it is necessary to introduce the FOC of the
conventional three-phase PM machines first. The block diagram of FOC is shown in Fig. 1.9.
The single three-phase PM machine is connected to the general three-phase inverter and the
three-phase currents i,, ip, and i, are measured and transformed to the synchronous reference
dg frame as iy and i, which are further used as the current feedback of two proportional
integral (P1) current regulators. The current references i; and i, are usually determined by the
torque reference based on the torque equation (1-4a), while for a speed closed-loop regulation
system, i; and i are determined by the speed regulator. It is worth noting that the interior PM
(IPM) machines have unequal d- and g-axis inductances, which means there are many

combinations of i; and iz to achieve the same torque reference according to (1-4a). In this
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regard, the maximum torque per ampere (MTPA) strategy is usually applied to optimize iy; and
ig, and hence maximize the torque with a constant current amplitude or minimize the current
amplitude with a constant torque. However, the surface-mounted PM (SPM) machines have
equal d- and g-axis inductances, the torque is only proportional to i, according to (1-4a). This

makes i; = 0 generally employed in the control of SPM machines.

The outputs of the PI current regulators are regarded as the voltage reference in synchronous
reference dq frame, and they will be inversely transformed to the stationary a3 frame. Space
vector pulse width modulation (SVPWM) technique is employed to convert the voltage
reference in the stationary o3 frame to the drive signals of the three-phase inverter. It should
be mentioned that Fig. 1.9 merely shows the basic framework of FOC, and it can be improved
by modifying the components in the block diagram, for example, replacing the PI regulator
with Pl-resonant (PIR) regulator to suppress current harmonics [YEP15], improve the speed
regulator to reduce speed/torque ripples [XIA15], and so on. This thesis focuses on the control
of DTP PM machines, and hence will not discuss more details about the FOC in conventional

three-phase PM machines.

| Voc|
* . x Uq* U * >
Yy (> Controller > d,q ¢y >
A + A- Decoup g
"= ling | ,* U, PWM Inverter
Idi}O_—>-_> d By E
+ K m o.p | >
- A
Y .
|
lg d,q/ k= o,p/ 2
PR
— op < a,b,cre
| ——
G
Encoder PMSM
)
r didt [«

Fig. 1.9. Block diagram of field oriented control of conventional three-phase PM machines.
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1.3.2 Double Synchronous Reference dg Frame Control of DTP PM Machines

The DTP PM machine can be regarded as two sub three-phase machines with magnetic
coupling according to the double three-phase dg model introduced in Section 1.2.2. The
concept of FOC in conventional three-phase PM machines can be straightforwardly extended
to control the current and torque of each three-phase sets, which is known as double
synchronous reference dq frame control [KAR12]. The control block diagram is shown in
Fig. 1.10. Itis clear that the three-phase currents of each set are transformed to the synchronous
reference dq frame as igq, igq, and ig, igo. Similar to the three-phase FOC, the derived iy,
iq2,and ig4, g, are also used as the current feedback and controlled by the PI regulators. After
the decoupling compensation, the voltage references in dg frame are derived and transformed
to the stationary o3 frame. The voltage references are modulated by two sets of individual

SVPWM to generate the drive signals of two three-phase inverters.

dq <
1
a2 abc — 99'7[/6
A \ 4 ¢9e'7.c/6
, »/p1] Udz>| U | r Usz
TeZ,ref g g | aa i SV- S16
MTPA Ig2,ref X Uee u Up2 > J
@ oyl | /op [U12] PWM
+’O glal De- Vsl

i1 ref C E Ugy+| coupling Ugy, | 4 Ugt
Tel,ref + A — q i SV- S16
MTPAilref —1Uq1* u Up1 i J
ql, i pI %5 gl | o L | PWM
+_ o A T T VSI
I (e He iql | 4 ia!ibvic
dq
o la1| /abe [€— 6,

Fig. 1.10. Block diagram of double synchronous reference dq frame control of DTP PM
machines using PI controllers [KAR12].

There are still many differences from the conventional three-phase FOC. Because there is a 30
electrical degree phase shifting between two sets of three-phase winding, the coordinate
transformation angles of the ABC-dq and dg-a.3 transformations in the control loop of set XYZ
should also be shifted by 30 degrees, i.e. 8, — 30°, with respect to them in the control loop of

set ABC. More importantly, due to the magnetic coupling between two three-phase windings,
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there are external terms in the decoupling compensation part, which can be designed based on

the double three-phase dg model as follows

[ dMgig, I Mo l
dt We qlql We qlq2
dec .
a1 dMqqu , ,
udee ar + Welgigy + WeMglgy + werq
dec| = dM.;i (1'20)
az A oLgiyy — WM, i
udec dt e~qtqz2 eMgtql
q2 ,
dMgiqq ] ]
—ar + Welqlay + wWeMgiqr + Wetpq|
Vo,
""" g Sasc
v + v V, .
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@ MTPA e O » PR Ne s E > Sxvz
A -
— + v, >
Vflq Vflqzvftdl Vf‘dz 1
()e
e
We—P Decoupling
Y
€— Ip
A -
I lo <— lg
Il
f‘“ Double dg[€ e
loo | Trans. | I
Ly ),
Frequency Current Decoupling Iz
dividing unit control unit unit

Fig. 1.11. Block diagram of double synchronous reference dq frame control of DTP PM

machines using PIR controllers [HU18].

As mentioned in Section 1.2.3, due to small impedance to harmonics, the DTP PM machines
suffer more from the current harmonics, mainly the 5th and 7th ones. To reduce these current
harmonics, [HU18] modified the current regulators based on the study of [KAR12]. A resonant
term is parallel connected to each PI regulator to build the PIR regulator, and the block diagram
of the proposed control is shown in Fig. 1.11. The transfer function of the PIR regulator is as

follows

K,s

K;
Gpir(s) = Ky + — + ———
pir(s) P s 52+ wy?

(1-20)

where K,,, K;, and K, are the proportional coefficient, integral coefficient, and resonant
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coefficient, respectively. w, is the resonant frequency and should be set as 6w, to suppress 6th
current harmonics (the 5th and 7th harmonics in phase current). In synchronous reference dq
frame, the PI terms are used to regulate the DC component which represents the fundamental
component of phase current. The infinite gain at OHz provided by the integral term guarantees
that the DC component can accurately track the DC current references iy and i. Like the
integral term, the resonant term can achieve infinite gain at the resonant frequency w,
according to the transfer function, which means the 6th current harmonic can accurately track
the 6th AC current reference or can be completely suppressed if the 6th AC current reference

is zero.
1.3.3 VSD Control of DTP PM Machines

Compared to the double synchronous reference dq frame control, VSD control is based on the
VSD model and is more advantageous for DTP PM machines. Since the torque is only related
to the variables in a8 subspace, it is only necessary to control the current in o3 subspace, and
the control system can be simplified as shown in Fig. 1.12 [KIA04]. It is clear that the measured
six phase currents are firstly decomposed using the VSD transformation (1-12). Although the
currents are decomposed as the currents in of and z1z> subspaces, only the currents in aff
subspace, i.e. i, and iz, are used and transformed to the dq frame as i; and i;. Two Pl
regulators are used to control i, and i,, respectively, and the output voltages of PI regulators
are inversely transformed to six phase stationary frame. The current references i; and i, are
determined by the torque reference. Two sets of SVPWM are used to generate the drive signals

of two three-phase inverters based on the voltage references of each set.

CUeLQiQ
: Oe
1D ref m UD* — Up . ¢ E‘» U
¥ X - U,>| SV- |Sie Jﬁ}

;
i _A u u > g ;
Qref . p1] Yo + O S 0BIS nverse  [e»{ PWM VS| $
x + _ VSD Trans.| u, 5
welplp u,=0 u PWM

Z; Z
z —> VSI O

i ¢ 66 i P ia:ibxic

Q d- < o
i i VSD Trans. i
a-B < B xilyslz

Fig. 1.12. Block diagram of VSD control with two PI regulators for DTP PM machines
[KIA04].
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Although the VSD control with two P1 regulators are simple and easy to implement in the real
system, the current regulators do not have control capability to the current harmonics in z1z>
subspace because z1z» subspace is isolated from the af subspace. This means the current in
212, subspace is not controlled and the voltage references in this subspace is zero. The current
harmonics, e.g. the 5th and 7th, are mapped in this subspace and is purely limited by the small
impedance aforementioned, leading to serious current harmonics. To alleviate this problem,
two additional PI regulators are employed in [KAR14] to establish the VSD control with four
Pl regulators, as shown in Fig. 1.13. It should be noted that [KAR14] defines the two three-
phase sets as “alblcl” and “a2b2c2”. Frame D1Q: represents the synchronous reference frame
in oy subspace. Frame D»Q. represents the synchronous reference frame in z1z> subspace.
Frames d1g: and d»q> represent the synchronous reference dg frames of two three phase set,
respectively. The decomposed current in z1z> subspace, i,, and i,,, are transformed to the
synchronous reference dq frame as ip,, io, and regulated by the additional two PI regulators.
The outputs of the PI regulator are decoupled by the decoupling terms to calculate the voltage
references in the dg frame. Then, the voltage references are transformed to stationary frame
and modulated by two conventional SVPWM. To suppress the current harmonics, the current

references of the two additional PI regulators should be set as 0.

iD1 ref U[)l* Upy, | D1-Q1 Udp Ugg ) a
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i02 ref=0 Y Uoz : Uoz 101 | ug Upz >
o > PI @, pling | "5}/ dr-q, »|/a-B|—3| PWM
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:zz Dl‘Ql ial:iblxicly
i | D22 igispic
- ah1Cy
Ip1 azbzcz «— 0,

Fig. 1.13. Block diagram of VSD control with four Pl regulators for DTP PM machines
[KAR14].

The limitation of the PI regulator is the decreasing control capability to the signal as its
frequency increases, which results in the weak rejection capability to the harmonic disturbance
in z1z> subspace because the harmonic frequency is much higher than the fundamental
frequency. If the harmonic disturbance cannot be well rejected, there are still current harmonics

existing in the machine system. In other words, although the additional two PI regulators
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proposed in [KAR14] can reduce the current harmonics in some degrees, the current harmonics
cannot be completely eliminated in z:1z> subspace. To enhance the disturbance rejection
capability of the current loops in z1z, subspace, [KAR16] proposed a disturbance observer
(DOB) and modified the current regulators in z1z, subspace. Fig. 1.14 shows the VSD control
with a disturbance observer studied in [KAR16].
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Fig. 1.14. VSD control with a disturbance observer for DTP PM machines [KAR16].

(a) Overall block diagrams. (b) Disturbance observer.

From Fig. 1.14(a), the disturbance observer is series connected to the PI regulators in z1z»
subspace, and the outputs of the disturbance observer are the voltage references with
compensation to the 6th harmonic disturbance. The details of the disturbance observer are
shown in Fig. 1.14(b), where P(s) means the plane and its transfer function in complex vector

format is as follows

1
p — 1-21
(5) R+ Lys + jweL, ( )
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where R, and L, are the stator resistance and leakage inductance, respectively. Q(s) means the
bandpass filter that is used to extract the 6th component from the voltage signals, and its
transfer function is as follows

Kos
5%+ Kys + (6w,)?

Q(s) = (1-22)

where K, is the quality factor of the filter, and 6w, is the passband center frequency of this

filter. The real disturbance d can be estimated as d in the observer and thus d is subtracted
from the outputs of the PI regulators and compensate the real disturbance d in the system. The
results in [KAR16] show that the 6th current harmonic can be completely eliminated by the
disturbance observer and the controller shows a good robustness against uncertainties.
However, the limitation of this method is that only the current harmonic with single frequency,
e.g. the 6th, can be suppressed. When there are multiple current harmonics required to be
suppressed, the disturbance observers should also be multiplied, which obviously increases the
complexities of the controller and the parameter tuning.

To suppress current harmonics in a wide range of frequency, [XU20] proposed an extended
state observer (ESO), as shown in Fig. 1.15. Different from the method proposed in [KAR16],
the method in [XU20] does not transform the currents i,, and i,, to synchronous reference dq
frame, but directly control them with two PI regulators. Two ESOs are employed to enhance
the disturbance rejection capability of the two PI regulators. The details of ESO are shown in
Fig. 1.15(b). With the ESO, the disturbance rejection performance can be described using the

following transfer function

k .
s3+ (L—p+ﬁ01)52 +%s
G(s) = = =

2 ” (1-23)
(s? + Bo1s + Boz) (52 + L_pS + L_l)

g g
where k,, and k; are the proportional and integral coefficients of the PI regulators. By tuning
the parameters in the ESO, G (s) achieves a large attenuation of magnitude to the signals below
5000Hz, which means the disturbance in this frequency range can be well rejected and the

current harmonics are thus suppressed.
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Fig. 1.15. VSD control with an extended state observer (ESO) for DTP PM machines [XUZ20].

(a) Overall block diagrams. (b) Extended state observer.

The common goal of the disturbance observer and extended state observer is to improve the
disturbance rejection capability of the current control loops. That means the current harmonic
can only be suppressed, but cannot be injected, because the current feedback can hardly track
an AC current reference if only the disturbance rejection capability is enhanced. According to
many existing studies, the current harmonics can also be injected to boost the average torque
[WAN15][HU17] or minimize the torque ripples [FEN19][YAN19][FEN19]. To achieve both
harmonic reference tracking and harmonic disturbance rejection, two practical approaches are
generally employed in industrial applications. The first is the aforementioned PIR regulator,
and [HU14] combines the PIR regulator with the VSD control to achieve current harmonic
control and unbalanced current suppression. The block diagrams of the method in [HU14] are

shown in Fig. 1.16. Matrix Te means the VSD transformation.

In terms of the regulation of current harmonics, two resonant terms with resonant frequency
6w, are parallel connected to the PI regulators in z1z»> subspace. The resonant term can provide
infinite gain at the resonant frequency, and thus, the disturbance can be completely rejected
while the current harmonic reference can be accurately tracked simultaneously. Except the

current harmonics, this paper has also considered the unbalanced current due to impedance

22



asymmetry among six phases. The unbalanced current is mapped in both o3 and z1z» subspaces,
and will be transformed as the 2nd current harmonics in the synchronous reference dq frame.
To reduce them, four resonant terms with resonant frequency 2w, are parallel connected to the
PI regulators in both a3 and z1z> subspaces. Although the current harmonics and unbalanced
current can be suppressed at steady-state, the parameters of the PIR regulators should be
carefully tuned to ensure a stable system and achieve a good dynamic performance, which
increases the tuning work in the implementation process. In addition, the resonant regulator
requires the machine speed to online calculate the resonant frequency. The delay of the speed

calculation and speed fluctuation will reduce the control performance of the PIR regulator.
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Fig. 1.16. VSD control with PIR regulators for DTP PM machines [HU14].
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Fig. 1.17. VSD control with MSRF regulators for DTP PM machines [KAR17].

The second kind of approach is known as multiple synchronous reference frame (MSRF)
regulators, and the typical literature is [KAR17] which firstly utilize the concept of MSRF in
the VSD control. The overall control diagrams are shown in Fig. 1.17. The six phase currents
are first decomposed using the VSD transformation. Since the fundamental current is mapped

in o subspace, i, and iz are transformed to the synchronous reference dq frame, two low pass

filters (LPFs) are used to extract the DC components (fundamental current in phase), and two
PI regulators are used to control the extracted DC current. The 5th and 7th current harmonics
are decomposed in z1z» subspace, and hence i,; and i,, are respectively transformed to the 5th
synchronous reference dgs frame and the 7th synchronous reference dgr frame. Similar to the
fundamental current in dq frame, the 5th and 7th current harmonics are also transformed as DC
currents in dgs frame and dgz frame. LPF helps to extract these DC currents so that they can be
controlled by the PI regulators. The PI regulator provides infinite gain at OHz, resulting in the
accurate DC reference tracking and complete DC disturbance rejection. Compared to the PIR
regulator, the fundamental and current harmonics are all isolated to each other due to the LPFs,

and all the current loops are independent to each other as well. This provides convenience for
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implementation because the parameter tuning of each current loop can be individually carried
out. Additionally, it is the rotor position angle but not rotor speed that is used in the MSRF
transformation, which implies the speed inaccuracy or speed fluctuation will not reduce the
control performance. The main problem of the MSRF method is the delay caused by the LPFs.
The delay will limit the bandwidth of current control loops and substantially reduce the stability

and dynamic performance of the current harmonic regulation.
1.4 Direct Torque Control of DTP PM Machines

Direct torque control (DTC) aims to control directly the stator flux and the torque by selecting
the appropriate inverter state. DTC is firstly introduced and employed in three-phase machines
in [TAK86] and [DEP88]. Compared to FOC, DTC has the advantages of outstanding transient
performance, rapid dynamic torque and speed response, and enhanced robustness against
machine parameter variations and sudden load change. DTC was firstly extended from three-
phase machine to multiphase machine in [TOLOO], where it is employed to drive a five-phase
induction machine. In terms of the DTP machines, DTC is firstly investigated in [BOJ05]. The
control principle of DTC ina DTP PM machine system can be described by the block diagrams
as shown in Fig. 1.18. Torque and flux estimators, torque/flux hysteresis regulators and a
switching look-up table are included in this control strategy. Because the torque is only related
to the machine variables in aff subspace, VSD transformation can be used to calculate the
voltage u,, ug and current i, ig mapped in off subspace based on the measured machine
phase currents and estimated phase voltages. The stator flux linkage can be estimated following

the rules

Yo = f(ua — Rgip)dt
l/)ﬁ = f(uﬁ - Rslﬁ)dt

Vmag = /%2 + 5

ys = arctan (%)

a

(1-24)

where ¥4 and ys are the magnitude and phase angle of the stator flux linkage. After the
stator flux linkage calculated, the electromagnetic torque can be calculated based on the torque

equation
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T, = 3p(7~/}aiﬁ - lpﬁia)

(1-25)
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Fig. 1.18. DTC with hysteresis regulators and switching table for DTP PM machines [BOJO5].

(@)

(b)

Fig.1.19. Hysteresis regulators in DTC for DTP PMSM. (a) 2-level flux regulator.

(b) 3-level torque regulator.
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TABLE 1.1.
SWITCHING TABLE OF VECTOR ST-DTC [BOJO05]

Vs Te | I Il v V VI
1 V27 V26 Vig V22 Vs4 Vs

1 0 Vo Vo Vo Vo Vo Vo
-1 V37 Vs Var Vo Vi1 Va7

1 Vs Visg V22 A Vs Vs

-1 0 Vo Vo Vo Vo Vo Vo
-1 V36 V37 \Z13 Va1 Vo Vi1

s Te VII VIl IX X Xl Xl
1 V36 V37 Vs Vi Vo Vi

1 0 Vo Vo Vo Vo3 Vo Vo
-1 V26 Vig V22 Vs Vs V36

1 V37 \Z13 Va1 Vo Vi1 Va7

-1 0 Vo Vo Vo Vo3 Vo Vo
-1 Va7 V26 Vig V22 Vs Vs

Different from FOC, DTC uses hysteresis regulators but not the PI regulators to control the
torque and flux linkage. The structure of the hysteresis regulators is shown in Fig. 1.19. From
Fig. 1.18, the difference between the torque/flux linkage reference and feedback is the input of
the hysteresis regulator, and the input will be compared with the bandwidth values +Hy, and
+Hp to generate the states “1”, “-1”, and “0”. State “1”” means increase the torque/flux linkage
in the next control cycle, state “-1” means decrease the torque/flux linkage in the next control
cycle, and state “0” means maintain the torque in the next control cycle. These outputs of the
hysteresis regulators are the input of the switching look-up table (LUT). The LUT is shown in
TABLE 1.1. The LUT will select the most appropriate switching states or voltage vectors to
fulfil the control target in the next control cycle according to the sector that the stator flux
linkage locates in. The sectors are defined in Fig. 1.20. Take an example, when the stator flux

linkage is located in Sector I, to increase the torque and increase the flux linkage, vector Vo7 is

27



selected as the optimal voltage vector, which means the switching states of bridges ABCXYZ
of the inverter should be “110110”. “1” means the upper switch is turned on and the lower
switch is turned off. “0” means the upper switch is turned off and the lower switch is turned
on. To increase the torque but decrease the flux linkage, V2s should be selected and the
switching state should be “010110”.

s M3 27
b

Fig.1.20. Voltage sectors and vectors in [BOJO5].

1.5 Model Predictive Control of DTP PM Machines

Model predictive control (MPC) is based on a model of the real system, also called the
“predictive model”, and is used to predict its future evolution. The prediction is carried out for
possible switching states to determine which one minimizes a defined cost function. The basic

MPC structure is shown in Fig. 1.21, and the MPC follows the steps below:

Step 1: Measuring the current at Kk moment.

Step 2: Calculating the predictive current at k+1 moment by applying all available voltage
vectors to the predictive model.

Step 3: Calculating the cost function by means of the predictive current and current reference.
Step 4: Selecting the optimum voltage vector for inverter.

Step 5: k++, jump to Step 1.
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Fig. 1.21. MPC diagram for DTP PMSMs [BARQ9a].

The MPC was firstly adapted to DTP drives in [BAR09a], where only the 12 outer vectors of
the 64 voltage vectors (VVs) (the largest) are employed to reduce the computation burden. The

cost function is expressed as:

g =iz — & + |ip —ig* | + A(

P* ik+1
lz1 = lz1 | +

iz = i3 1)) (1-26)

where A is a weighting factor between phase currents in the o and z1z, subspaces; iy, i;, 71,
iz, are the current references in the o and z1z, subspaces, respectively; and i%*?, i}f“, ik

i¥+1 are the predictive currents in the o/ and z1z> subspaces at instant k + 1 calculated by the

measured currents at instant k.

It is notable that the computation burden increases significantly for multiphase machines,
because the VVs increase exponentially with the number of phases. Furthermore, MPC
methods with the cost function of minimizing current harmonics and reducing computation
cost are investigated in [BARO9b] and [DUR11], respectively. The selected voltage vector
combined with a zero vector, namely, one-step modulation predictive current control, or PWM-
MPC, where the current harmonics were suppressed further and the steady-state performance
improved effectively. However, the active vectors in [BAR09a] [BAR09b] [DUR11] [BAR11]
are the same, where only the largest vectors are employed. Although some improved techniques
are utilized, the system still suffers from current harmonics caused by uncontrolled harmonics-
related components. Hence, a virtual VVVs strategy synthesized by the largest and the second-
largest actual vectors (synthesized by two groups of VVs) was introduced to MPCC for DTP
machines, as described in [GON18]. The virtual vectors ensure null z;z> voltages on average
during the sampling period, thereby reducing the current harmonics. Moreover, two groups of
virtual vectors (synthesized by three groups of VVVs) aiming at harmonic currents reduction are

introduced in [LUO19a], and the deadbeat current control method is also introduced to reduce
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the computing time with the increase of the number of employed VVs. This technique for two
groups of synthesized virtual vectors is further refined in [ACI19][GON19], where a two-step
procedure and a dual virtual vector are involved to compensate the harmonics caused by
machine asymmetries, dead time effects, and back-EMF harmonics, respectively. The

comparison of different control schemes for DTP PM machines is shown in TABLE 1.2.

TABLE 1.2.
COMPARISON OF CONTROL SCHEMES FOR DTP PM MACHINES
FOC DTC MPC

Steady-state performance High Low Normal
Dynamic performance Slow Fast Fast
Switching frequency Fixed Variable Variable
Implementation complexity ~ Normal Simple Complex
Parameter sensitivity Normal Normal High
Sensorless No Yes No
PWM modulator Yes No No
Computation burden Low Low High
Robustness High High Low

1.6 Scope of Research and Contributions

1.6.1 Scope of Research

The aim of this thesis is to investigate the current harmonic control under the framework of
VSD control in DTP PM machine systems. The emphasis will firstly be put on the voltage
disturbance rejection to reduce the effect of the voltage harmonics and back EMF harmonics,
and thus suppress the current harmonics in a wide range of frequency. Then, the current
reference tracking capability is investigated and the improved MSRF regulators combined with
virtual multi-three-phase systems are proposed to achieve accurate and dynamic current
harmonic reference tracking. Furthermore, the scaling error of current measurement will cause

current harmonics and its effect is also studied. A high-frequency injection based method is
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proposed to correct the scaling gains of current measurement and suppress the relevant current

harmonics. Finally, in order to expand the contribution of this research work, the current

harmonic control methods investigated in DTP PM machines are extended to the conventional

three-phase PM machines by establishing a comprehensive machine model and introducing a

virtual DTP system to control the current harmonics. The outline of the thesis is illustrated in

Fig.1.22.
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Fig. 1.22. Outline of this thesis.

The thesis is organized as follows:

Chapter 1: The general modelling approaches and control strategies in three-phase machines

and DTP machines are discussed in details. Especially, different current harmonic control

methods under VVSD control are detailed discussed and investigated for further investigation.
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Chapter 2: DTP PM machines systems usually suffer from small impedance to voltage
harmonic disturbance such as inverter voltage errors and back-EMF harmonics. This chapter
proposes a virtual impedance technique to increase the machine equivalent impedance and thus
enhance the voltage harmonic disturbance rejection capability of the system. This enhancement
can contribute to current harmonic suppression in a wide range of frequencies. In addition, the
virtual impedance can also reduce the system sensitivity to parameter variation, which helps to
suppress the current overshoot, pulsating, and cross-coupling effect caused by parameter
mismatch during the dynamic process.

Chapter 3: Although the rejection capability is enhanced compared to the conventional VSD
control approach in Chapter 2, the attenuation on the voltage harmonic disturbance is still not
infinite, which means the current harmonics can merely be reduced but not eliminated or
suppressed to zero. More importantly, the proposed virtual impedance can only be utilized to
reduce the current harmonics, but in the applications that require current harmonic injection to
boost the average torque or minimize the torque ripples, the proposed virtual impedance
technique is not applicable anymore. To achieve a better control performance of the current
harmonics in DTP PM machines, this chapter proposes an improved multiple synchronous
reference frame (MSRF) current harmonic control strategy. A new vector space decomposition
transformation combined with auxiliary currents is designed to decouple the current
fundamental with current harmonics, and the auxiliary currents can be established by the /9
phase shifting of the physical currents in ABC set and the =/18 phase shifting of the physical
currents in XYZ set. By employing the proposed current decomposition, it is easy to detect
them using low pass filters in MSRFs. A generic complex vector proportional integral regulator
is then employed to control the detected current harmonics to track the current harmonic
references. Compared with the virtual impedance technique proposed in Chapter 2, the current
harmonics can be suppressed to zero or freely controlled to track the required current harmonic
reference in this chapter. Compared to the existing MSRF-based methods, the proposed method
provides a new current harmonic detection with reduced delay effect, which contributes to
enhancing the dynamic performance of current harmonic regulation, and also stabilizing the

control system.

Chapter 4: It is proved in Chapter 3 that the current harmonic decomposition provides
convenience for current harmonic regulation due to the reduced delay effect in current

harmonic detection. However, it is illustrated that the 5th current harmonic is still coupled with
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the 13th current harmonic, while the 7th current harmonic is coupled with the 11th current
harmonic. A question that may be easily come up with is that whether it is possible to
decompose all the current components into several individual subspaces, and the fundamental
and major current harmonics are completely decoupled to each other. Based on the question,
this chapter proposes a concept of virtual multi-three-phase systems to achieve complete
decomposition of the major current harmonics and independent regulation of the current
harmonics in a DTP PM machine system. The control system proposed in Chapter 3 can be
understood as a virtual triple three-phase system. This chapter develops the virtual triple three-
phase system to generic virtual multi-three-phase systems, e.g. virtual triple, virtual quadruple,
and virtual pentuple three-phase system. The virtual multi-three-phase currents are firstly
reconstructed by appropriately shifting the phase of original physical DTP currents, and then,
are decomposed with the help of vector space decomposition techniques. As a result, the
fundamental and the major current harmonics, i.e. the 5th, 7th, 11th, and 13th, can be
completely separated in many isolated subspaces, where the independent current control loops

can be easily designed and implemented.

Chapter _5: The previous chapters have investigated the solutions for current harmonic
suppression in DTP PMSM systems, while these solutions can only deal with the conventional
current harmonics that are caused by the inverter nonlinearity and non-sinusoidal back-EMFs.
The scaling errors in the current measurement will also generate current harmonics that the
investigated solutions in the previous chapters cannot deal with. Therefore, this chapter
proposes an effective method to compensate the current measurement gain and correct the
scaling errors, and thus suppress the related current harmonics and torque ripples. A high-
frequency carrier voltage is injected to the z1z> subspace of the DTP PMSM, and the resultant
high-frequency components in the measured currents are extracted and used to control the

current measurement gain and correct the scaling errors.

Chapter 6: This chapter extends the concept of the virtual multi-three-phase system proposed
in Chapters 3 and 4 to the three-phase PMSM systems in order to expand the contribution of
this research. For a three-phase PMSM system, the inverter nonlinearity, back-EMF harmonics,
and the asymmetry among phases, are firstly considered to derive a comprehensive electrical
model of PMSMs in this chapter. Compared to the conventional harmonic analysis in three-
phase PMSM systems, the derived model indicates that more new current harmonics can exist
in the PMSM system. To regulate the current harmonics with arbitrary orders, a virtual three-

phase system is established. By properly shifting the spatial and time phase angles between the

33



virtual three-phase system and the original physical three-phase system, the selected current
harmonics can be decomposed from the phase current. A simple proportional-integral regulator
with adjustable phase compensation angle is designed based on the proposed model to regulate
the decomposed current harmonics in the corresponding harmonic synchronous reference
frame. The implementation details and experimental results are provided to illustrate the

feasibility and correctness of the proposed control strategy.

Chapter 7: The general conclusion is drawn in this chapter, and some potential future works

are discussed.
1.6.2 Contributions

Main contribution in this thesis include:

» A virtual impedance technique is proposed and employed in the DTP PM machine
system for the first time. The voltage disturbance in DTP PM machine system is
investigated and the disturbance rejection capability of the system is firstly studied. The
analysis shows that the DTP PM machines have weaker disturbance rejection capability
due to the small impedance in z1z» subspace compared to conventional three-phase PM
machines. The disturbance rejection capability can be greatly enhanced by the proposed
virtual impedance and the robustness of the current regulators against parameter
variation is also improved.

> A concept of virtual multi-three-phase systems is proposed for the first time. The
decomposition capability of VSD transformations is analyzed, and it is found that
increasing the number of three-phase sets helps to decompose the current harmonics.
By introducing the virtual multi-three-phase systems, the number of the machine phases
are virtually increased, and hence, the current harmonics can be more separated or
completely separated in many subspaces. Under this circumstance, the MSRF method
can be improved by reducing the phase delay of the LPFs in the current harmonic
detection or by cancelling the LPFs in the current harmonic detection, which greatly
enhances the dynamic performance of current harmonic reference tracking and the
stability of the control system.

» The effect of scaling errors of current measurement is analyzed for the first time in DTP
PM machines. The analysis shows that the non-identical scaling gains in the current
measurements will result in unbalanced current among phases and the 2nd-order torque

ripple. The resultant current harmonic cannot be suppressed by the previously
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investigated current harmonic control method. A novel high-frequency injection based
method is contributed to online tune the scaling gains and suppress the current
harmonics due to the scaling errors.

Still for the first time, a comprehensive model of arbitrary harmonic is established for
conventional three-phase PM machines. Various harmonic sources, including odd- and
even-order harmonics in back-EMF, inverter nonlinearity, and impedance asymmetry
among phases, are investigated in the model. The proposed concept of virtual multi-
three-phase systems, which is designed for the DTP PM machine systems, is extended
to conventional three-phase PM machines and achieve a better control performance of
the current harmonics in a conventional three-phase PM machine system. The extended
current harmonic control strategy is novel and shows more rapid current harmonic
reference tracking compared to other existing strategies in conventional three-phase

systems.
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CHAPTER?2

ENHANCEMENT OF VOLTAGE HARMONIC
DISTURBANCE REJECTION CAPABILITY IN DUAL
THREE-PHASE PMSM SYSTEM BY USING VIRTUAL

IMPEDANCE

Dual three-phase (DTP) permanent magnet synchronous machine (PMSM) systems usually
suffer from small impedance to voltage harmonic disturbance such as inverter voltage errors
and back-EMF harmonics. This chapter proposes a virtual impedance technique to increase the
machine equivalent impedance and thus enhance the voltage harmonic disturbance rejection
capability of the system. This enhancement can contribute to current harmonic suppression in
a wide range of frequencies. In addition, the virtual impedance can also reduce the system
sensitivity to parameter variation, which helps to suppress the current overshoot, pulsating, and
cross-coupling effect caused by parameter mismatch during the dynamic process. Simulation

and experimental results have verified the effectiveness of the proposed control strategy.

This chapter was presented at the IEEE Energy Conversion Congress & Expo (ECCE), Detroit,
Michigan, USA, 2020 [YANZ20]. The extension of [YAN20] is published in IEEE Transactions
on Industry Applications [YAN21a].

[YAN20] L. Yan, Z. Q. Zhu, J. Qi, Y. Ren, C. Gan, S. Brockway, and C. Hilton,
“Enhancement of disturbance rejection capability in dual three-phase
PMSM system by using virtual impedance,” 2020 IEEE Energy Conversion
Congress and Exposition (ECCE), 2020, pp. 6104-6110.

[YAN21a] L. Yan, Z. Q. Zhu, J. Qi, Y. Ren, C. Gan, S. Brockway, and C. Hilton,
“Enhancement of disturbance rejection capability in dual three-phase
PMSM system by using virtual impedance,” IEEE Trans. Ind. Appl., vol.
57, no. 5, pp. 4901-4912, Sept. 2021.
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2.1 Introduction

Dual three-phase (DTP) permanent magnet synchronous machines (PMSMs) usually have two
three-phase winding sets with isolated neutral points and spatially shifted by 30 electrical
degrees as shown in Fig. 2.1. Compared to conventional three-phase electrical machines, DTP
PMSMs exhibit the advantages of low torque pulsation, low dc-link voltage and low dc-link
capacitance requirements, more control degrees of freedom for power and torque distribution,
and good fault-tolerant capability [LEVO7], as well as the advantages of PM machines, i.e.
high torque density, high power density, and high efficiency. Due to such advantages, DTP
PMSMs are regarded as good solutions in the applications of high power conversion including
electric/hybrid vehicles [PIR19], renewable energy generation [CHE14], aerospace
[DE10][BOJ16][THOQ09], and ship propulsion [QIA16][BOJO3].

o
T ] ]
A

Fig. 2.1. Dual three-phase PMSM with VSI drive.

The winding configuration of DTP PMSM determines the reduction of the torque ripples at the
expense of increasing current harmonics. The 30 electrical degrees shifting between two
winding sets and the m/6 time shifting between the corresponding fundamental currents
guarantee the cancellation of the spatial harmonics with orderof k =6m +1 (m =1,3,5,...)
[ABD15]. Besides, the flux produced by the k" current harmonics in the first winding set will
also counteract with the one produced by the second winding set in the air-gap. As a result,
both the spatial and time harmonics will not contribute to the 6m" torque ripples, which is an
inherent advantage of DTP PMSMs. However, although the k" current harmonics will not
generate the torque ripples, they can result in the extra loss and reduce the system efficiency.
Furthermore, the elimination of synthetic airgap flux produced by the k" current harmonics
indicates that the armature airgap inductance is equivalent to zero and the k" current

harmonics are only limited by the resistance and leakage inductance, which are usually small
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[HU14][REN15]. The small impedance to the k" current harmonics aggregates the phase
current distortion and harmonic loss. In addition, the current harmonics with order of h =
12n+ 1 (n = 1,2,3,...) cannot only cause loss but also produce the 12nt" torque ripples that
deteriorates the control performance of the drive system. These current harmonics are usually
generated by the voltage harmonic disturbances in the electrical machine system, such as
inverter voltage errors and back-EMF harmonics, and thus, the voltage harmonic disturbance
rejection capability of system is important and will determine the magnitude of these current

harmonics.

The currents are usually transformed into synchronous frames and controlled by the
proportional integral (PI) regulators in the vector space decomposition (VSD) control strategy
[KAR14][JONO09] or double dg-axis frame control strategy [HU17][KAR12]. Although the PI
regulator guarantees that the fundamental current can well follow the reference, its weak
rejection capability to AC disturbance still results in serious current harmonics. To reject the
AC voltage disturbance of a specific frequency, a resonant term in parallel with PI regulator,
i.e. proportional integral resonant (PIR) regulator, is considered as the most popular solution
to suppress the current harmonics. The resonant term provides the regulator with infinite open-
loop gain [ZMOO01][ZMOO03] at the resonant frequency, which grants the controller the
capabilities of both tracking the reference and rejecting the disturbance at the resonant
frequency. The resonant frequency is usually pre-configured to the six or twelve times
fundamental electrical angular frequency [HU14][CHE14]. The additional resonant terms
increase the complexity of the control structure and make the current regulator suffer from
complicated parameter tuning and stability issues. Similar to the PIR regulator, the multiply
synchronous reference frame (MSRF) PI regulators [KARL17][YAN19] are also proposed to
regulate the fundamental current as well as the current harmonics. The currents of different
frequencies can be all transformed as dc components in the corresponding synchronous frames
and then they can be well controlled by the PI regulators due to PI’s ideal control capability to
dc components. Nevertheless, the MSRF Pl regulators require additional coordinate
transformation and regulation of harmonics, which increases the computation burden in
implementation. Meanwhile, the dynamic performance of MSRF based method can be reduced

by the low pass filters (LPFs) in the current loops.

The parameters of the aforementioned controllers should be carefully tuned to simultaneously

achieve good capability of both tracking the reference and rejecting the disturbance, which
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leads to complex parameter tuning. To avoid this issue, the controller with two freedom degrees
is a preferable solution. [KAR16] proposed a disturbance observer (DOB) combined with the
Pl regulator to suppress the 5" and 7™ current harmonics in dual three-phase PMSMs. The
parameters of the Pl regulator can be tuned in the traditional way, and the DOB provides
infinite damping to the 6" harmonic voltage disturbance but does not changes the capability of
tracking the current reference. However, the DOB can only reject the disturbance with fixed
frequency, and more DOBs should be used to reject the disturbance with multiple harmonic
frequencies, which will obviously increase the complexity of the control system. [XU20]
replaced the DOB with the extended state observer (ESO). The ESO exhibits a wide bandwidth
of disturbance rejection and can suppress the current harmonics of different frequencies.
Nevertheless, the ESO is not employed in «f subspace and the dynamic current response is

also not experimentally evaluated in [XU20].

An alternative method called virtual impedance is proposed in [YANZ20] to enhance the voltage
harmonic disturbance rejection capability of DTP PMSM system. The early idea of virtual
impedance was mentioned in [BLA99], where an active damping term works like a real resistor
in the control loop to improve the dynamic performance. Due to the similar function as a real
impedance, the virtual impedance can help to suppress the current ripples and robust the current
reference tracking [LI118][SON17]. Hence, it has been employed in high performance current
regulation of machine drive [YIMO9][LIA17][WAN18]. The proposed current regulator in
[YAN21a] is a two-freedom-degree controller but does not have complex structure as the
observer-based method, which makes it more practical in real systems. This chapter is mainly
about the control approach proposed in [YAN21a], and the rest part of this chapter is organized
as follows. Section 2.2 introduces the electrical machine model and the basic complex-vector
Pl regulator in two subspaces of DTP PMSM. In Section 2.3, the proposed virtual impedance
method is presented, and the parameter determination as well as the parametric uncertainty are
also analyzed. Section 2.4 compares the proposed method with existing methods and highlights
the contributions of this chapter. The experimental results are provided in Section 2.5 to

validate the advantages of the proposed method, and finally section 2.6 concludes this chapter.
2.2 Control System of DTP PMSM

The VSD technique is advantageous in the modelling and control of multi three-phase machine
because it can decompose the variables of machine into several orthogonal subspaces, in which

the modelling and control can be individually processed. If no account is taken of the zero
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sequence components, the VSD transformation for DTP PMSM is as follows [ZHA95]

a 1 -1/2 -1/2 ~3/2 -+3/2 0 ;1
Bl_1lo v3/2 —+3/2 1/2 /2 —1flc (2-1)
2 31 —1/2 =172 —=+3/2 V372 o ||X
22 0 v3/2 —+3/2 -1/2 -1/2 1 ;

where[A B ¢ X Y Z]" represents the current, voltage, and back-EMF valuables in
six-phase stationary frame. Matrix [@ B z; z,]T represents the corresponding

decomposed current, voltage, and back-EMF valuables in af and z1z> subspaces.

2.2.1 Electrical Machine Model

By using (2-1), the variables can be decomposed into two orthogonal subspaces, i.e. af and

212, subspaces, where the machine model can be described by

L,i
Ug = Rgiy + d“t“+ea
o dLgi
Ug Rslﬁ + dt + €p
(2-2)
. Lyizg
Uz Rslzl + ;tz + z1
. Lsiz
Uzp = Rslzz + % + €22

where u, i, and e are the voltage, current, and EMF generated by PM flux linkage. L, and Lg

are the stator inductance, and L, denotes the stator leakage inductance. The electromagnetic

torque can be expressed as
Te = 3P(¢aiﬁ - ll’,Bia) (2-3)

where 1, and 1 are the stator flux linkage in afsubspace. P denotes the number of pole pairs.
The fundamental component and the harmonics withorderof h = 12n+1(n=1,2,3,..), i.e.
11" and 13" harmonics etc., are mapped in a3 subspace and the k" ones are mapped in z12,
subspace, where k=6m+1 (m=1,3,5,..), i.e. 5" and 7" harmonics etc. If only

considering the 5™, 71" 11" and 13" harmonics, the EMFs can be expressed as [JIA15]
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eq = —wePr15in(6,) + 11wePrq115in(116,) — 13w, Ppq35in(136,)
eg = WePr108(0,) + 11w, Pyq1c05(116,) + 13w, Py13c0s(136,)
(2-4)
ez1 = S5werssin(56,) — 7w, Pr7sin(76,)

e, = 5wetrscos(56,) + 7wePr,cos(76,)

where w, is the electrical angular speed, 6, is the electrical angle of the rotor position, and vz

denotes the amplitude of fundamental and harmonic PM flux linkage. In each subspace, the

currents, voltages, and EMFs can be transformed into synchronous frames by (2-5).

cosf, siné,
—sinf, cos6,
l ‘ 0 cosB sin @ ‘ I ‘ (2-5)
0 —sinf, cos6

where [d q zd zq]" represents the decomposed current, voltage, and back-EMF values
in synchronous frame.

Then, the voltage equations (2-2) are transformed as (2-6).

: dig ,
Uy = Rgiz + Lp - welqgliq + eq

di
. q .
Uq = Rsig + LQE + w.Lpiy + e

(2-6)
di dizq )
= Rgi,g + Ly . — Welglzg + €54
di,
= Rgiyq + Lg It +weL lzq + €zq

where L, and L, are the synchronous inductances. The /3 and z1z, subspaces are orthogonal
and decoupled, and thus theoretically there is no coupling term between dg-axes and zdg-axes.
It should be noted that in synchronous frames, the fundamental is transformed as dc component,
the 5" and 7" harmonics are converted as the 6™ harmonics in zdg-axes, and the 11" and 13"
harmonics are the 12" harmonics in dg-axes. Accordingly, the EMFs e, eq, €zq, and e,, can

be expressed as
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eq = 12w.rq125in(126,)

eq = Wey1 + 12w fq12c05(126,)
(2-7)
€zqa = 6welpfd6Sin(69e)

zq = 6Wesq6c0s(66,)

where Yras, Wrqe, Wrarz, and YPrqq, are the amplitudes of the 6™ and 12™ PM flux linkage
harmonics in synchronous frames. The back EMF harmonics in (2-7) can be considered as

voltage harmonic disturbance and generate current harmonics in the control system.
2.2.2 Inverter Model

To avoid shoot-through in the dc link of the six-leg inverter shown in Fig. 2.1, a dead time is
inserted in the PWM signals to guarantee that both switches of one leg will not be on
simultaneously. However, the negative effect of dead time is output voltage distortion that can
result in current harmonics, torque ripples, system efficiency reduction, and degradation of
control performance. Considering the dead time, the switching time delays, and the voltage
drops of switching devices, the output voltage error in phase A can be equivalent to a square
wave voltage (2-8) whose polarity is determined by phase A current i, (t) [PAR12][KIMO3].

Avy(t) = Vgeaasgn(ia(t)) (2-8)
where
Tiead + Ton — T, Vsat + Vg
Vdead = = Ton off (Vdc - Vsat + Vd) + % (2'9)
S

Tgeaq 1S the dead time, T,,, and T, ¢, are the turn-on time and turn-off time, T is the switching
period. V. is the dc link voltage, V,,: and V,; are the saturation voltage drop of the switching
device and the forward voltage drop of the freewheeling diode, respectively. Function sgn is
the sign function. According to the FFT principle, the square wave voltage error can be
regarded as the sum of sinusoidal components with odd orders. These sinusoidal voltages have
the same harmonic orders as the phase back EMFs have. Likewise, the voltage errors can be
also regarded as disturbance to deal with.
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2.2.3 Basic Current Control Loops in Two Subspaces

The general current regulation method in synchronous frames uses the PI regulator. In order to
eliminate the cross-coupling effect and improve the dynamic performance of current loop, the
cross-decoupled complex-vector PI regulator is employed in this chapter [BLA99] due to its
simple parameter tuning, easy implementation, and rapid dynamic performance, and the
regulator structure is as shown in Fig. 2.2. To avoid complicated coefficient tuning, the PI
regulators are designed based on the voltage equations (2-6), then the inductance and the
resistance are employed as parts of the proportional and integral coefficients. It can be seen in
Fig. 2.2, the inverter and the machine are considered together in the blue blocks. The back
EMFs and the inverter voltage errors are considered together as the voltage disturbance, i.e.

Dy, Dy, D,q, and D,,, Where Dy, D, include the dc and 12nt" AC components, and D4, Dy,q

include the 6mt" AC components. To make a brief description, the complex-vector expression
method [BLA99] is utilized and the inductance is supposed to satisfy L, = Ly = L. If the
inductance and resistance employed in the current regulators are accurate and matched with the
machine, the transfer function from the current reference to the current feedback can be derived
from Fig. 2.2(a) as follows.

laq(s) Ke At LSSS+]weLS R + Lssl+ jwLs K

Ry+ Lgs + jweLs 1 T s+ K,
S Rs + Lgs + jweLg

Hc(s) = (2-10)

lig(®) 14k,

where current vectors I, (s) = Iq(s) + jl,(s), current reference vectors I, (s) = Iz(s) +
Jj15(s). The transfer function of the current loop in z1z, subspace, Fig. 2.2(b), can be conducted
similarly and is not written here. As seen in (2-10), the zero-pole cancellation of the open-loop
transfer function are achieved and thus the close-loop transfer function is simplified as a first-
order LPF, in which K, represents the cut-off angular frequency and determines the response
speed of the current loop. Theoretically, the current step response should be ideal as there will
not be any cross-coupling effect, overshoot, or oscillation according to the characteristic of a
first-order LPF.

The transfer function from the disturbance to the current feedback in Fig. 2.2(a) can be derived

as follows.

43



I
I
1 I
—o—» |
R, + sLp d :
weLQ < I
I
weLD < |
1 I
* P |
RS + SLQ 4q :
I
I
- I
Inverter & machine )
__________ -
___________ ~
\
I
I
T I
RtsL| | lzd:
W, L, | |
I
w.L, [« |
T |
——e»i
Rs + sL, Zq:
I
I
- I
Inverter & machine )
—_— e — o — — — — — — — -
(b)
Resonant term
krw.s
SZ+2ws+t | \ - T T ——— RN
I
I
|
> i,
I
I
I
|
|
> Lyl
|
I
I
. I
_ krwes Inverter & machine )
s% +2w,s + 0} N ] Ll _ —~
Resonant term

(©)

Fig. 2.2. Current control loops in synchronous dq frames. (a) /3 subspace. (b) z1z> subspace.

(c) Proportional-integral-resonant regulator.
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qu(S) _ S
qu (s) (s+ Kc)(LsS + R; +jweLs)

Ge(s) = (2-11)
where the disturbance vector Dy, (s)=Dy(s) + jD4(s). From (2-11), the gain is not zero to AC
components, which means the current harmonics will be generated by the aforementioned AC

disturbance.
2.3 Proposed Control Strategy

2.3.1 Current Regulator with Virtual Impedance

The disturbance rejection capability of the current loop in Fig. 2.2(a) depends on K, and the
values of resistance and inductance according to (2-11). Although the current harmonics can
be suppressed by increasing K, the reference tracking performance will be changed as well. In
order to not influence the reference tracking capability of the current loop, K. is merely
adjustable to satisfy the required current response speed. Consequently, the disturbance
rejection capability is only determined by the resistance and inductance. One general solution
to increase the disturbance rejection capability is using additional symmetrical resistors and
inductors between the inverter and the machine, which can increase machine equivalent
impedance and suppress the total current harmonics, however, will introduce extra loss and
decrease the dc link voltage utilization. In order to maintain the advantages and avoid the
shortages of the real impedance, the virtual resistance and inductance terms are proposed to
replace the real resistors and inductors, and further improve the control performance of the

current regulation.

Fig. 2.3 shows the proposed current regulator with virtual impedance. Like the real impedance,
the virtual impedance also acts as a virtual voltage drop, which is online calculated by using
the virtual resistance, virtual inductance, and currents. After introducing the virtual impedance,
from the perspective of the current regulator, the resistance and inductance of machine is
equivalently changed. Since the regulator design is based on the machine model, the virtual
inductance and resistance are respectively added to the proportional and integral coefficients
to cater that change and maintain the zero-pole cancellation principle.
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Fig. 2.3. Current control loops with virtual impedance. (a) o/ subspace. (b) z1z> subspace.

Regarding the proposed current loop in Fig. 2.3(a), the transfer functions from reference to
current feedback and disturbance to current feedback can be conducted as

v K.
HE(s) =% (2-12)
c

S 1
s+ K.(Lg+L,)s+ (R; +R,) + jw,.Lg

G(s) = (2-13)

where the superscript “*”” indicates the system with virtual impedance. It should be noted that
a LPF is used to filter the current data noise and prevent the instability caused by derivative
term in a real system. The effect of this LPF on control performance can be neglected because
the frequency of data noise is much higher than the system frequency. Comparing (2-12)(2-13)
with (2-10)(2-11), the reference tracking capability is not changed, whereas the disturbance
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rejection capability is enhanced by equivalently increasing the inductance and resistance. This
means the introduced virtual impedance will not affect the capability of tracking the reference
but generate the extra damping to the disturbance. The current regulator is modified to be a
two-freedom-degree regulator, i.e. K, is tuned to satisfy the required dynamic response of
current reference tracking, and the virtual resistance and inductance are adjustable to provide

additional capability to reject the disturbance.
2.3.2 Determination of Virtual Impedance Values

To maximize the disturbance rejection capability, the values of virtual inductance and
resistance can be increased to as high as possible according to (2-13), so that the effect of
disturbance can be eliminated. However, due to the digital delay caused by the computation,
the virtual impedance cannot be configured to be infinite high, and the range of virtual
impedance should be determined. If considering the delay, the open-loop transfer function of

Fig. 2.3(a) can be rewritten as

K. (Lg+L,)s+ (Rs+R,)+jw.Ls

HY(s) =—
o() S Ry + Lgs + jweLg + (Ly,s + R,)e~Tas

e Tas (2-14)

where T, is the delay time. It can be seen from (2-14) that the structure of zero-pole
cancellation is destroyed. To maintain that structure, the current regulator is further improved
by processing an active delay to the virtual impedance term in order to compensate the inherent
delay effect in the control loop, and hence the transfer is modified to be

K. R+ Lss + jw,Lg + (L,s + R,)e TdS

HY(s) = ¢ ~Tas 2-15
0() s R+ Lgs + jw,Lg + (L,s + R,)e Tas ¢ (2-15)

If the parameters in current regulator are matched with those of the electrical machine, the
transfer functions from reference to current feedback and disturbance to current feedback can
be conducted as

Kce_Tds

Hg(S) = m (2-16)

s 1 (2-17)
s+ K.e TasR; + Lgs + jweLg + (L,s + R,)e~Tas

Go(s) =

To simplify the analysis, the delay effect is linearized by using the first-order Pade

approximation.
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—fs+1

“Tgs o —
Ps+1

e (2-18)
where B = T;/2. Substituting (2-18) into (2-17) yields the linearized disturbance transfer

function, based on which the Bode diagrams can be conducted, Figs. 2.4 and 2.5.

Figs. 2.4 and 2.5 show the magnitude and phase characteristics of disturbance rejection under
different virtual resistances and inductances. Both the positive- and negative-sequence domains
are taken into consideration. The simulation parameters are listed in TABLE A.1, see
Appendix A. The virtual resistance increases from 0Q2 to 10Q2 when the virtual inductance is
zero. The bandwidth of the current loop is tuned as 200Hz which makes K. configured as
1256rad/s in Fig. 2.4, and similarly, the virtual inductance increases from 0 to 2mH when the
virtual resistance is zero in Fig. 2.5. The current regulator is equivalent to the basic complex-
vector PI regulator shown in Fig. 2.2 if the virtual impedance is zero. It is clear that the dc
disturbance can be completely rejected due to the integrator in the current regulator.
Attenuation of disturbance can be enhanced at low and medium frequency (from -1kHz to 1kHz)
but weaken at high frequency region (over 1kHz and below -1kHz) with the virtual resistance
increasing. Different from the resistance, the increasing virtual inductance provides stronger
attenuation to the disturbance in a wide range of frequency but not obvious attenuation
from -0.1kHz to 0.1kHz. This means the virtual resistance and inductance can respectively
reject the disturbance at low and high frequency regions, which is consistent with the
characteristics of real resistor and inductor. To determine the maximum values of virtual
impedance, based on the open-loop transfer function (2-15), the characteristic equation of the

current loop can be conducted as follows
(s + K.eTaS)[Les + Ry + jwoLg + (Ly,s + R,)e TaS] = 0 (2-19)
Substituting (2-18) into (2-19) yields the stability boundary.
K.<1/B,L, <LgR, <Rs+ (L, +Ly)/B (2-20)

The above analysis is based on the current loop in a/f subspace, Fig. 2.3(a). It is clear that the
virtual inductance L,, cannot exceed the synchronous inductance L according to (2-20).
However, the machine model in z1z, subspace is only relevant to the leakage inductance L.
Considering this, the maximum values of the virtual resistance and virtual inductance in z1z»

subspace, Fig. 2.3(b), can be similarly derived as
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K,,<1/B,L,<Ls R, <Rs+ (L, +L,)/B (2-21)

From (2-20) and (2-21), the stability boundary in «f and z1z, subspaces is not identical due to
the different physical inductances, and the virtual impedance should also be tuned individually
to optimize the disturbance rejection capability of current loop in each subspace.
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2.3.3 Parametric Uncertainty

The real machine system always includes the parametric uncertainty, such as the resistance
variation due to temperature and inductance variation due to saturation. The effect of
parametric uncertainty can be evaluated by means of the zero and pole map of open-loop
transfer function (2-15). Fig. 2.6 shows the zero and pole maps of (2-15) when the parameters
are matched and mismatched. The virtual impedance is configured as 10Q and 1mH. It can be
seen from Fig. 2.6(a), zz and pas are introduced by the delay term and ps represents the integral
term. Since the controller design is based on zero-pole cancellation, two pairs of main zeros
and poles, i.e. z1, p1, z2, and p2, will be cancelled, and hence the open-loop transfer function
can be regarded as an integrator with a delay term, which results in the expected current
response. However, when the estimated parameters are not matched with those of the machine,
as shown in Fig. 2.6(b), the poles ps, ps and the zero z3 are fixed, but the zeros z1, z, offset the
poles p1, p2. The zero-pole cancellation is destroyed and the current regulation will be

deteriorated.
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Fig. 2.6. Maps of zeros and poles of open-loop function (14) when R,, is 10Q and L,, is ImH.

(a) Parameter matched. (b) Parameter mismatched.

To quantify the effect of parametric uncertainty, a factor A, which indicates the distance

between the cancelled zeros and poles, is introduced and can be calculated by

1= |z1 — pal + |z, — pal (2-22)

Ip4 |p2|

Fig. 2.7 shows the variation of A without and with the virtual impedance when the parameters
are mismatched, i.e. the estimated machine resistance and inductance in regulator change from

0.5R, and 0.5L; to 2R, and 2L, respectively. In Fig. 2.7, factor A reaches zero when estimated
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resistance and inductance are accurate. It is obvious that by using the virtual impedance, the
values of A are much lower when the machine parameters are not accurate. That means even if
there is parameter uncertainty in the current loop, the proposed current regulator can still
achieve approximate zero-pole cancellation, and thus the control performance will be much
better than that of the regulator without the virtual impedance. Actually, if considering the
virtual impedance, the inverter, and the machine as an entire control object, the virtual
impedance is definitely certain to the PI controller, and the proportion of uncertain machine
impedance will decline as the virtual impedance introduced, and hence the influence of the

parametric uncertainty is reduced.
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Fig. 2.7. Variation of A without and with virtual impedance (R,, is 10Q2 and L,, is 1mH) when

the resistance and inductance in regulator are not matched with machine parameters.
2.4 Comparison with Existing Methods

2.4.1 PIR Regulator

The PIR regulator is considered as the most general approach of rejecting the AC disturbance
with certain frequency. The structure of PIR regulator can be understood as parallel connecting
a resonant term to the PI regulator as shown in Fig. 2.2(c). The transfer function of the

employed resonant term is

krw.s
S2 4 2w.Ss + w3

(2-23)

where w, is the resonant angular frequency and is supposed to be configured as the frequency

of voltage disturbance, w, is the cut-off angular frequency, and ky is the resonant coefficient.

It can be seen from Fig. 2.3, the proposed current regulators in af and z1z> subspaces have the

same structure, and to simplify the analysis, only the current regulator in «f subspace is
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analyzed and compared with the corresponding PIR regulator in the simulation, and the current
regulator in z1z» subspace can be analyzed similarly. Fig. 2.8 shows the Bode diagrams of the
close transfer functions from current reference iz, to current feedback iy, and from the
disturbance Dy, to the current feedback i4,. The simulation parameters of machine and drive
are given in TABLE A.L. It is clear from the phase characteristic that the system is stable
because the phase delay is smaller than 180 degrees. It should be noted that K. of the PI
regulators in both the PIR regulator and the proposed regulator is equivalent to 1256rad/s. For
the virtual impedance, R,, is 10Q, L,, is ImH. For the resonant terms, w, can be configured as
6 and 12 times the fundamental angular frequency, w, is 6.28rad/s, and kg is 10, 100, 1000,
respectively.
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Fig. 2.8. Bode diagrams of close-loop transfer functions. (a) From current reference to current
feedback. (b) From disturbance to current feedback. R,, is 10Q2 and L,, is 1mH in the proposed
regulator. w, is the frequency of the 12" disturbance harmonic, w, is 6.28rad/s, and k is 10,
100, and 1000, respectively in the PIR regulator.
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To tune the resonant coefficient of PIR regulator, kg is selected as 10, 100, 1000 to show its
influence on the control performance. It is clear that the introduction of the resonant term will
change reference tracking capability and disturbance rejection capability, simultaneously. In
terms of the reference tracking capability, the resonant term achieves 0dB close-loop gain at
the resonant frequency, which makes the PIR regulator capable to track the AC current
reference with the resonant frequency. Meanwhile, the close-loop gain greatly increases when
the frequency is above the resonant frequency, especially when kg is 1000. The high close-
loop gain near the peak point will cause resonance and instability in the system. In terms of the
disturbance rejection capability, the resonant term provides additional attenuation to the
disturbance at the resonant frequency. The larger the resonant coefficient is, the larger
attenuation to the disturbance is, however, the more instable the system is. Compared with the
PIR regulator, the proposed regulator does not change the reference tracking capability of PI
regulator, and hence will not suffer from that instability as the PIR regulator does. In addition,
the proposed method can achieve -30dB attenuation to the disturbance in a much wider range
of frequency, which helps to suppress the current harmonics not only at the resonant frequency,

but also at other frequencies from -2kHz to 2kHz.
2.4.2 Active Damping

The virtual resistance is also known as active damping, which is usually utilized to reject the
disturbance and robust current regulation [BLA99][YIMO09]. If configuring the virtual
inductance as zero, the proposed controller is converted to the active-damping-based PI
regulator, and in af subspace the transfer functions from reference to feedback current and

from disturbance to feedback current are respectively as follows

Kce_TdS
s + K.e Tas
S 1 (2-25)
s+ K.e TaSR; + Lgs + jw,Lg + R,e~Tas

HE(s) = (2-24)

Ge'(s) =

where the superscript “®” means active damping method. Comparing (2-24) (2-25) and (2-16)
(2-17), the reference tracking capability is not changed, but the disturbance rejection capability
is enhanced in the proposed method due to the virtual inductance term L,se~74S. Moreover, if

without the virtual inductance, the stability boundary is changed to

K.<1/B,R, <Rs;+Ls/B (2-26)
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Comparing (2-26) with (2-20), it is clear that the virtual inductance can increase the limitation
of virtual resistance, and the larger virtual resistance can provide the proposed method with

further improvement of voltage harmonic disturbance rejection capability.
2.4.3 Compensation of Inverter Nonlinearity and Back EMF Harmonics

As studied in Section 2.2, the disturbance includes the voltage errors introduced by inverter
nonlinearity and the back EMF harmonics. Feedforward compensation is the most
straightforward way to reduce the effect of the disturbance. As studied in [KIMO3], the
compensation voltage for inverter nonlinearity can be calculated using (2-8) and (2-9). The
phase back EMF e, can be measured and pre-stored in the controller to compensate the effect
of back EMF harmonics in phase A. However, the compensation back EMFs are usually
measured when the phases are at open-circuit state, and spatial airgap field can be influenced
by the armature reaction at load-state, which denotes the back EMF harmonics are variable at
different speed and torque conditions. To improve the compensation accuracy, the adaptive
feedforward compensation is employed to observe the back EMF as proposed in [WAN20].
The estimated back EMF as well as the dead time compensation voltage can be composed in
stationary frames as (2-27) and added to the phase voltage references.

uA_c (t) = Vdeadsgn(iA (t)) + 6;1
uB_c (t) = Vdeadsgn(iB (t)) + 6}9
uC_c(t) = Vdeadsgn(ic(t)) + e(lj

(2-27)
uX_c(t) = Vdeadsgn(iX(t)) + e)l(

uY_c (t) = Vdeadsgn(iY(t)) + e{/
uZ_c(t) = Vdeadsgn(iz(t)) + eé

The superscript “” in (2-27) represents the estimated value. It is worth noting that the value of
Vieaa depends on dead time, switch characteristic, and dc link voltage. The dc link pulsating
and nonidentical switch characteristics can reduce the compensation accuracy. Compared with
this method, the proposed method has simpler structure and is easier to implement because it
directly increases the rejection capability to both two kinds of disturbance, and neither the
observer nor the information of switch characteristic is required. In addition, thanks to the
virtual impedance, the proposed current regulator should be more robust and exhibit better

dynamic current performance when the machine parameters are mismatched.
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2.4.4 Regulator additional Pl Gains

It is known that the virtual impedance requires additional PI coefficients in the regulator to
achieve zero-pole cancellation, which may lead to the question how the performance is if only
increasing the PI gains, i.e. remove the virtual impedance terms from the end of regulators but
remain them in the corresponding proportional and integral coefficients. The Bode diagrams
of close-loop transfer functions are shown to compare the performance of the proposed
regulator and the PI regulator with additional gains in Fig. 2.9, where the PI coefficients are as

same as those in Fig. 2.8.

The PI regulator with additional gains exhibits wider bandwidth in Fig. 2.9(a), which indicates
fast current response. Nevertheless, the high close-loop gain, especially near 500Hz
and -500Hz, will cause pulsating current in dynamics. In Fig. 2.9(b), the PI regulator with
additional gains shows less capability to reject the disturbance, and thus will suffer from more

current harmonics compared with the proposed method.

——  Proposed

m 10 o ; o
3 — PI, additional gains %
S 0 3
2 2
[ -10 / C
§ - T %'ﬁﬂ ——  Proposed
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20 = -80 : : :
100 — 100
S 50 3 50
(@) (@)
S 0 S 0
D [«b)
§ -50 & -50 .
< . ~ i T —_
100 -100
-2000 -1000 0 1000 2000 -2000 -1000 0 1000 2000
Frequency (Hz) Frequency (Hz)
(a) (b)

Fig. 2.9. Bode diagrams of close-loop transfer functions. (a) From current reference to current

feedback. (b) From disturbance to current feedback.
2.5 Experimental Verification

Experiments are conducted on a DTP PMSM system and the parameters of the prototype
machine and drive system are given in TABLE A.1, Appendix A. A PM dc machine is
mechanically coupled to the test DTP PMSM and the output of dc machine is connected to an

adjustable resistor to be served as the load. Fig. 2.10 shows the block diagram of the overall
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control system. The inner loops of the control strategy include two current loops shown in

Fig. 2.3. The current references iy, and iz, are configured to zero to suppress the current
harmonics in z1z> subspace, and the current references i; and i are determined by the outer

speed loop. A PI regulator is utilized as the speed regulator and the i; = 0 control strategy is
employed. All the experimental results are collected by the dSPACE and analyzed in
MATLAB

|<— Ve _>|
Udgq
Current regulators —\\—p» Inverse Ua, Ug, ... Uz L

with virtual uqu transformation of —\tee—p]
impedance (2-1) & (2-5)

1.
0t '|qu o Aldd vl 2
Transformation | 'A'Bi:c 12

M (2-1) & (2-5)

+Ai L~ B >
Speed
regulator Y 0
A
we* + " a)e He
d/dt Encoder C
z

Fig. 2.10. Block diagram of overall control system.

As mentioned in Section 2.3.1, LPFs are required to suppress the current data noise and prevent
the amplifying effect of derivative operation in virtual inductance terms. The second order LPF

is employed in the experiments, and the transfer function of the LPF is as follows.

wn
s?2 4+ 2¢wys + w3

F(s) = (2-28)

where ¢ is the damping ratio, w,, is the natural angular frequency of the filter and satisfies
wy, = 21 f,. The maximum speed of machine is 400r/min, the maximum electrical frequency
is 33.33Hz, and the frequency of the 12" harmonics in dg-axis frames is 400Hz. To achieve
good control performance, the sampling and switching frequencies are designed as 10kHz. The
frequency of the current data noise is usually around the sampling frequency, and to reduce the
noise but not to significantly attenuate the amplitude of current harmonics, the damp ratio ¢ is

designed as 0.707, and the natural frequency f,, is 2kHz in the experiments.

To validate the advantages of the proposed method, the comparison with the existing methods

is carried out in the experiments. To simplify the description, these methods are referred to
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follows.

Method I: Basic PI regulator (as mentioned in Section 2.2.3, Figs. 2.2(a) and 2.2(b))

Method I1: PIR regulator (as mentioned in Section 2.4.1, and shown in Fig. 2.2(c))

Method I1I: PI regulator with active damping (simply configuring virtual inductance to zero,
as mentioned in Section 2.4.2)

Method IV: PI regulator with compensation of inverter nonlinearity and back EMF harmonics
(as mentioned in Section 2.4.3)

Method V: PI regulator with additional gains (as mentioned in Section 2.4.4)

Proposed: Virtual impedance based PI regulator (as introduced in Section 2.3)

Fig. 2.11 shows the experimental results of Methods I-V as well as the proposed method when
the machine is operated at the rated speed and torque, and the fundamental frequency is 20Hz.
To make a fair comparison, the Pl regulator, Fig. 2.2, is used as the PI regulators in all methods,
the machine parameters in TABLE A.1 are served as the PI coefficients, and both K., K, are
configured as 1256rad/s. The resonant coefficient ki in Method 1l is set as 100. The active
damping in Method 111 is 8Q. The virtual impedance in the proposed method is selected as 10Q

and 1mH for the current regulator in a5 subspace, and 10Q and 0.5mH for the current regulator
in z1z> subspace. As analyzed in Section 2.4.2, the maximum value of active damping in
Method 111 is more limited compared with the proposed method, and hence the virtual
resistance in proposed method can be higher than the active damping value. In Method V, the
virtual resistance and inductance are added to the PI coefficients to provide additional gains,
but the virtual voltage drops are not subtracted from the regulator output voltages as the

proposed method does.

Method I exhibits serious current harmonics in z1z> subspace according to results in Fig. 2.11(a),
and the spectrum shows there are the major 5" and 7" current harmonics as well as the higher
odd order harmonics in phase current. These odd order current harmonics are generated by the
inverter nonlinearity and back EMF harmonics, as studied in Section 2.2. In addition, the 3™
current harmonic also exists in phase current, and it is caused by the asymmetry among phases
[HU14]. Both Methods Il and 111 show obvious suppression on the 3, 5" and 7" current
harmonics and reduce the THD (total harmonic distortion) of phase current from 16.95% to
3.21% and 4.44%, respectively. While Method I11 increases the high order current harmonics
as shown in the spectrum of Fig. 2.11(c). Method 1V can further suppress the 5" and 7" current
harmonics and reduce the THD to 2.28%, Fig. 2.11(d). Method V in Fig. 2.11(e) provides
attenuation to most of the odd current harmonics compared with Method I. However, the
reduction of the THD is not as significant as other methods due to the residual 5" and 7" current

harmonics. The results of the proposed method are shown in Fig. 2.11(f), and it is obvious that
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most of current harmonics are greatly suppressed, which leads to the lowest THD 1.77% among

these methods.
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Fig. 2.11. Measured currents and spectra of phase currents under rated speed and torque.
(a) Methods I. (b) Method I1. (c) Method I11. (d) Method 1V. (e) Method V. (f) Proposed method.

Fig. 2.12 compares the phase current THDs at rated torque and different speed conditions,

where the maximum speed is 400r/min. The basic PI regulator, Method I, shows the highest
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THD due to the weak disturbance rejection capability. Using additional PI gains, Method V,
helps to suppress the current harmonics and reduce THD, but the reduction is not considerable.
Methods II, 11l, and IV have much better performance on THD reduction compared with
Method V, and the proposed method exhibits the lowest THD values at different speed

conditions.
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Fig. 2.12. Measured THD of phase current at rated torque and different speed conditions.

The waveforms of electromagnetic torque are provided in Fig. 2.13. According to the torque
equation (2-3), the current harmonics in o3 subspace will contribute to the torque ripples, and
thus the methods that can suppress the current harmonics will also reduce the torque ripples.
Method IV and the proposed method exhibit lower torque ripple compared with Method I, and
the peak-to-peak values of torque ATe peak are reduced from 0.162Nm to 0.0851Nm and

0.0719Nm, respectively.

The dynamic performances of the methods are evaluated by testing the step response of iq, as
shown in Fig. 2.14. To avoid the instability caused by the resonant term in dynamics, the
resonant coefficient ky is set as 50 for the zg-axis term, and ki remains 100 for the zd-axis
term. The coefficients of other methods are as same as those in Fig. 2.11. After the current
reference stepped, Method | shows overshoot, cross-coupling effect, and low-frequency
pulsating current, which is caused by the mismatched machine parameters. In addition, the
serious current harmonics in stationary frames are transformed in zd- and zg-axes as the
obvious current ripples. Methods Il and 1V have faster current response but suffer from more
pulsating currents in dynamics due to the high close-loop gains mentioned in Section 2.4. The
compensation of the inverter nonlinearity and back-EMF harmonics in Method 1V can well
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suppress the current ripples, however cannot eliminate the effect due to machine parameter
mismatch. Method I11 and the proposed method exhibit fast and smooth current tracking, and
there is no visible overshoot, cross-coupling effect, and pulsating in dynamics. Besides, the use
of both virtual resistance and inductance leads to less current ripples in the proposed method,

compared with Method 111 which only utilizes the virtual resistance.

Method | ' Method 11

ATe_peak: 0.162Nm ATe_peak: 0.1279N

Time (s) Time (s)
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Fig. 2.13. Electromagnetic torque comparison at rated speed and torque. Torque is

instantaneously calculated from dSPACE measurement referring to equation (2-3).

It is important to select the appropriate virtual impedance. By way of example, Fig. 2.15
exhibits the situation when the system is out of stability boundary. Before 0.02s, the virtual
impedance is configured as 10Q2 and 0.5mH, which is inside the stability boundary, and the
current ripples in iz and i,q are controlled. However, at 0.02s, the virtual inductance is
artificially changed to 1mH. Since the inductance of the z1z, subspace L,; is only 0.875mH, and
according to the stability boundary (2-21), the virtual inductance in the regulator of the z1z»
subspace cannot exceed the leakage inductance L, which means the system is out of stability

boundary and thus becomes instable with serious pulsating currents. This clearly shows that
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(2-21) can be used as a good guideline for selecting the values of virtual impedance.
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Fig. 2.14. Comparison of dynamic step current response at rated speed. iq~ stepped from 0A

to 1A and izq remained OA.
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Fig. 2.15. Experimental results of i.q and i.q When system is out of stability boundary. Virtual
impedance is changed from 10Q and 0.5mH to 10Q and 1mH at the 0.02s.
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2.6 Conclusion

This chapter has proposed a method of virtual impedance in the current regulation of the af§
and z1z2 subspaces in a DTP PMSM system. The proposed method can be used to enhance the
disturbance rejection capability and suppress the current harmonics with a wide range of
frequency. The virtual impedance will also robust the current regulation by eliminating the
overshoot, cross-coupling effect, and pulsating currents due to machine parameter mismatch.
Comparing with the existing methods, the proposed method has better steady- and dynamic-
state performance, which are validated by the experimental results. Additionally, the stability
boundary provides a good guideline to determine the values of virtual impedance in a DTP
PMSM system.

It is worth noting that compared with conventional three-phase machines, multi three-phase
machines, e.g., dual three-phase, triple three-phase, and quadruple three-phase machines,
usually exhibit weaker voltage harmonic disturbance rejection capability because of the smaller
impedance in harmonic subspaces. That means rejecting the disturbance is a more important
topic in the control of multi three-phase machines. Although the proposed current regulators
with virtual impedance are analyzed and implemented in a DTP machine system, the regulators
have a generic structure and can be extended to other multi three-phase machine systems that

may suffer from voltage harmonic disturbance problems.
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CHAPTER 3

MULTIPLE SYNCHRONOUS REFERENCE FRAME
CURRENT HARMONIC REGULATION OF DUAL
THREE-PHASE PMSM WITH ENHANCED DYNAMIC
PERFORMANCE AND SYSTEM STABILITY

The previous chapter has proposed a virtual impedance technique to enhance the voltage
harmonic rejection capability of the control system. Although the rejection capability is
enhanced compared to the conventional VSD-based control approach, the attenuation on the
voltage harmonic disturbance is still not infinite, which means the current harmonics can
merely be reduced but not eliminated or suppressed to zero. More importantly, the proposed
virtual impedance can only be utilized to reduce the current harmonics, but in the applications
that require current harmonic injection to boost the average torque or minimize the torque
ripples, the proposed virtual impedance technique is not applicable anymore. These are the
limitations of the virtual impedance technique proposed in Chapter 2.

To achieve a better control performance of the current harmonics in dual three-phase PMSMs,
this chapter proposes an improved multiple synchronous reference frame (MSRF) current
harmonic control strategy for dual three-phase permanent magnet synchronous machine drive
system. A new vector space decomposition transformation combined with auxiliary currents is
designed to decouple the current fundamental with current harmonics, and the auxiliary
currents can be established by the ©/9 phase shifting of the physical currents in ABC set and
the /18 phase shifting of the physical currents in XYZ set. By employing the proposed current
decomposition, it is easy to detect them using low pass filters in MSRFs. A generic complex
vector proportional integral regulator is then employed to control the detected current
harmonics to track the current harmonic references. Compared with the virtual impedance
technique, the current harmonics can be suppressed to zero or freely controlled to track the
required current harmonic reference in this chapter. Compared to the existing MSRF-based

methods, the proposed method provides a new current harmonic detection with reduced delay
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effect, which contributes to enhancing the dynamic performance of current harmonic regulation,
and also stabilizing the control system. Comprehensive experimental results are given to

validate the effectiveness of the proposed control strategy.

This chapter is published in IEEE Transactions on Industrial Electronics [YAN21b].

[YAN21b] L.Yan, Z. Q. Zhu,J. Qi, Y.Ren, C. Gan, S. Brockway, and C. Hilton,
“Multiple synchronous reference frame current harmonic regulation
of dual three-phase PMSM with enhanced dynamic performance and
system stability,” IEEE Trans. Ind. Electron., vol. 69, no. 9, pp.
8825-8838, Oct. 2021.

3.1 Introduction

In the control of dual three-phase PMSM, one general topic that has received intensive
discussion is the current harmonic regulation. On the one hand, the current harmonics generate
loss and should be suppressed to improve the system efficiency. On the other hand, by
configuring the current reference to be pre-designed non-sinusoidal waveform, the current
harmonics can also be injected to boost the average torque [WAN15][HU17] or minimize the
torque ripples [FEN19][YAN19][FEN19]. Either the suppression or the injection requires a
current harmonic regulator with good steady- and dynamic-state performance on tracking the

current harmonic reference.

In dual three-phase PMSM system, due to small impedance composed of resistance and leakage
inductance, the 5th and 7th components are dominant in the current harmonics [ZHA95].
Besides, the 11th and 13th current harmonics can generate the 12th pulsating torque, which is
the major component in the torque ripples of dual three-phase PMSMSs. That means not only
the 5th and 7th but also the 11th and 13th current harmonics should be controlled in the system.
Various solutions have been proposed to achieve the current harmonic regulation. In [KAR16],
the 5th and 7th current harmonics are firstly decomposed from phase currents by using vector
space decomposition (VSD) technique. Then, they are transformed into the fundamental
synchronous reference frame as the 6th current harmonics which are further suppressed by two
proportional integral (PI) regulators. The PI regulator has limited rejection capability to AC
disturbance, and hence the current harmonics still exist in the system. Many solutions with

enhanced disturbance rejection, such as the disturbance observer [KAR16], the extended state
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observer [ XU20], and the virtual impedance [YAN21], are proposed to improve the capability
of PI regulator. These current regulators can suppress the current harmonics, however, exhibit
weak capability of tracking the current harmonic references, which makes them not applicable
in the current harmonic injection. Two popular kinds of regulators are employed to solve this
problem. They are known as the proportional integral resonant (PIR) regulator and multiple
synchronous reference frame (MSRF) PI regulators. Regarding the PIR regulator, a lot of
papers have discussed about their wusing in dual three-phase PMSM system
[CHE14][HU4][HU20][ZHU20][HU18]. In these papers, the proposed regulators utilize
resonant terms to provide additional gain near the harmonic frequencies and thus improve the
tracking capability to current harmonic references. However, there are some common problems.
PIR regulator aims to control the fundamental and current harmonics simultaneously, which
causes the inevitable interference between different frequencies and results in potential
resonance in a control system. In addition, the resonant frequency inaccuracy can also
deteriorate the control performance of current harmonic reference tracking [YEP11][XIA15].
Different from PIR regulator, the MSRF-based method considers the machine as multiple
subsystems with different orders in MSRFs, and controls the fundamental and harmonics
separately in several independent current loops [YAN11][CHAOO][DHU19][FEN19][LIU19].
Taking that advantage of independent current harmonic regulation, [KAR17] employs MSRF
Pl regulator to achieve identification of voltage harmonic disturbance and partial suppression
of current harmonics, under limited available voltage in dual three-phase PMSM system.
Nevertheless, in order to eliminate the interference among different current harmonic loops,
low pass filters (LPFs) are required in the current harmonic detection, which leads to significant
delay and reduces the dynamic current response as well as the stability of control system. There
are other techniques, such as the direct torque controller [REN15][SHA20] and the model
predictive controller [LUO18][LIU21], that show good performance on current regulation,

while they suffer from high torque ripples and computation burden, respectively.

To make use of the independent current harmonic regulation of MSRF method, an improved
MSRF method with enhanced dynamic performance and system stability is proposed in this
chapter. The auxiliary currents, established by the ©/9 phase shifting of physical currents in
ABC set and the 7t/18 phase shifting of physical currents in XYZ set, are combined with a new
VSD transformation to decouple the current harmonics with the fundamental. To be precise,
the fundamental current can be individually separated into a3 subspace, the sum of the 5th and

13th current harmonics is mapped into z1z, subspace, and the sum of the 7th and 11th current
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harmonics is mapped into zaz4 subspace. All the subspaces are decoupled, and in spectrum the
current harmonics mapped in the same subspace become further away from each other than the
case of conventional VSD. These features make it easier to detect the current harmonics in
MSRFs using LPFs. The detected currents are then regulated by complex vector Pl regulators,
which have a generic structure and are simple to implement and tune for different current
harmonics. Compared with the existing MSRF-based methods, the proposed method produces
less delay effect in the current harmonic detection, and hence the dynamic performance of
current harmonic regulation is improved. Moreover, the stable margin of the current loops can
also be enlarged due to the reduced delay effect and the stability of the whole system can be
enhanced. This improvement makes the proposed strategy more applicable in the current

harmonic suppression and injection of dual three-phase PMSM drive system.

This chapter is organized as follows. Section 3.2 introduces the fundamental and harmonic
models of dual three-phase PMSM. The basic MSRF PI regulator is also introduced and the
problem is stated in this section. The proposed control strategy is illustrated in Section 3.3,
where the dynamic performance and system stability are studied by simulation results. The
discussions on implementation and computation burden are presented in this section. The

experimental results are provided in Section 3.4, and finally Section 3.5 concludes the chapter.

3.2 MSRF-based Current Harmonic Control in DTP PMSM System
3.2.1 Electrical Machine Model in MSRF

The electrical model of dual three-phase PMSM in ABC-XYZ stationary frame is a sixth-order-
matrix model with coupling among phases. To simplify the model and neglect the zero-
sequence components, VSD technique is generally employed to decompose the machine
variables into two isolated subspaces, i.e. o and z1z> subspaces, where the machine can be

considered as two second-order-matrix models. The VSD transformation is as follows

B

where F represents the voltage, current, and flux linkage. Subscripts “ABC” and “XYZ”

represent the phase variables, i.e.
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Ey Fy
Fupc = FB]1 Fyyz = [FY] (3-2)

Fe Fz

The definition of phases is shown in Fig. 3.1.

Subscripts “aff” and “z1z2” in (3-1) represent the decomposed variables in af and z1z»

subspaces, respectively,
F, F,
Faﬁ = I:FB:|1 lezz = P”Z:] (3-3)

The submatrix T represents the 3-phase to 2-phase transformation as follows:

cos® cos(0+ 2m/3) cos(0 —2m/3)

2
) = 3 [sin@ sin(6 + 2m/3) sin(6 — 2w /3) &

The harmonic mapping in a/f and z1z> subspaces are shown in Fig. 3.2, which denotes the 5th
and 7th harmonics are distributed in z1z> subspace, and the fundamental, 11th, and 13th are

distributed in a8 subspace.

30°

C
Z

Fig. 3.1. Phase definition of dual three-phase PMSMs.

To derive the individual model of the fundamental, 5th, 7th, 11th, and 13th harmonics, the
decomposed variables are further transformed to MSRFs by using the transformation (3-5).
The definition of MSRFs is shown in Fig. 3.3. For ease of description, the complex vector
expression is used in (3-5), e.9. Fup = Fy + jFg, Faq1 = Fq1 + jF41, and the LPF function
ensures that the components of other frequencies are removed and only the DC components

are remained in MSRFs.
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Fig. 3.2. Harmonic mapping in af and z1z> subspaces. The 5th and 7th harmonics are

distributed in z1z» subspace, and the fundamental, 11th, and 13th are distributed in o subspace.
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Fig. 3.3. Definition of MSRFs.
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Fags 0 eJ50e
. Faﬂ
Faq7 | = LPF 0 e /7% || . (3-5)
qull ej119e 0 z1z2
qu13 e—j1399 0
The fundamental model in dql reference frame can be derived as
Uggr = Rsidql + SLsidql +jweLsidq1 +j0)31/)qu1 (3'6)

Where ugq1, lag1, Yraq1 are the complex vectors of fundamental voltage, current, and PM flux

linkage. R; is the stator resistance, Lg is the synchronous inductance, w, is the fundamental
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electrical angular speed, and s denotes the derivative. The average electromagnetic torque can

be expressed as
T, = 3Pll}qul X idql (3'7)

where P is the number of pole pairs. Similarly, the models of the 5th, 7th, 11th, and 13th

harmonics are as follows.

Uggs = Rsidqs + SLaiqu _j5a)eLaidq5 _ijel/)quS
Ugq7 = Rsidq7 + SLaidq7 +j7a)eLaidq7 +j7wel/)qu7 (3-8)
Ugg11 = Rsidqll + SLsidqll _jllweLsidqll _jllwel/)qull

Ugq13 = Rslagiz + SLslgqis +j13weLsidq13 +j13we¢qu13

where L, is the leakage inductance. The other current harmonics whose orders are higher than
the 13th are usually negligible but here they are neglected. The machine can be considered as
five independent DC subsystems, (3-6) and (3-8).

3.2.2 Basic MSRF Current Regulation

MSRF PI regulator is widely employed in industrial applications that require the current
regulation of multiple frequencies. It can be simply extended to the dual three-phase PMSM
drive system, Fig. 3.4. This control strategy is composed of two parts, i.e. detection and
regulation. In terms of the detection, Fig. 3.4(a), the original phase currents are firstly

decomposed as iqp and i,q,, by the VSD transformation (3-1). According to the harmonic
mapping in Fig. 3.2, i4p includes the fundamental, 11th, and 13th current harmonics, and
should be transformed into the dql, dgll, and dql3 frames as the DC values i1, igq11, and
Laq13, respectively. However, due to the coupling of the fundamental, 11th, and 13th harmonics

in the afF subspace, in MSRFs there are residual AC current components that can be eliminated
by the LPFs. The 5th and 7th current harmonics are coupled in i,;,,, and their detection is
similar. As said, the function of all these LPFs is to attenuate the unexpected AC components,
and their bandwidths are supposed to be different due to different amplitudes and frequencies
of the current harmonics. Take an example, the amplitude of the fundamental current is usually
largest, which determines that the bandwidths of LPF11 and LPF13 must be much smaller than
the bandwidth of LPF1 in order to achieve enough attenuation on the fundamental current.
Small bandwidth of LPF means significant delay of the current detection, and limit the dynamic

response of the current loop.
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In terms of current control in Fig. 3.4(b), the detected currents are used as the current feedbacks
and the PI regulators are employed to track the DC current references and reject the DC
disturbance. The average electromagnetic torque is mainly generated by the fundamental
current, and hence the fundamental current reference iz, is determined by the torque
requirement of a machine or the output of speed regulator in a speed regulation application.
Regarding the current harmonic references, iz,s, igq7, lagi1, and igqq3 can be flexibly
configured to realize different optimization objectives, e.g. maximum average torque, minimal
torque ripple, and minimal loss. The optimization methods have been well discussed in the

existing literature and are not studied in this chapter.

—> e_fee —» LPF, _>idql
A —P Iop .
|g P> VSD e} 116, _» LPF]_]_ _>|dqll
:)C( : trans formation —p{ o130 [ LPFy; [ igqs
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iz —P —eo—P| /% LPFs _>|dq5
_> 6_1705 _> LPF7 _>idq7
(a)
idql id 11 idq13 idq5 idq7
oy .
ldqt > » PI, | /b
i »é —j116, —> Ua
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dq13 »é » P, PP /130 trans formation : H)C(
L x i T ———— + Uz1z2 of (3-1 — U
lags 4’&'—’ Pl; [P e /% ﬁ—' - > U,
D> P > 07

(b)
Fig. 3.4. Block diagram of the basic MSRF PI current regulation. (a) Current harmonic

detection using VSD transformation (3-1), Park transformation, and LPFs. (b) Current

harmonic control using PI regulators.

In Fig. 3.4(a), to realize independent regulation on fundamental and current harmonics, LPFs
are required to decouple the fundamental and harmonic current loops from each other.
Especially at low speed when these current components are close to each other in spectrum,
the current harmonics can be within the bandwidth of fundamental current regulator, and the
fundamental current regulator will generate disturbance into the harmonic current loops if there
is no LPF in the fundamental current feedback. Likewise, the harmonic current regulator can

introduce disturbance into the fundamental current loop if there is no LPF in the harmonic
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current feedback. In addition, to achieve partial current harmonic suppression at high speed
when the output voltage of inverter is limited, LPFs are also necessary to guarantee the different
current components and output voltages of Pl regulators are decoupled, and these decoupled
currents and voltages can be utilized to identify the harmonic disturbance and optimize the
current harmonic references, as studied in [KARL17][FEN21]. The LPFs are necessary in the
current detection because they help to decouple the current loops, however, they can also cause
significant delay effect of current harmonic detection. The delay effect limits the dynamic
performance and stable margin of the current loops, which makes the basic MSRF method
usually suffer from poor dynamic response and instability. To simplify the control system, the

first-order LPF is selected in this thesis due to its simple structure and easy implementation.
3.3 Proposed Control Strategy

3.3.1 Phase Shifting and Current Decomposition

As aforementioned, the basic approach of current harmonic detection mainly suffers from the
delay effect caused by LPFs, and to solve this problem, this section introduces a method of

improved current harmonic detection that can reduce the delay effect.

The spatial phase shift angle between two physical three-phase sets of the dual three-phase
machine is 30 electrical degrees, as shown in Fig. 3.5(a). Generally, regarding the winding sets
with 30 electrical degrees shifting, the optimal time phase shift between the fundamental
currents of two sets should be =/6 to achieve maximum average torque and minimized torque
ripple. Assuming the rotor rotating direction is anticlockwise, based on the spatial and time
phase shifting, the space vectors of the current fundamental and current harmonics can be
derived and shown in Fig. 3.5(b), where 11_agsc indicates the synthesized space vector of the
current fundamental from ABC set, Is xyz indicates the synthesized space vector of the 5th
current harmonics from XYZ set, and so on. It is clear that the vectors of the current
fundamental from two sets are consistent with each other, i.e. they have the same magnitude
and phase angle, and so as the vectors of the 11th and 13th current harmonics. In terms of the
5th and 7th current harmonics, the current vectors from two sets have the same magnitude but
the reversed phase angle. As results, the fundamental, 11th and 13th current harmonics can be
decomposed in the af subspace by calculating the sum of the vectors from two sets, i.e.
T(0)iggc + T(1t/6)ixy, in (1), The 5th and 7th current harmonics can be decomposed into the

212> subspace by calculating the difference of the vectors from two sets, i.e. T(0)iypc —
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T(m/6)ixy, in (1). This agrees with the harmonic mapping in Fig. 3.2.
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Fig. 3.5. (a) Spatial axes of ABC and XYZ phase currents. (b) Space vectors of the current

fundamental and current harmonics. (c) Proposed spatial axes of ABC phase currents and

auxiliary currents. (d) Proposed space vectors of the current fundamental and current harmonics.

The limitation of the conventional VSD above is that the fundamental is still coupled with the

11th and 13th current harmonics, and hence the bandwidths of LPF11 and LPF13 in Fig. 3.4(a)

should be small enough to attenuate the fundamental components, as introduced in Section

3.2.2. Actually, the physical XYZ phase current iyy, can be regarded as the auxiliary current,

which is the 7/6 time phase shift and the 30 degrees spatial phase shift with reference to ABC

phase current iypc, to help decouple the 5th and 7th current harmonics with the fundamental.

Similarly, auxiliary currents with the /9 and 2rt/9 time phase shifts of i,z are proposed here
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to help decompose all the current harmonics. Fig. 3.5(c) shows the spatial axes of the auxiliary
currents, and the subscripts “ au1” and «“ au2” represents the auxiliary variables. The spatial phase
shift angles of the auxiliary axes are respectively 20 and 40 electrical degrees with reference to
the axes of ABC set. If the auxiliary currents iypc gy1 aNd igpc qu2 are also shifted by /9 and
21/9 with reference to iy, the space vectors of the fundamental and current harmonics can be
derived and presented in Fig. 3.5(d), where 11_au1 indicates the synthesized space vector of the
current fundamental from i ¢ 441, Is_auz indicates the synthesized space vector of the 5th
current harmonic from i pc 442, and so on. Similar to the case in Figs. 3.5(a) and 3.5(b), the

current components can be decomposed using vector operations.

The three fundamental vectors, i.e. 11_asc, l1_au1, and l1_auz, are consistent with each other in
space, while the three vectors of the current harmonics can be synthesized to zero due to the
120 degrees phase shift from each other. As a result, the fundamental current can be

individually decomposed by calculating the sum of the three vectors from ispc, iapc qu1 @and

lABC_auz, 1-€.
lap = T(0)igpe + T(/Digpc qur + T(2T/ispc auz (3-9)

In terms of the current harmonics, using the vector operation (3-10), the current vectors can be
changed to Fig. 3.6.

iz122 = T(0)igpc + T, 2t /3)T(/9ispc qur

. (3-10)
+ T.(— Zﬂ/S)T(Zﬂ/g)lABC_auZ
where matrix T, is
_[cosf sinf (3-11)
1-(0) = [—sinH cos 0]

It is clear that in Fig. 3.6, the 5" vectors and the 13" vectors are consistent with each other,
while the vectors of fundamental, 11", and 7™ are shifted by 120 degrees and can be synthesized
to zero. As a result, if calculating the sum of these vectors, only the 5" and 13" current

harmonics are mapped in i, ;.
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Fig. 3.6. Space vectors of the current fundamental and current harmonics using vector

operation (3-10).
Furthermore, using the vector operation (3-12), the current vectors can be changed to Fig. 3.7.

iz324 = T(0)igpc + T (— 21 /3)T(/9)ippc aur (3-12)
+ T2 /3)T (21 /9)ippc quz

l1 au1
Is au2
|
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) | _

I 7_au?2

e | 5_aul
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A‘ l13 u2

) I11_au1 120°
—¥» 11 aBc |13_ABC
'I _
LauZ 55,
l1 au2

Fig. 3.7. Space vectors of the current fundamental and current harmonics using vector

operation (3-12).

Similarly, after using (3-12) to decompose the current in zsz4 subspace, the 7" vectors and the

11™ vectors are consistent with each other, while the vectors of fundamental, 5, and 13™ are
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shifted by 120 degrees and can be synthesized to zero. As a result, only the 7" and 11%" current

harmonics are mapped in i,s,4.

From (3-9), (3-10), and (3-12), the current decomposition transformation can be concluded as

T(0) T(=5m/9) T(Bmn/9) ||iaBc aur (3-13)
TO) T(7n/9) T(—4n/9)||lasc auz

lz122
17324

[ia,;] ([T T/9) T(Zn/9)” iapc
-3

where the coefficient 1/3 means constant amplitude transformation.

By using (3-13), the fundamental and current harmonics can be decomposed into three
subspaces, i.e. af, 7122, and z3z4 subspaces, and the new harmonic mapping is shown in Fig. 3.8.
Different from Fig. 3.2, the fundamental current is decoupled with the other current harmonics
and individually mapped in the of subspace. The 5th and 13th current harmonics are mapped

in 212> subspace, while the 7th and 11th current harmonics mapped in the z3z4 subspace.
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Fig. 3.8. New harmonic mapping in af, 2122, and z3z4 subspaces using (11). The fundamental

is separated in o3 subspaces. The 5 and 13™ harmonics are distributed in z1z subspace, and

the 7" and 11" are distributed in zsz4 subspace.

Based on Fig. 3.8, a new MSRF current detection can be designed as Fig. 3.9. The auxiliary
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current ispc gy 1S established by the /9 phase shifting of ispc. igpc qu2 1S the 2n/9 phase shift

of iygc and can be established by the /18 phase shifting of iy, because iyy, is the /6 phase
shift of iyp. It is worth noting that the auxiliary currents are not physical currents like i,z Or
ixyz, and the auxiliary axes in Fig. 3.5(c) are also virtual. Then, iypc, iapc au1, AN igpc auz

are decomposed as iqg, 7152, and i,3,4 Using (3-13). Since the fundamental is individually

mapped into af subspace, it can be directly detected using Park transformation. The sum of
the 5th and 13th current harmonics is decomposed as i,,,,, and the sum of the 7th and 11th
current harmonics is decomposed as i,3,4. LPFs are required to extract the current harmonics
in the corresponding MSRFs. The detected current harmonics are DC components in MSRFs

and can be regulated by multiple PI regulators as shown in Fig. 3.4(b).

Compared with the basic MSRF current detection in Fig. 3.4(a), the designed MSRF current
detection in Fig. 3.9 provides superiorities for the control system, which are also the major
contributions of this chapter. First, the LPF1 is no more required, and the removal of LPF1
eliminates the delay effect in the fundamental current loop and hence helps to improve the
dynamic performance of torque and speed regulation. More importantly, Fig 3.8 shows that the
current harmonics are decoupled with the fundamental which’s amplitude is much larger than
the amplitudes of harmonics, and the current harmonics mapped in the same subspace become
further away from each other in spectra. As a consequence, it will be easier to extract the current
harmonics from phase currents, i.e. the bandwidths of LPFs can be much larger than them in
Fig. 3.4(a) and the delay effect is greatly reduced. The reduced delay effect in the current loops
will enhance the dynamic control performances of not only the current fundamental but also

the current harmonics in MSRFs.
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Fig. 3.9. Proposed current harmonic detection. The original phase currents i,z and the
auxiliary currents isgc qu1, tapc quz are decomposed as igg, iz152, and i,3,4, Which are
transformed into MSRFs to detect the fundamental as well as the current harmonics,

respectively.
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3.3.2 Current Regulator Design

Since the current harmonics are all detected as DC components in MSRFs, multiple Pl
regulators are considered as good solutions to control these current harmonics. The parameters
of P1 regulators should be well tuned to achieve both fast dynamic response and good stability
of current loops. This section introduces a generic regulator for not only the current

fundamental but also the current harmonics.

The current loops in MSRFs are independent due to the proposed current decomposition, and
they can be described by the block diagram in Fig. 3.10, where n=1, 5, 7, 11, and 13. Gpn(S),
Gan(S), Gen(s), and Hn(s) are the plant, digital delay, current regulator, and LPF, respectively.
The expressions of the plant and digital delay are as follows.

1
Rs + Lps + jhweLy (3-14)

Gdn(s) = e_TdS . e_jhwer

Gpn (s) =

where h=1, -5, 7, -11, and 13. L,, is equivalentto L, when n=1, 11, and 13, and to L, when n=5
and 7. T, is the delay time. Gpn(s) represents the fundamental or harmonic model of machine,
i.e. (3-6) and (3-8). The delay time T is caused by the time variation between the sampling
moment and voltage update moment in digital control system. Its effect can be regarded as two
parts, i.e. the time delay of the output voltage e~745 and phase angle variation of MSRFs
e JhweTa For easy implementation, the first order LPF is employed in this chapter and its

transfer function is as follows.

wCTl

H,(s) = (3-15)

S+ wey

where w,, is the bandwidth. To achieve zero-pole cancellation, the current regulator can be
designed as complex vector PI format:
Ry + L,s + jhw,L,

Gen(S) = ky (3-16)
S

where k,, is the gain coefficient. The transfer function from the reference to the current
feedback in Fig. 3.10 can be written as
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qun(s) _ Gcn(S)Gdn(s)Gpn(s)

= 3-17
lan®  1F Cen(9)Gan(5)Gpn () Hn(5) (317)

Substituting (3-14), (3-15), and (3-16) into (3-17) yields
lagn(s) _ ka(s+ Wen)e M (3-18)

Iign(8) s + weps + kpwene~(5T/hweTa

.oox T ++£ .
ldgn Gen(S) P Gan(S) Gpn(S) T ldgn
Hn(s) [«

Fig. 3.10. Block diagram of current loops in MSRFS. Gpn(S), Gan(S), and Gen(S) represent the

plant, digital delay, and current regulator, respectively. Hn(s) is the LPF. Signal d, denotes the

voltage disturbance introduced by inverter nonlinearity and PM flux linkage harmonics.

The transfer function (3-18) represents the tracking capability to the current reference, and its
characteristic is determined by two parameters, namely the gain coefficient k,, and the LPF
bandwidth w,,. Figs. 3.11 and 3.12 show the magnitude characteristic of (3-18) under different
k,, and w., in positive- and negative-sequence domains. The positive- and negative-sequence
domains include the positive- and negative-sequence current components in MSRFs,
respectively. The control parameters used in the simulation are as follows: h=7; the delay time
T,;=150us; the machine electrical angular speed w,=125rad/s. From these pictures, the 0dB
gain near OHz grants the current loop the capability to track the fundamental and current
harmonic reference with no steady-state error, and also completely reject the DC voltage
disturbance dn introduced by inverter nonlinearity and PM flux linkage harmonics. With the
increasing of k, in Fig. 3.11, the bandwidth of the current loop increases, which means the
current response becomes more dynamic. However, the magnitude and frequency of the peak
point simultaneously increase in both positive- and negative-sequence domains. That will result
in pulsating current near the frequency of peak point in dynamic process. In Fig. 3.12, w.,
increases from 3.14rad/s to inf (inf means infinite). It can be understood that the LPF is
equivalently removed from the current loop when w., is infinite. As w., increases, the
bandwidth of the current loop is also improved. Besides, the peak point is pushed further away

from the system frequency and its magnitude is reduced, which will contribute to the alleviation
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of the pulsating current in dynamic current reference tracking.

The complex vector PI regulator (3-16) is generic for not only the fundamental current control
but also the harmonic loops by simply changing h and n to the corresponding value, and k,,

can be tuned to realize different response speed of current control.
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Fig. 3.11. Magnitude characteristic of current regulation when cut-off frequency
w.=125.6rad/s and gain coefficient k,, increases from 125 to 2000. (a) Positive-sequence.

(b) Negative-sequence.
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Fig. 3.12. Magnitude characteristic of current regulation when gain coefficient k,,=2000 and
cut-off frequency w,, increases from 3.1l4rad/s to inf. (a) Positive-sequence. (b)
Negative-sequence.

3.3.3 Stability Analysis and Phase Compensation

The system stability can be considered as the stability of each independent current loop. In this
chapter, the Nyquist diagram is used to analyze the stability of the controller. Fig. 3.13 shows
the Nyquist diagram of current loop in Fig. 3.10. The simulation parameters are the same as
those used in Fig. 3.12. As the angular frequency o increases from Orad/s to inf in positive-
and negative-sequence domains, the Nyquist curves start from infinity and end near the original

point. It is clear that the system is instable when w_,,=3.14rad/s because the crucial point (-1, j0)
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is enclosed by the arc of the curve. With the increasing of w,,, the system enters into stable

region and curve becomes further away from the crucial point, leading to larger stable margin.
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Fig. 3.13. Nyquist diagram of the current loop when gain coefficient k,,=2000 and cut-off

angular frequency w,,, increases from 3.14rad/s to inf.

The value of the distance | between the arc and the crucial point indicates the stable margin,
and Fig. 3.14 shows the values of | under different k,, and w.,. The horizontal axis represents
the cut-off angular frequency w,,, i.e. f., INn Hz. When k,, increases from 125 to 500, the
system is stable in all the range of w,,, and the stable margin increases with the increasing of
Wy The system becomes instable in the low frequency region of w., when k,, is 1000, and
the stable region shrinks when k,, keeps increasing to 2000. It can be concluded from Fig. 3.14,
although the current response speed increases with the increasing of gain coefficient k,,, the
stable margin of current loop is reduced, and increasing w., helps to increase the margin and
stabilize the system. It should be noted that compared with the basic MSRF method, the
proposed method can well detect the current harmonics with larger w,,,. With reference to the
simulation results in Figs. 3.11, 3.12, 3.13, and 3.14, the proposed method should exhibit faster

current reference tracking, less pulsating current in dynamics, and larger stable margin.

In Gan(s), the first term e~7a5, time delay of output voltage, is inherent and unavoidable in
digital control system. However, the second term e ~/"®¢Ta, whose value is related to the speed
and harmonic order, represents phase variation of MSRFs in the delay period and can be
compensated by adding the phase variation angle to the inverse transformation angle of voltage,

i.e. replacing e/"% with e/"(®etweTa) jn Fig. 3.4(b). The stability of the fundamental and
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harmonic current loops under different machine fundamental frequencies is studied in Fig. 3.15.
If without compensation, the stable margins of these current loops decrease as the machine
speed increases and finally they become out of the stability boundary. Compared with the
fundamental current loop, the harmonic current loops have narrower stable region of machine
speed and is more likely to suffer from the instability. This is because the higher the harmonic
order is, the more phase angle the harmonic reference frame varies during T, and the closer to
the crucial point the Nyquist curve is. The dotted line in Fig. 3.15 indicates the | values of the
fundamental and harmonic current loops after the phase compensation. The effect of e ~/@eTa
is eliminated from the loop after the compensation, so the stability is enhanced at different
machine speeds and the fundamental current loop shares the same stable margin with the

harmonic ones.
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Fig. 3.14. Effect of k,, and w,,, on stability. k,, increases from 125 to 2000.
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Fig. 3.15. Stability of the fundamental and harmonic current loops against machine

fundamental frequency when w.,=125.6rad/s and k,,=2000.
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3.3.4 Implementation

To achieve the phase shifting of phase currents, the values of phase currents are continuously
online recorded in a look-up table (LUT) at different sampling instants with reference to rotor
position, as TABLE 3.1. Symbol k is the actual sampling instant, and k-1 means the last
sampling instant. The LUT should be synchronously updated with the rotor position variation.
Since the rotor position angle 6, is synchronous with the phase angle of the fundamental
current, the rotor position angle difference between two sampling instants can be regarded as
the phase shift angle between the currents at the two instants. Take an example, if 6, (k)-
0.(1)=n/9, phase currents at sampling instant 1, i4(1) and iz(1), are the ©/9 phase shift of i, (k)
and ig(k), respectively, and thus auxiliary currents iy 4,1=i4(1), ip qu1=ip(1), and i¢ 4y1=-
ia au1-iB au1- The same principle can be applied to auxiliary currents iy 442, ip gu2, and ic gyz.
In a real control system, the sampling instants are discrete, which means the phase shift angle
is usually not exactly located at the sampling instant, e.g. located between sampling instants 1
and 2. In this case, the linear interpolation method may be utilized to estimate the auxiliary
currents. However, in digital implementation, linear interpolation method requires the use of
division operation which causes computation burden and the problem of zero denominator. The
dichotomy method is suggested to replace the linear point-slope method for the purpose of
reducing computation burden and avoiding zero denominator. It should be noted that at low
frequency the LUT becomes long, and hence in this case interval sampling can be used to
shorten the LUT.

TABLE 3.1
CURRENTS AND ROTOR ELECTRIC ANGLES AT DIFFERENT SAMPLING INSTANTS
Sampling 1 2 3 k-1 K
Instants
O, (1) 0.(2) 0.(3) 8.(k-1) 8. (k)
i is(1) is(2) is(3) is(k-1) is(K)
is ig(1) iz(2) iz(3) ig(k-1) iz(K)

The established auxiliary currents should be decomposed using Transformation (3-13)
according to Fig. 3.9. The transformation matrix in (3-13) is a constant-element matrix, and
this transformation will not significantly increase the computation burden. In addition, the
generic structure of the designed PI regulators provides convenience for the implementation
and parameter tuning of different current loops. Furthermore, these current harmonic regulators
are selective and can be flexibly activated or deactivated according to the requirement of a real

system.
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As studied in [YEP15][YEP13], the main computation burden of the controller usually comes
from the calculation of trigonometric functions in rotating transformation and inverse
transformation. Since the proposed controller requires multiple rotating transformations and
inverse transformations, the computation burden needs to be taken into consideration in
implementation. Actually, high computation burden is a common characteristic of the MSRF-
based methods. A simple method is employed here to reduce the computation burden. The
trigonometric functions in the fundamental current loop, i.e. cos 6, and sin 8., are required in
most machine vector control and can be calculated using a Taylor series. The trigonometric
functions in the harmonic current loop, e.g. cos 56, and sin 56,, are also calculated using a
Taylor series in [YEP15][YEP13]. However, in this chapter, they are suggested to be calculated
using Ptolemy’s identities, i.e. trigonometric sum and difference formulas. The process is as

follows.

cos 20, = 2cos?8, — 1, sin26, = 2sin6, cos 0,
cos 468, = 2 cos?260, — 1, sin46, = 2sin 26, cos 26,

(3-19)
cos 660, = cos 40, cos 26, — sin 40, sin 26,,

sin 668, = sin 486, cos 26, + cos 46, sin 26,

From (3-19), the calculation of cos 26, requires one subtraction and two multiplications. A left
bit shift operation can be used to replace 2 times cos?6, to save the computation time. Then
cos 56, and sin 56, can be calculated as

cos 56, = cos 66, cos 8, + sin 66, sin 6,

(3-20)

sin 50, = sin 660, cos 8, — cos 66, sin 6,
The trigonometric functions in the 7", 11", and 13" harmonic current loops can be similarly
derived as (3-19) and (3-20). TABLE 3.2 shows the required math operation numbers of

trigonometric functions using Ptolemy’s identities above and using Taylor series, respectively.

TABLE 3.2

OPERATION NUMBERS OF TRIGONOMETRIC FUNCTIONS
Trigonometric functions Using Ptolemy’s identities Using Taylor series
+/- * +/- *
cos 0,&sin 6, 7 12 7 12
cos 560,&sin 56, 10 12 7 13
cos 76,&sin 76, 2 0 7 13
cos116,&sin 116, 5 6 7 13
cos 136,&sin 136, 2 0 7 13
Sum 26 30 35 64
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In TABLE 3.2, “+/-” means addition and subtraction, and “*” means multiplication. To
simplify the comparison, the bit shift operation is classified into “+/-”. The value of cos 6, is
calculated using a Taylor series of sixth order, and sin 6, is transferred to cos(6, — w/2) and
then use a Taylor series. The calculation of cos 6, and sin 6, requires 7 additions/subtractions
and 12 multiplications. If calculating all the trigonometric functions of harmonics with a Taylor
series, the sum of additions/subtractions is 35 and the sum of multiplications is 64. If using
Ptolemy’s identities, the numbers of additions/subtractions and multiplications are reduced to

26 and 30, respectively.

Fig. 3.16 compares the numbers of operations that trigonometric functions require using Taylor
series with different orders. “Proposed, +/-” and “Proposed, *” represent the numbers of
additions/subtractions and multiplications when calculating only cos 8, and sin 8, with a
Taylor series but the other trigonometric functions with Ptolemy’s identities. “Taylor, +/-” and
“Taylor, *” represent the numbers of additions/subtractions and multiplications when
calculating all the trigonometric functions with a Taylor series. The higher order of a Taylor
series means the higher accuracy of the trigonometric functions. Using the proposed calculation
method can reduce the numbers of additions/subtractions and multiplications, and further

reduce the computation burden of controller, especially when using a high order Taylor series.

140 ' ' '
—©— Proposed, +/-
—&— Proposed, *

Taylor, +/-
—>— Taylor, *

120

Number of operations
(0]
o
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Order of Taylor series

Fig. 3.16. Number of operations that trigonometric functions require, as a function of the order

of Taylor series.
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3.4 Experimental Verification

Experiments are processed on a laboratory platform which includes dSPACE (DS1005), six-
leg VSI (STGIPS20C60 IGBT), DC power supply, dual three-phase PMSM, and load dyno-
machine, see Appendix A. The machine phase currents are sampled by the analog-to-digital
converter and the encoder signals are decoded in DS1005 to derive the rotor position angle. By
using the C code generator of MATLAB/SIMULINK software and the real-time interface (RTI)
of dSPACE, the proposed control strategy can be implemented and testified. The generated
code is loaded and operated in the real-time microprocessor (PowerPC 750) of DS1005. The
computation of the proposed method can be finished in half control cycle (50us). The switching
signals are then produced and used to drive the IGBTs and control the machine. The
experimental results are collected by DS1005 and plotted in MATLAB.

3.4.1 Current Harmonic Detection and Regulation

The proposed current harmonic detection, Fig. 3.9, is experimentally tested and the results are
shown in Figs. 3.17 and 3.18. In Fig. 3.17, the measured waveforms of the decomposed current
and the spectra are presented, and only the fundamental current loop is activated (k;=314.2) to
provide the rated torque at 200r/min. The current harmonic detection is activated but the current
harmonic regulators are not activated. The phase current and auxiliary currents are presented

in Fig. 3.17(a) (only iy, iy gyu1,and iy gy are shown here), and it is clear that iy 4,1, and ig 4y

are the /9 and 27/9 phase shift of i,. Because the current harmonic regulators are not activated,
there are the serious 5th, 7th, 11th, and 13th harmonics in the spectrum of phase current. Using
the transformation (3-13), the currents can be decomposed into af, z,z,, and z;z, subspaces,
as shown in Figs. 3.17(b), 3.17(c), and 3.17(d), respectively. From the spectra, the fundamental
current is separated from the 5th, 7th, 11th, and 13th harmonics and individually distributed in
af subspace. The 5th and 13th current harmonics are mapped in z;z, subspace together, as
well as the 7th and 11th ones mapped in z5z, subspace. The measured result is consistent with

the expected harmonic mapping in Fig. 3.8.

Fig. 3.18 shows the measured currents when machine is operated at 200r/min with the rated
torque. The current harmonic suppression is activated at 1s. The bandwidths of LPFs are
Wes=w7=94.2rad/s, w.11=w:13=94.2rad/s. The coefficients of the designed PI regulators are
ks = k,=62.8, ky; = k13=31.4, and k;=314.2. The detected current harmonics are also shown
in Fig. 3.18, and can be represented by the DC components: igs=0.39A, igs= -0.2A,; i¢7= -0.31A,
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ig7=0.09A; i411=0.13A, iq11=0.017A; ig13= -0.09A, iq13=0.01A. The amplitudes of current
harmonics can be calculated as follows: 15=0.438A; 17=0.323A; 111=0.131A; 113=0.0906A. The
amplitudes of the current harmonics are consistent with the spectrum in Fig. 3.17(a), which
validates the accurate current harmonic detection. After the current harmonic suppression
activated at 1s, it is clear that all the current harmonics can well follow the references and were

suppressed to 0, which led to the almost sinusoidal waveforms of phase current after 1s.
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Fig. 3.17. Measured waveforms of decomposed currents and spectra. (a) is, ig qu1, and iy gy2.

(0) igp. (C) iz142- (d) i,324. Machine is operated with rated torque at 200r/min.
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Fig. 3.19 shows the robustness test results when the speed reference was 200r/min and load
torque stepped from 50% rated torque to 100% rated torque at 0.2s. Before 0.2s, the phase A
current and auxiliary currents are almost sinusoidal due to the good suppression of current
harmonics ids, igs, 47, iq7, d11, iq11, 1413, and iq13. The step load torque will result in the 20r/min
speed decrease and the sudden change of phase current amplitude. The auxiliary currents are
not accurate during that sudden change because they are derived from the phase shifting of
physical phase currents. This inaccuracy causes the disturbance in the detected current
harmonics. However, the speed can return to 200r/min and the disturbance in currents
disappeared in a short time (around 50ms), the current harmonics can still be suppressed to 0A,
and the phase current maintained sinusoidal at steady-state. The experimental results show that
the performance of the proposed method is not significantly influenced by sudden torque
variation.

IR VAVAVAVAVAVL

MMMV

GL ”””””””” | in
1 | | I
0

Current (A)

1A aul 1A au2

0.5 1 15 2
Time(s)
0.5 T T 0.5
hN — g —lgs 7 iq7

Z0.25 lds £ 0.25 ,
= T <
g of _ e of S
3 e 3

-0.251 -0.25¢

a7
-0.5 - : - -0.5 - : -
0 0.5 1 15 2 0 0.5 1 15 2
Time(s) Time(s)
0.2 T 0.2 T
‘\ ig13 ig13

Z 01 i a1 1 g 01} :
= Ja = _
c I lq13
o or L 0 l
S j—
] 35
o o /

-0.1 -0.1 N

ld13
-0.2 - : - -0.2 - : -
0 0.5 1 15 0 0.5 1 15 2
Time(s) Time(s)

Fig. 3.18. Measured waveforms of phase A current ia, auxiliary currents ia_au1, ia_au2, and the

detected current harmonics igs, igs, id7, ig7, Id11, iq11, id13, and ig13, when machine was operated at

200r/min with rated torque and the current harmonic suppression was activated at 1s.
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The current regulator is generic for not only the fundamental but also the current harmonics,
because it is designed based on the machine model and requires the machine parameters to
build the coefficients in regulator. To evaluate the effect of parameter variation, the step
response of the 5 current harmonic is tested and the results are shown in Fig. 3.20, where
reference igs~ stepped from OA to 0.4A at 0.5s. ks =62.8, and the inductance in the 5™ current
harmonic regulator is configured as 0.5L,, L,, and 2L, respectively. From the results,
although the parameter mismatch can increase the overshoot in igs and the pulsating in igs, the

effect is negligible when inductance varies between 0.5L, and 2L,.
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Fig. 3.19. Measured waveforms of speed, phase A current ia, auxiliary currents ia_au1, ia_au2,
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was 200r/min and the load torque stepped from 50% rated torque to 100% rated torque at 0.2s.
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Fig. 3.20. Measured step responses of the 5" current harmonic considering parameter
mismatch. The inductance in the 5" current harmonic regulator is configured as 0.5L,, L, and

2L, respectively.
3.4.2 Comparison with Other MSRF-based Methods

The experimental results validate that the proposed method can well regulate the current
harmonics to track the reference and has good robustness regarding load torque variation and
machine parameter variation. To highlight the contribution of this chapter, the proposed
method is experimentally compared with other MSRF-based methods. The basic MSRF-based
method, employed in [KAR17], is shown in Fig. 3.4 and is referred to method MSRF 1. The
method proposed in [FEN19] utilizes moving average filter to decompose the current
harmonics, and it is referred to method MSRF 2. [LIU19] utilizes a PI regulator to achieve
close-loop detection of current harmonic, and is referred to MSRF 3. The three methods above
are considered as the most practical MSRF-based methods and are selected to be compared
with the proposed method. It is worth noting that the major difference among these methods is
on how to decouple and detect the current harmonics, and the common point is that the
decoupled current harmonics can be all regulated by the same PI regulators in MSRFs.
Accordingly, these methods are compared following the principles: the coefficients of current
harmonic detection, e.g. the bandwidths of LPFs, are tuned to reduce the ripples of the detected
currents to below 0.01A; the designed PI regulators are then employed to control the detected
currents, and different methods share the same PI coefficients.

Figs. 3.21 and 3.22 show the step response comparison of the 5th and 11th current harmonics,
respectively. To quantify the performance measures of the proposed method with regard to the
other MSRF-based methods, the current overshoot 41, the convergence time tc, and the steady-
state error Ae between feedback and reference in Figs. 3.21 and 3.22 are shown in TABLE 3.3.

The THD of the phase current before the harmonic reference step is also given in the table.
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In Fig. 3.21, the reference igs stepped from 0A to 0.4A at 0.5s, and the reference igs” remained
OA. The gain coefficient ks is configured as 31.4, 62.8, 125.6, and 251.3 in all methods. It is
clear that the proposed method can smoothly track the reference without obvious overshoot
and pulsating when ks is 31.4, Fig. 3.21(d). As ks increases, the overshoot and pulsating in igs
and iqs of all methods increase, but the proposed method exhibits the smallest overshoot and
pulsating, as well as the shortest convergence time. When ks increases to 251.3, the systems
with MSRFs 1, 2, and 3 become unstable and there are serious pulsating currents without
convergence to current references after igs~ stepped. The tendency of all these methods is the
same, i.e. the higher gain coefficient ks results larger overshoot and more pulsating in the
dynamic response. However, the difference is that the proposed method always shows the
smallest overshoot and the shortest convergence time, and although the proposed method
shows obvious overshoot and pulsating when ks is 251.3, the system is at least stable compared

to the systems with other methods and can converge in 0.65s.

In terms of the 11 current harmonic in Fig. 3.22, the reference iq11” stepped from 0A to 0.2A
at 1s, and the reference iq11” remained OA. The gain coefficient ki1 is configured as 12.5, 31.4,
and 94.2, respectively, in all methods. Because the 11" current harmonic is coupled with the
fundamental current in MSRFs 1, 2, and 3, enough attenuation on the fundamental current is
required to reduce the current ripples, which leads to large phase delay of the 11" current
harmonic detection. As a result, the step responses of the 11™ current harmonic are worse than
the step responses of the 5" current harmonic in MSRFs 1, 2, and 3, and the system is more
likely to turn unstable as ki1 increases. Since the 11" current harmonic is decoupled with the
fundamental current in the proposed method, the phase delay of the detection is not as large as
the other methods. Thus, the step response is better, and system is more stable. It can be
concluded from Fig. 3.21, Fig. 3.22, and TABLE 3.3 that, compared to other MSRF-based
methods, the proposed method has the similar steady-state error and THD, however shows
enhanced dynamic performance and stability, i.e. the reduced overshoot and convergence time.
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Fig. 3.21. Measured step responses of the 5™ current harmonic using MSRF-based methods
with different ks. Reference igs” stepped from OA to 0.4A at 0.5s, and reference iqs remained

0A. Machine is operated at 200r/min with rated torque. (a) MSRF 1. (b) MSRF 2. (¢) MSRF 3.
(d) Proposed.
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Fig. 3.22. Measured step responses of the 11" current harmonic using MSRF-based methods
with different ki1. Reference ig11” stepped from OA to 0.2A at 1s, and reference iq11” remained
0A. Machine is operated at 200r/min with rated torque. (a) MSRF 1. (b) MSRF 2. (¢) MSRF 3.
(d) Proposed.
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TABLE 3.3
PERFORMANCE COMPARISON OF DIFFERENT MSRF METHODS

Ks/K11 MSRF 1 MSRF 2 MSRF 3 Proposed

314 AI=61mA AI=46mA AI=3TmA AI<10mA
t:=0.465s t=0.35s t=0.23s t=0.18s

Ae<10mA Ae<10mA Ae<10mA Ae<10mA

62.8 AI=153mA AI=107mA AI1=101mA AI=15mA
t=0.69s t:=0.47s t=0.38s t=0.21s

- Ae<10mA Ae<10mA Ae<10mA Ae<10mA
125.6 A1=200mA AI1=160mA AI1=153mA AI=61mA
t>1.5s t=0.65s t=0.58s t=0.21s

Ae<10mA Ae<10mA Ae<10mA Ae<10mA

251.3 A1=200mA A1=200mA A1=200mA AI=123mA
te=inf te=inf te=inf t:=0.65s

Ae:instable Ae:instable Ae:instable Ae<10mA

125 AI=98mA AI=87TmA AI=60mA AI=11mA

t.=3.09s t>4s t.=2.09s t=1.1s

Ae<10mA Ae<10mA Ae<10mA Ae<10mA

31.4 AI1=113mA A1=102mA AI=84mA AI=17TmA
11t t>4s te>4s t=2.47s t.=0.86s
Ae<10mA Ae<10mA Ae<10mA Ae<10mA

94.2 A1=167TmA A1=167mA A1=167mA AI=33mA
te=inf te=inf te=inf t.=0.57s

Ae:instable Ae:instable Ae:instable Ae<10mA

THDs 2.51% 2.45% 2.24% 2.38%

Inf means no convergence.

The speed step responses are shown in Fig. 3.23. The speed reference stepped from 200r/min
to 400r/min at 1s. A PI regulator is utilized as the speed controller, and the integral coefficient
is set as 0.4 to guarantee the speed can track the reference without steady-state error. The
proportional coefficient k; is set as 0.03, 0.05, and 0.1, respectively. It should be noted that
different methods share the same speed regulator, but the fundamental current is detected and
regulated by different MSRF-based methods. The fundamental current reference iq" is the
output of speed controller, and ig1” is set as 0A. From Fig. 3.23, all methods have smooth speed
response when kp is 0.03. However, as kp increases, pulsating arises in speed dynamics,
especially in MSRF 1. The proposed method can provide a current detection with less delay
effect, which will also contribute to a better dynamic performance of speed control, as shown
in Fig. 3.23(d).
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Fig. 3.23. Measured step responses of speed using different MSRF-based methods. Speed
reference stepped from 200r/min to 400r/min at 1s. (a) MSRF 1. (b) MSRF 2. (c) MSRF 3.
(d) Proposed

3.5 Conclusion

In this chapter, an improved MSRF current harmonic regulation method has been proposed for
dual three-phase PMSM. The experimental results confirm that the proposed method can
accurately detect the current harmonics, and control the individual current harmonic to track
the current harmonic references with good robustness regarding load torque variation and
machine parameter variation. Compared with the existing MSRF-based methods, the proposed
method can provide a current harmonic detection with reduced delay effect, and hence exhibits
a better dynamic performance of current harmonic regulation as well as a better system stability.
These enhancements make the proposed method more applicable in both current harmonic

suppression and injection of dual three-phase PMSM system.
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CHAPTER 4

CONTROL OF CURRENT HARMONICS FOR DUAL
THREE-PHASE PMSMS BY VIRTUAL MULTI THREE-
PHASE SYSTEMS

The MSRF-based current harmonic control method proposed in the last chapter shows good
performance on the suppression and injection of the major current harmonic in DTP PMSM. It
is proved that the current harmonic decomposition is convenient for current harmonic
regulation due to the reduced delay effect in current harmonic detection. The proposed current
harmonic decomposition in the last chapter can separate the major current harmonics, i.e. the
5th, 7th, 11th, and 13th, from the fundamental. However, it is illustrated that the 5th current
harmonic is still coupled with the 13th current harmonic, while the 7th current harmonic is
coupled with the 11th current harmonic. A question that may be easily come up with is whether
it is possible to decompose all the current components into several individual subspaces, and
the fundamental and major current harmonics are completely decoupled to each other.

Based on the question, this chapter proposes a concept of virtual multi three-phase systems to
achieve complete decomposition of the major current harmonics and independent regulation of
the current harmonics in a DTP PMSM system. The control system proposed in the last chapter
can be understood as a virtual triple three-phase system. This chapter develops the virtual triple
three-phase system to generic virtual multi three-phase systems, e.g. virtual triple, virtual
quadruple, and virtual pentuple three-phase system. The virtual multi three-phase currents are
firstly reconstructed by appropriately shifting the phase of original physical DTP currents, and
then are decomposed with the help of vector space decomposition techniques. As a result, the
fundamental and the major current harmonics, i.e. the 5th, 7th, 11th, and 13th, can be
completely separated in several isolated subspaces, where the independent current control
loops can be easily designed and implemented. The correctness and effectiveness are validated

by simulation results and experimental results.

This chapter is published in IEEE Transactions on Industrial Electronics [YAN21c].
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“Suppression of major current harmonics for dual three-phase
PMSMs by virtual multi three-phase systems,” IEEE Trans. Ind.
Electron., vol. 69, no. 6, pp. 5478-5490, June 2021

4.1 Introduction

A new concept of a virtual multi three-phase system is proposed in this chapter to achieve
independent regulation of the fundamental and major current harmonics with better steady- and
dynamic-state performance. Due to the limited decomposition capability of the DTP system,
the phase shifting operation on the original physical dual three-phase currents is first utilized
to reconstruct the virtual multi three-phase currents. The vector space decomposition (VSD)
approaches are then used to decompose the major current harmonics in the virtual multi three-
phase systems. As a result, the fundamental and the major current harmonics are individually
extracted from the original phase currents and mapped into several isolated subspaces. By using
the Park transformations in the corresponding subspaces, these currents can be individually
regulated in MSRFs. Compared with the existing approaches, the fundamental and major
current harmonics are totally decomposed, and thus the interference among different
frequencies, from which the resonance-based regulators mainly suffer, is avoided and the
stability of the system is enhanced. Besides, it is the rotor position but not the rotor speed that
is utilized in the implementation of the phase shifting operation and coordinate transformation.
That avoids the problem of machine frequency inaccuracy in the dynamics. Furthermore, in the
existing MSRF methods, as introduced, the bandwidths of LPFs and the PI coefficients should
be carefully turned to guarantee the dynamic current response and system stable simultaneously,
which leads to complex parameter tuning. Such problems do not appear here because the
proposed virtual multi three-phase systems can separate the current harmonics without using
LPFs, and the removal of LPFs helps to make the current harmonic regulation more dynamic,

stabilize the entire system, and also simplify the parameter tuning.

This chapter is organized as follows. Section 4.2 introduces the decomposition capability of
VSD technique. The virtual multi three-phase system combined with MSRF regulator is
proposed to suppress the current harmonics in Section 4.3. The simulation and experimental
results are provided in Section 4.4 and Section 4.5, respectively. Section 4.6 discusses the
applicability and extension of the proposed method. Finally, Section 4.7 concludes the chapter.
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4.2 Analysis of Decomposition Capability of VSD Techniques in Multi
Three-phase Systems

The ideal result of decomposition is that all the fundamental and major harmonic components
in the phase current are respectively mapped into different orthogonal subspaces, so that they

can be independently regulated.

Fig. 4.1 shows the harmonic mapping in two subspaces after the decomposition transformation
in the DTP system. It can be clearly seen that the sum of 5th and 7th current harmonics is
decomposed in the z1z, subspace, while the fundamental, 11th and 13th current harmonics are
coupled in af subspace. Obviously, the major current harmonics are not completely separated

with each other, and hence the ideal decomposition cannot be realized in the DTP case.
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Fig. 4.1. Dual three-phase winding configurations and harmonic mapping of VSD techniques.

In a triple three-phase (TTP) system with 20° electrical degrees shifting between the adjacent
sets, Fig. 4.2, the VSD technique merely decomposes the fundamental current into a/ subspace,
the sum of 5th and 13th into z1z> subspace, and the 7th and 11th into z3z4 subspace, respectively.
Compared with Fig. 4.1, Fig. 4.2 shows the better decomposition capability because the
fundamental current is separated and can be individually controlled in the af subspace.
However, the 5th and 13th current harmonics are still mixed with each other in z1z> subspace,

as well as the 7th and 11th in z3z4 subspace.
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Fig. 4.2. Triple three-phase winding configurations and harmonic mapping of VSD techniques.
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Fig. 4.3. Quadruple three-phase winding configurations and harmonic mapping of VSD
techniques.
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As the number of three-phase sets increases, the quadruple three-phase (QTP) case, which
shifts 15° electrical degrees between the adjacent sets, has improved decomposition capability
due to the complete separation of the fundamental, 5th and 7th current harmonics, as shown in
Fig. 4.3. As a result, it is possible to individually regulate the fundamental, 5th and 7th current
harmonics in three independent current loops without using LPFs, but unfortunately impossible

for the 11th and 13th current harmonics.

Finally, the pentuple three-phase (PTP) system with 12° electrical degree shifting has the ideal
decomposition capability because the fundamental and major current harmonics (5th, 7th, 11th
and 13th) are respectively mapped into five subspaces according to Fig. 4.4, which means their

current loops can also be isolated in each subspace.
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Fig. 4.4. Pentuple three-phase winding configurations and harmonic mapping of VSD
techniques.

In summary, the decomposition capability of the VSD techniques increases with the increasing
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of set number in a multi three-phase system. The original DTP system cannot achieve the
separation of the current harmonics through VSD transformation, the QTP system can only
separate the fundamental, the 5th, and the 7th current harmonics, and the best is that the PTP
system can completely separate all the major current harmonics, and the independent regulation

of them can be achieved as well.

4.3 Virtual Multi Three-phase System

To completely decompose the major current harmonics, the use of LPFs is inevitable under the
DTP framework due to its limited decomposition capability. As introduced in Chapter 3, the
weakness of using LPFs includes poor dynamic performance, complex parameter tuning, and
instability. If not using the LPFs, it is either impractical to increase the number of real three-
phase sets to help decomposing the current harmonics. To make full use of the additional
decomposition capability provided by multi three-phase system, a generic virtual multi three-
phase system is established by reconstructing virtual multi three-phase currents.

According to the phase relationship of currents in multi three-phase sets, the time fundamental
phase shifting between the currents of two adjacent setsis ©/6, ©/9, t/12,and /15 in DTP,
TTP, QTP, and PTP cases, respectively. Consequently, an appropriate phase shifting of original
physical currents in DTP PMSM can be utilized to reconstruct virtual multi three-phase (more
than two three-phases) currents, as shown in Fig. 4.5, where S() represents the phase shifting
operation, which has been introduced in Chapter 3, Section 3.3. The physical phase currents of
the DTP machine, namely i,z and ixy, can be regarded as the virtual currents of the first and
third sets in the QTP case, i.e., if151c1 and i4353c3, Where the superscript “4” represents the
QTP case and is used to distinguish the currents from those in the other multi three-phase cases.
Then, the /12 shifting of currents i,z and iyy, can be respectively regarded as the virtual
phase currents of the second and fourth sets, i.e. if,550 aNd igspsca. Similarly, the m/9
shifting of iy and the /18 shifting of iy, can be regarded as virtual phase currents of the
second and third sets in TTP case. To reconstruct the virtual PTP system, the /15 and 2t /15
shifting of i,z are the virtual currents of the second and third sets, and then the /30 and

/10 shifting of iy, can be regarded as the virtual currents of the fourth and fifth sets.
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Fig. 4.5. Virtual multi three-phase current reconstruction based on phase shifting operation.
(@) Virtual TTP. (b) Virtual QTP. (c) Virtual PTP.

lapc

After the virtual multi three-phase currents are reconstructed, the transformation (4-1) can be

used to decompose the current components.

T(0)  T¥m) TQ2¥m) .  T(m—=1Dym) ]

1|T©@ T(=5ym) T(=5Q2pm) .. T(=50n—1)yn)
Tn=—1T0) TOym) T(7Qrm) . T70m— 1Dy (4-1)

TO) Ty TO@W)) .. Tom— Dy |
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where m is the number of virtual three-phase sets, y,, = m/(3m) is the electrical angle

between two adjacent sets, and n=1, -5, 7, -11, 13, ... The submatrix T is

27cos@ cos(8+2n/3) cos(6—2m/3)

1) = 3lsin® sin(0 +2m1/3) sin(6 — 2m/3) -

In particular, if only the dominant 5th and 7th current harmonics are required to be controlled,
the virtual QTP system is capable enough to decompose them and the virtual QTP phase

currents can be used as follows.

iaﬁl I[ijwlcﬂl

iaﬁs i4

i =T, .,123202 (4-3)
_ aﬁ’7_ l43B3C3
l(lﬁll + laﬁ13 izjll'4B4C4-

where iqpy, represents the current component with order h in stationary two phase frames.
Although the 5th and 7th current harmonics are decomposed and can be independently
regulated by using (4-3), the 11th and 13th cannot be decomposed and they are usually required
to be suppressed for lower torque ripples in DTP PMSMs. With this, the virtual PTP currents
can be employed to decompose all the major current harmonics with the help of the following

transformation.

lap1 iz151c1]
Laps ijwzcz
iaB 71=Ts ij3B3C3 (4-4)
tap11 iaaBaca
lap1s [ i2sscs.

From (4-4), the fundamental and major current harmonics are mapped into five isolated
subspaces, and hence it is easy to regulate them in five independent current loops as shown in
Fig. 4.6. The decomposed currents are respectively transformed into corresponding MSRFs
and the PI regulators are employed to control the fundamental current and suppress the major
current harmonics by simply setting the current harmonic references to zero. The output
voltages of PI regulators are inversely transformed and composed in the stationary two phase
frames, and then the inverse VSD transformation is utilized to yield the phase voltage
references of DTP PMSM. The 24-sector six phase continuous SVPWM proposed in [MARO8]

is employed in this chapter to modulate the phase voltages.
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Due to the fact that the controlled variables in MSRFs, i.e. idq1, idgs, idg7, idg1, and igqz3, are all
DC components, the PI regulators are the ideal choices to regulate the currents because the
infinite open-loop gain at OHz provided by the integrator ensures the DC current harmonic
references are tracked without steady-state errors, and the proportional term can improve the
dynamic response. The PI regulators can be grouped as feedback decoupling type [KAR14],
feedforward decoupling type [ZHO17], and complex vector decoupling type [HOF16]
according to the decoupling methods. The cross-coupling effect between d- and g-axes in
MSRFs usually introduces a transient current into the other axis when one axis current changes
if it is not compensated in the current regulator. The feedback decoupling PI calculates the
cross-coupling voltage using the feedback current, while the feedforward one uses current
reference, and the complex vector one uses the output of the integrator. There are also other
kinds of advanced PI regulators, such as the fuzzy Pl [LI112] and neural Pl [X1A10], which

exhibit advantageous robustness in the speed and current control.

To achieve a compromise between easy implementation and good performance, the complex
vector decoupling PI regulator is employed here due to its simple structure and good dynamic
current response, as seen in Fig. 4.6. The machine parameters are utilized as the PI coefficients.
The integral coefficient Ry is from the stator resistance and satisfies Rn=Rs. The proportional
coefficient Ly is from the inductance. Ln=Ls when h=1, 11, and 13, while Lh=Lswhen h=5 and
7 because the 5th and 7th harmonics are relevant to the leakage inductance. Kcn represents the
bandwidth of the current loop. It should be noted that in the previous MSRF method which
uses LPFs to decompose the current harmonics, due to the different delay effect caused by
LPFs in different current loops, the bandwidth Kcn is considerably limited and should be tuned
individually. Since the LPFs are not required here, the dynamic response and system stability
can be enhanced. Moreover, the fundamental and harmonic current loops can share the same

bandwidth K, which provides convenience for control parameter tuning.

Furthermore, more phase shifting degrees means more required storage, particularly for the
introduced virtual PTP system which needs more CPU resource in implementation. Therefore,
a simplified implementation method can be employed. The PTP-based decomposition of the
major current harmonics (4-4) can be substituted by a simple and lower-order combination of
TTP- and QTP-based decomposition. Firstly, the fundamental, 5th, and 7th current harmonics
can be extracted by (4-3), and then the 11th and 13th can be calculated by the decomposed

results of the virtual TTP system, subtracting the separated 5th and 7th current harmonics as
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follows.

.3 .
0 La1B1c1 Lap1
. I ,
tap11| =Tz |igzp2c2 | = |LaB? (4-4)
. “ .
tap13 la3B3c3 taps
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Fig. 4.6. Overall control diagrams of proposed current harmonic regulation.
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4.4 Simulation Results

To verify the correctness of the current decomposition using virtual multi three-phase systems,
simulation results are given in this section. Fig. 4.7 shows the simulation results of current
decomposition using VSD technique in the original DTP system. The fundamental frequency
of phase current is 10Hz, and thus the frequencies of the major current harmonics are 50Hz,
70Hz, 110Hz, and 130Hz, respectively. The original physical dual three-phase currents are
shown in Fig. 4.7, and using the VSD transformation, the currents can be decomposed into two
subspaces, i.e. aff and z1z> subspaces. From the spectra of the decomposed currents, it is clear
to see that the 1st, 11th, and 13th current harmonics are mapped into o subspace, and the 5th
and 7th ones are mapped into z1z, subspace. This result is consistent with the harmonic

mapping introduced in Fig. 4.1.
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Fig. 4.7. Simulation results of current decomposition using VSD technique in DTP system.
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system.

To establish a virtual triple three-phase system, the phase shifting operation in Fig. 4.5(a) is
used. In Fig. 4.8, the virtual currents are plotted in dotted line and the phase shifting angle
between currents from two adjacent three-phase sets is 20 degrees. Using the VSD
transformation (4-1), the physical and virtual currents can be decomposed into af, 21z, and
2324 subspaces. Different from the DTP case, the 1st current is individually decomposed into
a3 subspace, the 5th and 13th current harmonics are decomposed together into z1z» subspace,

and the 7th and 11th current harmonics are decomposed together into z3z4 subspace, in this
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virtual TTP case. These simulation results are consistent with Fig. 4.2.
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Fig. 4.10. Simulation results of current decomposition using VSD technique in virtual PTP

system.
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Fig. 4.9 shows the simulation results in virtual QTP system. The virtual currents are shifted by
15 degrees to the original physical currents. After the decomposition, the 1% current is
individually mapped into e/ subspace, and the 5th and 7th are individually mapped into z1z»
and zsz4 subspaces, respectively. The 11th and 13th current harmonics are decomposed
together into zsze subspace. These results agree with Fig. 4.3.

Fig. 4.10 shows the simulation results in virtual PTP system, and the phase shift angle between
the virtual currents of two adjacent virtual three-phase sets is 12 degrees. From the
decomposition results, it is clear to see that the 1% current and all the major current harmonics
are completely separated into 5 different subspaces, which is consistent with Fig. 4.4. If the
major harmonics are completely separated, it is convenient for current harmonic control
because the filters can be cancelled from the control loops and the dynamic performance as

well as the system stability can be greatly enhanced.

It can be concluded that the simulation results in Figs. 4.7, 4.8, 4.9, and 4.10 are consistent with
Figs. 4.1, 4.2, 4.3, and 4.4. This means the established virtual multi three-phase systems have
the same current harmonic characteristic as the physical multi three-phase system, and the VSD
transformation used in the physical multi three-phase system can be also utilized in the
proposed virtual multi three-phase system to decompose the current harmonics, which provides
better control performance compared to the conventional VSD technique in physical DTP

system.
4.5 Experimental Verification

Fig. 4.11 shows the current decomposition performance when the machine speed is 200r/min.
It is clear that the original physical phase currents are distorted and include serious major
harmonics, Fig. 4.11(a). The waveforms of the decomposed major current harmonics are shown
in Figs. 4.11(b)-(e), whereas they are not completely sinusoidal because there are still a few
high order (higher than 13th) current harmonics mixing with the major current harmonics.
However, these high order current harmonics can be neglected due to their low amplitudes and
insignificant influence on control performance. The spectra show that the major current
harmonics are completely separated from each other. The effectiveness of the proposed virtual

multi three-phase systems and current harmonic decomposition is verified.
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Fig. 4.11.
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physical six phase current waveforms and spectra. (b)-(e) The decomposed 5th, 7th, 11th, and

13th current harmonics, and the corresponding spectra.

Fig. 4.12 shows the experimental results of selective current harmonic suppression at 200r/min
and rated load torque. The major current harmonic suppressions are successively activated at
0.2s, 0.4s, 0.6s, and 0.8s to illustrate the individual control capability of different current
harmonics. It can be clearly seen from the waveform variations of phase A current in different
periods, after one suppression works, the selected current harmonic is wiped out in phase
current without interference to the other current harmonics. The individual regulations of the
major current harmonics are achieved in the proposed method.
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Fig. 4.12. Experimental results of successive individual harmonic suppression. The amplitude
of the fundamental current is 5A. (a) Without current harmonic suppression. (b) Only with the
5th harmonic suppression. (c) With both the 5th and 7th harmonic suppression. (d) With the

5th, 7th, and 11th harmonic suppression. (e) With all major harmonic suppression

Fig. 4.13 shows the experimental results at 200r/min when load torque steps from 50% to 100%
of the rated torque. Before the torque step, the phase current is sinusoidal because the current
harmonics in MSRFs are well suppressed. The torque step will cause sudden variation of phase
current amplitude, and further lead to inaccurate phase shifting operation during the dynamics.
Disturbances are therefore introduced into the decomposed current harmonics, especially in the
11th and 13th current harmonics as shown in Fig. 4.13. However, the disturbances disappear
in a short time, and the current harmonics can be still suppressed after the torque step. The
results show that the performance of the proposed method is slightly influenced by the transient

load torque variation.
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Fig. 4.13. Measured phase A current and the major current harmonics in MSRFs when at
200r/min, load torque steps from 50% to 100% of rated torque at 0.25s.

To evaluate the dynamic performance, the step response of the proposed methods are presented
in Fig. 4.14. The current harmonic references igs , iq7’, iq11’, and iqiz~ step from OA to 0.5A at
1s. The proposed method shows better dynamic current harmonic response and can better track
the references without obvious overshoot and pulsating currents, compared to the method
proposed in Chapter 3. To be precise, in the proposed method, the current harmonics can track
the references within 40ms after the references stepped according to the detailed dynamic
responses in Fig. 4.14(b). The proposed method does not use LPFs as the previous method does,
and as aforementioned, the high order (higher than 13) current harmonics make the
decomposed current harmonics in Fig. 4.14(a) exhibit more high-frequency ripples, which can

be negligible for their low amplitudes and insignificant influence on control performance.
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Fig. 4.14. Experimental results of dynamic current harmonic regulation. References of major

current harmonics igs ", iq7 ", iqu1 , and iqs” step from OA to 0.5A, respectively. References igs

ia7", ia11", and iga3” remain OA, and machine speed is 200r/min. (a) Step response. (b) Detailed

dynamic responses of the proposed method during 0.98s to 1.08s in (a).
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4.6 Discussion

The simulation and experimental results have validated the effectiveness of the proposed
current harmonic suppression strategy in a DTP PMSM system. Because there are various
operation conditions and control objectives for this kind of machine, the applicability and

extension of the proposed method are discussed in this section.
4.6.1 Torque Performance Improvement

For the major current harmonics of DTP PMSM, the 5th and 7th current harmonics can be
injected to increase the average torque [HU17]. The suppression of the 11th and 13th current
harmonics can generally contribute to the reduction of the 12th torque ripple. However, when
there is an inherent 12th torque ripple generated by non-sinusoidal flux field, the 11th and 13th

current harmonics still need to be injected to minimize the total torque ripples [YAN19].

Fortunately, the proposed current harmonic regulator can also be employed in the current
harmonic injection by simply changing the current harmonic references to the required values.
Besides, in the authors’ opinion, the enhanced dynamic performance of the proposed strategy
IS important to the current harmonic injection, because the current harmonic references should
be dynamically adjusted to satisfy different operating conditions (torque and speed), and the
better reference tracking capability will obviously benefit the dynamic performance of the

current harmonic injection.
4.6.2 Flux Weakening Operation

Flux weakening is usually necessary in the applications that require a wide speed range. It is
easy for the proposed method to achieve flux weakening control by using the fundamental
current loop to track the negative d1-axis current. The current harmonic suppression in the flux
weakening region faces the challenge of limited inverter voltage. It is known that the flux
weakening is utilized to make sure the voltage reference is inside the linear modulation region.
If the used fundamental voltage of a three-phase set reaches the maximum voltage circle, the
harmonic voltage references will be outside the voltage hexagon and cannot be realized. There
are two solutions to solve this issue. The first, which introduces additional copper loss, is to
increase the amplitude of the negative dl1-axis current and further reduce the amplitude of
fundamental voltage, and then the harmonic voltage references can be relocated inside the

hexagon and realized. The second solution, as studied in [KAR17], is still in the category of
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optimizing the current harmonic references. Making use of the modulation area between the
maximum voltage circle and voltage hexagon, the current harmonics can be partially

suppressed, however, not eliminated.
4.6.3 Unbalance Issue

The unbalance currents, due to asymmetry among phases, can be negligible compared with the
major current harmonics if the machine is well designed and manufactured, but they should be
taken into account when the asymmetry is considerable. The unbalance currents are composed
of positive and negative sequence currents [HU14]. Under the framework of the virtual multi
three-phase system, the unbalance currents cannot be separated from the phase currents like
the major current harmonics, and they will be mapped as AC components in the MSRFs.
Although the effect of the DC component regulation, i.e., suppression of the major current
harmonics, is not influenced by these AC components, the PI regulator cannot eliminate these
AC components due to the limited control capability. That means the unbalance currents still
exist in the system, and the control scheme may need modification if containing these

unbalanced currents is necessary.
4.6.4 Extension to Other Multi Three-phase Machine

Although the method is proposed and implemented in a physical DTP PMSM, the concept of
the virtual multi three-phase system is generic and can be extended to both induction and
reluctance machines with DTP winding sets. In addition, regarding physical machines with
more than DTP sets, e.g. the TTP and QTP machines, the concept is still applicable. For a
physical TTP machine, the harmonic mapping is shown in Fig. 4.2, and the sum of the 5th and
13th current harmonics is decomposed as iz1z2, and the sum of the 7th and 11th ones is
decomposed as iz3.4. To totally separate the current harmonics in z1z, and z3zs subspaces, a
virtual QTP system can be established based on the currents of the physical TTP machine, as
shown in Fig. 4.15. Then, the 5th and 7th current harmonics can be decomposed using (4-3),
and the 13th and 11th current harmonics can be detected by subtracting the 5th and 7th ones

from iz122 and izsz4, respectively.
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Fig. 4.15. Virtual QTP current reconstruction using physical TTP currents.
4.7 Conclusion

This chapter proposes a concept to convert a physical dual three-phase PMSM system into a
virtual multi three-phase system with more three-phase sets, based on which the fundamental
and major current harmonics can be decomposed in several isolated subspaces and

independently regulated in MSRFs.
The proposed current harmonic suppression has the following advantages:

1) Due to the separation of the fundamental and major current harmonics, the currents of
different frequencies are independent, the problem of interference between different

frequencies is avoided, and consequently the system stability is enhanced.

2) The proposed method does not use any LPF as the previous method does, which greatly
enhances the dynamic performance and stability of the current loops. In addition, the parameter

tuning of the fundamental and current harmonic regulators is simplified.

3) All the VSD transformation matrices employed in this chapter are constant-element matrices
and can be pre-stored in the controller. Therefore, the computation burden does not

significantly increase compared with that of the existing method.

The proposed concept can be extended to suppress any order of current harmonics including
the ones higher than the 13th, and the current harmonic can be flexibly selected to be detected
and suppressed according to the requirements in real applications. The proposed independent
current regulators can also be used in current harmonic injection by simply changing the current
harmonic references to achieve the pre-design non-sinusoidal phase currents. Furthermore, the

concept of the virtual multi three-phase system together with the MSRFs can be extended to
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other multi three-phase machine systems, as well as the current regulation in industrial

applications that may suffer from harmonic issues.
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CHAPTERS

CURRENT MEASUREMENT GAIN COMPENSATION
USING HIGH-FREQUENCY SIGNAL INJECTION IN
DUAL THREE-PHASE PMSM SYSTEMS

The previous chapters have investigated the solutions for current harmonic suppression in DTP
PMSM systems. These solutions can only deal with the conventional current harmonics that
are caused by the inverter nonlinearity and non-sinusoidal back-EMFs. The scaling errors in
the current measurement will also generate current harmonics that the investigated solutions in
the previous chapters cannot deal with. Therefore, this chapter proposes an effective method to
compensate the current measurement gain and correct the scaling errors, and thus suppress the

related current harmonics and torque ripples.

Compared to the existing literature [HARO8][ TRI18], the effect of scaling errors in the current
measurement is firstly analyzed under the framework of VSD modelling and control. The
analysis shows that the scaling errors can generate the 2nd-order current harmonics in
synchronous reference frame, which makes the six phase currents unbalanced and generates
the 2nd-order torque ripple. To suppress the negative effect, a method based on high-frequency
signal injection is investigated to tune the current measurement gain coefficients. A high-
frequency carrier voltage is injected to the z1z> subspace of the DTP PMSM, and the resultant
high-frequency components in the measured currents are extracted and used to control the
current measurement gain and correct the scaling errors. The correctness of the analysis and
the effectiveness of the proposed high-frequency signal injection based method are validated

by simulation results.
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5.1 Introduction

Stator current measurement is required for most high-performance electrical drive since the
measured current can be used for torque regulation, fault detection, and protection. The
accuracy of the current measurement directly determines the performance of the system. The

current measurement errors can be categorized into two groups.

1) Scaling error, i.e. the current measurement gain is not equivalent to 1, which causes the
amplitudes of the measured current and the real current are not equal. The scaling errors will
cause obvious unbalanced phase currents, i.e. the negative-sequence fundamental component,
of electrical machines. The negative-sequence fundamental component is converted to the 2nd-
order current harmonic in synchronous reference frame. This current harmonic has adverse
effect if it is used for torque control or flux linkage estimation, e.g. torque ripple,

reduced/increased average torque, increased losses, and estimation errors.

2) DC offset, i.e. the mean values of the measured current and the real current are not
equal. The DC offset can generate DC components in the phase currents of electrical machines.
The DC current can be converted as the 1st current harmonic in synchronous reference frame.
Like the scaling errors, the adverse effect can also be the torque ripple, reduced/increased

average torque, increased losses, and estimation errors.

The previous chapters aim to solve the general current harmonics in DTP PMSM systems,
while this chapter will investigate the solutions for the current harmonics due to current

measurement errors, specially focusing on the scaling errors correction.

The current in an electrical machine system is measured by current sensor circuit which usually
includes current transformer, amplifying circuit, low pass filtering circuit, analog-to-digital
(A/D) converter, and the related calculation in digital signal processors. The gains of these
different components can vary with respect to their designed values due to various factors,
which result in the scaling error. Manual calibration through hardware or software gain
adjustment is the most usual method to correct the scaling error. However, it has obvious issues
including: increased time cost, reduced operation time, and the most important is that the
correction effect is not continuous because the gains of these circuits are variable with

temperature, aging, and noise.

To correct the scaling errors in electrical machine systems, many researchers have investigated
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solutions to online correct the current measurement gain. The online correction methods are
superior to the manual calibration because the operation of electrical machines does not need
to be interrupted and the correction effect is continuous regardless of the variations of
temperature, aging, and noise. These online correction methods can be divided into two aspects:
those that directly address the current measurement gains and those that compensate the effect
of the scaling errors. In terms of the directly correcting the current measurement gains, [LU21]
proposed a novel topology of current sensor circuit combined with special design of current
measurement moments, and the current measurement gain can be tuned and corrected in one
PWM cycle. A measurement-disturbance-observer (MDO) is proposed in [CHOO08] to estimate
and correct the scaling errors of two phase current measurement, but the accurate machine
model and parameters are required in MDO. [HARO08] proposed a novel current measurement
gain tuning method using high-frequency signal injection. The injected high-frequency carrier
voltage will generate high-frequency current. However, due to the scaling errors, the measured
current will include negative-sequence high-frequency current that can be used to tune the
current measurement gain. If the negative-sequence high-frequency current is suppressed, the
scaling errors are considered as corrected. Since the high frequency current is generated, this
method suffers from the issues of increased losses, torque ripples, and acoustic noise. [HARO08]
only used the high frequency injection to correct scaling errors in general three phase machines,
however not in DTP machines. The second aspect is to compensate the effect of the scaling
error, e.g. current harmonic, speed ripple, and torque ripple. [TRI18] proposed a controller
which combines the repetitive regulator and proportional resonant regulator to suppress the
current harmonic generated by the scaling error, while the controller is too complicated to be
practical in a real system, and the test results also show a moderate dynamic response. Since
the current harmonic due to the scaling error will cause torque ripple and speed ripple, [X1A15]
employs multi resonant regulator to build the speed regulator to suppress the speed ripple and
thus compensate the effect of the scaling error. Nevertheless, this method is merely applicable
in low speed condition or small inertia motor applications, because the amplitude of the speed
ripple decreases as speed increases or rotor inertia increases, and compensation performance
of this method will deteriorate if the speed ripple is too small to be detected by the rotor position

Sensor.

The existing methods above are applied in three-phase systems, and they can be simply
extended to each three-phase set of a DTP PMSM. However, the unbalanced current between

two three-phase sets cannot be solved by these methods, and more importantly, the freedom
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degrees of the DTP system cannot be fully utilized. To the best knowledge of the author, there
is no existing literature discussing the compensation method that is specially designed for
current measurement gains in DTP PMSM systems. To make full use of the freedom degrees
and investigate an advantageous technology for DTP PMSM systems, this chapter proposes a
high-frequency signal injection based method to tune the current measurement gains and
correct the scaling errors. Section 5.2 firstly analyzes the effect of the scaling errors in the
current measurement under the framework of VSD modelling and control. Some simulation
results are given in this section to show the effect of the scaling errors in a DTP PMSM system
and prove the correctness of the analysis. Section 5.3 introduces the proposed method. A high-
frequency carrier voltage is injected in the ziz> subspace of the DTP PMSM. Since the
generated high-frequency currents are also in the z1z> subspace, they will not generate high-
frequency torque ripples, from which the three-phase PMSM systems suffer a lot when using
the high-frequency signal injection. The relationship between the scaling errors and the high-
frequency components in the measured currents is derived in this section. Based on the derived
relationship, the high-frequency current components are extracted to control the current
measurement gains and correct the scaling errors. Compared to the existing methods, the
investigated method does not require the parameters of the DTP PMSM or specially design of
the current measurement circuit. The tuning of the current measurement gains is based on the
control of the high-frequency currents, which means it is independent from the torque and
speed regulation, and thus the compensation effect is not affected by the speed and torque
conditions. The effectiveness of the proposed method is validated by the simulation results in

Section 5.4, and the conclusion of this chapter is given in Section 5.5.
5.2 Effect of Scaling Error

To reduce the cost, not all the phase currents are measured by current sensors and only two
current sensors are used for the current measuring in each three-phase set of a DTP PMSM,
e.g. currents of phase A, phase B, phase X, and phase Y are measured, and the currents of the
phases C and Z are calculated based on Kirchhoff Current Laws. If considering the scaling

error, the measured currents of six phases can be expressed as
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Lam] lq [ Kaig i

Lbm Ip Kpip

lem —ig —Ip —-K,i, — Kpi,

i | = i + K, i, (5-1)
iym iy Kyiy
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where [lam  Iom  iem Iem Iym Izm]T represent the measured six phase currents,
[ia i i ix Iy ;] represent the real six phase currents, and
[Kaia Kpip —Kalag — Kplp Kyl Kyiy _Kxix_Kyiy]T represent the current
measurement errors due to scaling errors. To analyse the effect of the scaling error, the primary

real six phase currents can be expressed as follows if there is no scaling error

Icos6,
| (9 27r>
cos ——
L 1 23n
W[ |icos (91 + ?>

by Icos (91 - %) (5-2)

ty 5t
lin Icos (91 — ?>

i Icos (91 + g) ]

where | represents the amplitude of fundamental current. 8, represent the phase angle of phase
currents, and it satisfies 6; = 6, + 6,. 6, is the electrical angle of rotor position. 8, is the
initial phase angle of current. Substituting (5-2) into (5-1) and using the following VSD

transformation to convert the measured current into o and z1z» subspaces:

'1 1 1 3 V3 0_
2 2 2 2 [am
lam 0 \/§ \/§ 1 1 1 ibm
iﬁm —— 7 _7 E E B %cm (5_3)
l:zlm 1 1 \/§ \/§ %xm
e e R R M M | 2
. V3 V31 L “Lzm-
L 2 2 2 2 .

The currents in f and z1z» subspaces can be regarded as two parts:
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where [lem igm Iz1m lz2m]7 represent the measured current in af and z1z subspaces,
[ie i i;1 I,2]" represent the real current in af and z1z, subspaces.
[Ai, Aig Aiy  Aiy,]T represent current measured errors due to the scaling errors, and it

satisfies

N (6K, + 3K, + 3K, )cost, + V3(K, — K, )sinb,

L

Al-; I (2\/§(Ka — K,) + 3V3(K, — Ky)) cos6; + (6K, + 3K, + 3K,)sin6, (55
Aiyy |~ 12 (6K, — 3K, — 3K, )cost; — V3(K, — K, )sin6,

A
22 (2\/§(Ka — K,) — 3V3(K, — Ky)) cos6; + (6K, — 3K, — 3K,,)siné,

From (5-5), it is clear that the scaling errors in current measurement generate errors with the
same frequency as the fundamental current. However, it is obvious that the amplitudes of
Ai, and Aig are not equal, and the amplitudes of Ai,, and Ai,, are not equal either. This means
the current measurement errors in both «f and z1z> subspaces include the positive-sequence
fundamental current and the negative-sequence fundamental current. Since the torque of a DTP
PMSM s only related to the current in «f subspace, Ai, and Aig are transformed to the

synchronous reference frame as

Aig] 1 |3(Ka = Ky)cos(26, + 6o) + 3 (Ka — Ky +2(K, — Ky)) sin(26, + 6,)
Aiq] 18

V3 (Ko = Ky + 2(Ky, — K;)) cos(26, + 60) = 3(K, — K,)sin(26, + 6,) (5-6)

I

18

3(K, + Ky + Ky + K, )cos8y — V3(K, — K, + Ky — K, )sin6,
3(K, + Ky + Ky + K,)sin8, + V3(K, — K, + K, — K, )cost,

In synchronous reference frame, the current measurement error includes the DC component
and the second-order harmonics. To further simplify the expression of the current measurement
error in synchronous reference frame, the complex-vector format is used and (5-6) can be

written in the complex-vector format as

V31

I : .
Bigq =7 (Ko~ K,)e i (20e+60) 4 E(Ka — Ky + 2(Ky — Ky)) o (20e+60-5)

I . 31 .
+2 (K + Ky + Ky + K )ed% + % (K, — Kp + Ky — Ky)e](9°+%)

(5-7)

where Aig,=Aig+jAi,. From (5-7), it is easy to know that the second-order harmonic in Aig,
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IS negative-sequence and represents the negative-sequence fundamental component in

stationary of frame, and the DC component in Aig, represents the positive-sequence

fundamental component in stationary a3 frame.

To address the effect of these current measurement errors, the simplified current control loop
in dg-axes, Fig. 5.1, is used to analyze the control system. The loop is composed of three parts,
i.e. the regulator, the delay, and the motor. Signal d represents the disturbance introduced in
the control system, such as the voltage disturbance due to inverter nonlinearity and back-EMF

due to PM flux linkage. Signal Aig, represents the current measurement error due to the scaling

error. The transfer functions of the regulator, the delay, and the motor are [YAN21b]

Rg + Lgs + jw,L

G.(s) = ke . > eJwela
Gd(s) — e—Tds . e—jwer (5-8)
1
Gp (s) =

Rs+ Lgs + jweLs
The general current harmonics, e.g. the 5th and 7th, are usually generated by the disturbance d,
while the current harmonics due to scaling errors are generated by the current measurement

error Aigq. The effect of the current measurement error Aiy, and disturbance d can be described

by the transfer function from Aiy, to iy, and from d to iy, i.€.

laq(s) _ G.(5)Gy(s)Gy(s) _ ke~ Tas
Algq(s) 1+6G.(s)Gy(s)Gy(s) s+ kce~Tas (5-9)
qu(S) _ Gp(S) S

D(s) 1+ Go(5)G4(5)Gy(s) (s + kee T@)(Ry + Lys + jawLs)

| Regulator ||  Delay I d { Motor |
.+ [ |+ | I
ldg Ge(s) P Gals) | Go(s) HT» i
A /==
_I_
aak

Fig. 5.1. Simplified current control loop in dg-axis. d represents disturbance. Aigy, represents

the current measurement errors.
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The characteristics of the transfer functions in (5-9) are shown as Bode diagrams in Fig. 5.2. It
should be noted that the machine in simulation is a new machine and is not the same as the
experimental machine in previous chapters and the parameters of the machine is shown in
Table 5.1. From the Bode diagram, it is obvious that the PI current regulator cannot provide
infinite attenuation to the 2nd-order harmonic current at around 373Hz, which means the
scaling errors will generate the 2nd-order harmonic in the real dg-axis currents, and further
cause the 2nd-order torque ripple. By tuning the gain coefficient k. of the PI regulator, it can
be seen that the higher the k. is, the weaker the attenuation to the 2nd-order harmonic is. This
implies that the generated 2nd-order harmonic in the real current will increase as k. increases.
Generally, in terms of the conventional 5th and 7th current harmonics (the 6th harmonic in
synchronous reference frame) caused by the disturbance d, as it can be concluded from
Fig. 5.2(b), increasing k. will decrease the magnitude to the 6th harmonic disturbance at low
frequency region (OHz-1000Hz), which means the 6th current harmonic can be suppressed by
increasing k. in this frequency range. However, for the 2nd-order current harmonic caused by
the scaling errors, it is not able to do that because the 2nd-order current harmonic will increase
as k. is increased. In addition, the magnitude at low frequency region is higher than the
magnitude at high frequency region, which means the 2nd-order harmonic should be more
serious in low speed condition than that in high speed condition. Fig. 5.3 shows the current
waveforms and torque waveforms at 50r/min, 400Nm using different k.. It can be concluded
from Fig. 5.3, as k. increases, the 2nd-order harmonics due to scaling errors increases, while
the 6™ harmonics due to disturbance decreases. This agrees with the analysis regarding the
Bode diagram in Fig. 5.2. Based on the theoretical analysis and the simulation results, the
harmonic currents due to the scaling errors are different from the harmonic currents due to the
disturbance, and it is impossible to use the methods investigated in the previous chapters to
suppress this harmonic. This can be understood as the previous methods can only suppress the
current harmonics in the measured currents but the current harmonics in the real currents still

exist due to the scaling errors.
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T;=150us, Rg=0.12Q, L,=1.5mH. The other simulation parameters are shown in Table 5.1.
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Fig. 5.3 Simulation results of current and torque. The DC current in g-axis is 16.9A and the

DC torque component is 410Nm. (a) k.=251. (b) k.=2510. Speed is 50r/min and torque is

400Nm. The proposed current harmonic suppression method in the previous chapters is not

activated in this simulation. K,, K, K., and K,, are setas 0.2, 0.1, -0.1, and -0.2.

5.3 Scaling Error Correction Using High-Frequency Signal Injection

The high-frequency signal injection is generally used for the estimation of rotor position in
sensorless control [LIU14][CONO1] or the parameter identification of electrical machines
[EBE12], and it is employed in this chapter to correct the current measurement gain coefficients.
The adverse effect of the high-frequency signal injection is extra torque ripples and acoustic
noise. Therefore, for a DTP PMSM, the high-frequency signals are injected into the z1z>
subspace because the electromagnetic torque is not related to the current and flux linkage in

212> subspace and thus the injected high-frequency signals will cause no torque ripple and the
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acoustic noise can be reduced as well. The expression of the injected voltage is

U.C_Z f— uC_Zl +qu_Z2 = Uceje‘l] (5-10)

where U, is the amplitude of the injected carrier voltage. 6, is the phase angle of the injected
carrier voltage and it satisfies

6, = 2mf,t (5-11)

where £, is the frequency of the injected carrier voltage. The generated carrier current can be

expressed as

icz =lcp +jicz =16 (5-12)

where 6, is the phase angle of the generated current and I, is the amplitude of the generated
current. The real six phase high-frequency current due to the injected carrier voltage can be

expressed as

I.cosf,
I, 21
cos ( 3 )
T
I cos( —)
3 (5-13)

le_abexyz =

—I.cos (0 - %)

—I.cos (HC - ?)

| —Iccos (HC + g) ]

Considering the scaling errors of the current sensors in phases A, B, X, and Y, the measured

high-frequency current is

I.cos@, 1 K,l.cos6,
I.cos (BC - 2{) Kyl cos <9c - Z?n)
| | I e N
feomabexyz = | 1 cos (GC - g) * —Kylccos (9c - g)
—I.cos (OC - 5%) —KyI.cos (9c - 5?”)
| —Iccos (GC + %) | [Kxlccos (HC - %) + K, I cos (BC - 5%)

Using VSD transformation (5-3), (5-14) can be transformed as

129



| =

| S
Eb]bJIPA n;|§3

lc_am
lc_ﬁm

W =

le zim

|
NN
|

b—‘N|

lc_zZm

| |<| |
)
|é|r\3|+—x Wl =

1
\/§ c_mabcxyz
2

1

|
|G

(5-15)

-~ - 1
2 2 ]

—3(K, + K, — 2K,)cos8,. — V3(K, — K, )sin,
I 1. |(2V3(Ke = Kp) = 3V3(K, — K,) ) cosb, — 3(K, + K, — 2K, )sin6,
T 12 3(K, + Ky, + 2K, )cos, + V3(K, — K, )sind,
|(2V3(Ka — Kp) + 3V3(Ky — K,) ) cos, + 3(Ky + K, + 2Kp)sing |

[\]
N

Using the complex-vector format, (5-15) can be rewritten as
7]
lc_zm
I [ -3k + Ky) + 30Ka + Kp) + (V3G — Ky) = V3(K, — K,)) p
12| 3(K, + Ky) + 3(Ka + Kp) + (V3(Kq — Kp) + V3(Ky — Ky) ) )

: (5-16)
3(Kqg — Kp) + (\/§(Ka ~ Kp) = V3(Ky — Ky))

12|3(Kq — Kp) + (V3(Ka — Kp) + V3(Kx — Ky) )
I, [-V3(Ky - ) ~5(6:-E)

+ P
12 3(Kx )

where ic_aﬁm = lcam T Jic pm: lczm = lcz1m T Jic_z2m- T0 simplify the description, define

—Jjbc

AK, = K, — K,
AK, = K, — K, (5-17)
YK, = K, + K,
K, = K, + K,
Equation (5-16) can be simplified as
lc aﬁm l c aﬁml [ c aﬁm (5-18)
lc _zm it m ic. zm
where the positive-sequences are
li:_aﬁml I l321(1 — 33K, + V3(AK; — AKy)], (5-19)
it.m ] 12[33K, + 33K, + V3(AK; + AKZ)
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and the negative-sequences are

lc_zm

[ic‘_aﬁm] _ L [BAKl + V38K, — AKR)| o, , Le —@AKzle_,-(ec_g) (5-20)
12 [3AK; + V3(AK; + AK,) 12| V3AK,
In terms of the measured current errors in dg-axes, if neglecting the dc errors, (5-7) can be

rewritten as

I . V3I _ s
Aigq = gAKle—J(Zeleeo) + g (BKy +20K;)e i(26e+60-3) (5-21)

Based on (5-21), it is clear that Aig, only depends on AK; and AK,. If AK; and AK, are tuned
to be zero, the scaling errors can be corrected and Aig, will be eliminated from the control loop.
Consequently, the resultant 2nd-order current harmonic and torque ripple can be eliminated.
Now the question becomes how to tune AK; and AK, to be zero. From (5-20), it is easy to

derive that

I .
i apm + icom =7 (3 + V3)AK e /%

(5-22)

I : (6. I o m

ic_aﬂm - i(?zm = __C\/gAKZ (8‘196 + e j(ec 2)) = ——C\/EAKZe J(ec 4)

- : G A
Then, the expressions of AK; and AK, can be derived as
o, — 61z apm + 12m) g,
(3+V3)I,

(5-23)

\/g(ic__aﬁrln - iC__ZTn) ej(ec—%)
c

AK2=_

From (5-23), AK; and AK, are proportional t0 (iZ gpm +ic.m)e’% and (if ypm —

i;_zm)ej(ec‘Z). That means if it is feasible to first extract (iZ ygm + iczm) and (i gpm —

iz zm) from phase current, and control (i ygm, + ic zm)e’% and (i7 ygm — ic‘_zm)ej(ec_Z) to
zero by tuning the coefficients of current measurement, AK; and AK, will be zero, and then

Aigzq Will be zero according to (5-21).

Tuning AK; and AK, to be zero can eliminate the unbalanced current among the currents inside

one three-phase set [HARO8]. However, the unbalanced current between two three-phase sets
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should also be suppressed in order to equally distribute the power on the two sets. The
unbalanced current between two three-phase sets is caused by the difference between XK, and

XK,. The positive-sequence high-frequency current in a/ subspace, i.e. i;r_aﬁm, can be used to

suppress the unbalanced current between two three-phase sets. After AK; and AK, are
regulated to zero, from (5-19) i, apm €aN be expressed as
1

if gpme 1% = ; (ZK, — 2K,) (5-24)

By controlling i,ff_aﬁm to zero, XK, can be regulated to be equivalent to £K,. Considering

AK; = 0, AK, = 0, and £K; = XZK,, the current measurement gains in all phases are regulated
to be identical and the six phase currents will be balanced.

The overall control strategy can be designed as shown in Fig. 5.4. The carrier voltage u, , is
used as the voltage reference and is added to the output voltage of the current harmonic
regulator in z1z> subspace to achieve the voltage injection. The inverse VSD transformation (5-
25) is used to transform the voltage references to phase voltage, which is further modulated by

the voltage source inverter.

Ucfz—|
RCurrlent > dq o i N > Inverse VSD Ly —
egulator - | Harmonic | 4 Trans. (5-25) 1{:’}
”1 Regulator
P 99 i t i
ap |* | b i:m_t iam I
m

dg < _aﬂm M VSD Trans. [« . Scaling Gain |« ibm i
) - + _ + ly9m (5-3) - Tuning (5-26) |4 il
qu_g > _eJHe >R)t— < lym t < lym b

/Y
el® 1 LPF |- Controller jKDl Koz | Kos

|
+
\

|
/

el@m4) Lyt | PF 9 Controller % DTP

p g% » LPF ¥ Controller

Fig. 5.4 Overall block diagram of the proposed scaling error correction.
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1 0 1 0 1
1 V3 1 V3
Uy 2 2 2 2
U, 1 V3 1 V3T Ug
Uc 2 2 2 2 Ug
Uy - \/§ 1 \/§ 1 uc_zl (5-25)
Uy 7 E - 7 - E Uc 72
[ u,, | 73 1 3 1
2 2 2 2
0 -1 0 1 -

In Fig. 5.4, the measured currents are required to be processed by the scaling gain tuning (5-

26) to derive the tuned currents iyq ¢, imp ¢+ imx t> AN iy ¢

iam_t = (1 + KD3)(1 + KDl)iam

Ibm e = (1 + Kp3)(1 — Kpy)ipm
(5-26)
ixm_t = (1 - KD3)(1 + KDZ)ixm

iym_t =1- KD3)(1 - an)iym

The tuned current iy, ¢, bmp ¢ bmx_¢r @Nd iy, . are decomposed into o and z1z2 subspaces by

using VSD transformation (5-3). The currents ic opm, ic gpm:

and i; ,,,, are required to be
extracted for the current measurement gain tuning according to (5-23) and (5-24). The current

in affsubspace iqpn, includes i 44, and iy apm- 1 e measured current in ziz, SUbSPace i,1,2m

includes i._,n,. Since the fundamental current is also mapped in i,g,, and coupled with i; ;4

o apm Using digital filters to attenuate the fundamental and extract i

and i c.apm Will result in

significant delay and thus affect the control performance. To reduce this delay, the error signal
Lqq ¢ Detween the current reference and measured current feedback is transformed to af-axis

- +

as igq ce’%, and used to extract ic apm and iZ 4. The signals extraction process shown in

Fig. 5.4 is designed based on the following equations

(i apm + 1z m)e?% = LPF ((iz172m — Laq c€7%)ei%)
(5-27)
_(ic__aﬂm - iazm)ej(ec_%) = LPF ( (izlzZm + l'dq_sejge)ej(ec_%))
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i:_aﬁme_jec:LPF(—idq_gej(ee_HC))

where LPF means low-pass filter. Because AK;, AK,, £K,, and 2K, are usually constants,
(i apm +iczm)e’% —(iZ upm — i;_m)ej(gc"Z), and i ,zme 7% are DC components. The
LPFs here are used to attenuate AC components and extract the DC components. After the DC
components are extracted, they are used as the feedback of PI controllers. The reference of the

PI controller is set as zero to eliminate the DC component and the output of the PI regulators

are Kp4, Kp,, and Kp5 in the scaling gain tuning part (5-26).
5.4 Simulation Verification

The simulation is carried out in MATLAB/SIMULINK simulation software, and the
parameters of the simulation DTP PMSM and the drive are shown in Table 5.1. The amplitude
and frequency of the injected carrier voltage are 20V and 800Hz. The first-order LPF is used
in the proposed control method, and the cut-off frequency of the LPF is 10Hz. The proportional
and integral coefficients of the PI regulators in the scaling errors correction are 0.2 and 10,
respectively. Symbol K, K,,, K,, and K,, are set as 0.2, 0.1, -0.1, and -0.2 to simulate the

scaling errors in the current measurement. Symbol k. of the current regulator is set as 2510.

The simulation current and torque waveforms at 50r/min and 600r/min are shown in Figs. 5.5
and 5.6, respectively. To reduce the adverse effect of the injected high-frequency signals, e.g.
noise and losses, the proposed method is activated at 0.3s and after the scaling coefficients are
corrected, the method is deactivated at 0.6s. Before the method is activated, the six phase
currents of the DTP PMSM is not balanced due to the scaling errors, which also generates the
2nd-order torque ripple as seen in Fig. 5.5(b). After the method is activated, the high-frequency
carrier voltage is injected and thus the high-frequency ripples are generated in phase currents.
However, the unbalanced currents are gradually suppressed by the scaling coefficient tuning
and six phase currents become balanced at around 0.5s, which means the scaling errors are
corrected. The method is deactivated at 0.6s, when the high-frequency carrier voltage is set to
zero, and thus the high-frequency current ripples disappear. After 0.6s, it is clear that six phase
currents are balanced compared to the current waveforms before 0.3s. Due to the correction of
the scaling errors, the 2nd-order torque ripple is suppressed from 21.3Nm to 1.4Nm. Fig. 5.6
shows the performance of the proposed method at 600r/min. The method is activated at 0.3s

and deactivated at 0.6s. It is clear that the unbalanced current is eliminated and the 2nd-order
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can also be greatly suppressed from 7.9Nm to 0.5Nm by the proposed method. These
simulation results have proved the effectiveness of the proposed method on correcting the
scaling errors in a DTP PMSM system.

TABLES.1
PARAMETERS OF SIMULATION SYSTEM
Parameters Values
Number of pole pairs p 28
Stator resistance Ry 0.12Q
Synchronous inductance L 1.5mH
Leakage inductance L, 1mH
Rated speed 600r/min
Rated torque 800Nm
DC linkage voltage 400V
Sampling & switching frequencies 16kHz
g 30 I : /Algorithm activatell : /Algorithm deactivhted
o 20 |
o | i "l | ! My
g 10 lJ W\J '\r'hllrvf']" V"‘,,ﬂ“ Ill ’\
3
= ANARAA
< -10 J' | ‘J” f )‘}w / r‘!
: AMAARARAR L VUV UL
» -20 I |
30 \ | \ \ ! \
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time (s)
(a)
450
E
=3
L 4001 .
o
S
|_
350 | | | | | |
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time (s)
30 T T T 30
’E‘ - 2nd-order: 21.3Nm TE‘ .
= 20k | Torque spectrum | £ ok “Torque spectrum -
z before 0.3s 3 after 0.6s
215 215
S 100 = 10 | i i
g g 2nd-order: 1.4Nm
50 5[ T I T
0 0 50 100 1%0 2‘00 250 300 350 0 0 T50 100 £50 éOO 250 300 350
Frequency (Hz) Frequency (Hz)
(b)

Fig. 5.5. Simulation results of the proposed method when speed is 50r/min, torque is 400Nm.
(a) Waveforms of phase currents. (b) Waveform of torque and torque spectra. Algorithm is

activated at 0.3s and deactivated at 0.6s. The DC torque components in spectra are 410Nm.
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Fig. 5.6. Simulation results of the proposed method when speed is 600r/min, torque is 400Nm.
(a) Waveforms of phase currents. (b) Waveform of torque and torque spectra. Algorithm is
activated at 0.3s and deactivated at 0.6s. The DC torque components in spectra are 410Nm.

To prove that the good suppression is continuous after the scaling errors corrected and the
method deactivated, Figs. 5.7 and 5.8 show the simulation results during the dynamic process
of speed change and torque change, respectively. In Fig. 5.7, the proposed method has already
corrected the scaling errors and is deactivated from 0.7s. at 0.8s, the machine speed starts to
increase from 50r/min and reaches 600r/min at around 1.5s. In Fig. 5.8, similar to Fig. 5.7, the
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scaling errors are already corrected, and the speed is 50r/min. The torque reference steps from
400Nm to 1200Nm at 0.8s. It is clear from Figs 5.7 and 5.8 that the phase currents are balanced
during the dynamic process of speed and torque change. This means once the scaling errors are
corrected, the effect is continuous and is not affected by the speed and torque change unless

there are new scaling errors introduced in the current measurement.
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Fig. 5.7 Simulation results of currents and speed after scaling errors corrected and the proposed
method is deactivated. Speed increases from 50r/min at 0.8s to 600r/min at around 1.5s. Torque
is set as 400Nm.
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Fig. 5.8 Simulation results of torque step after scaling errors corrected and the proposed method
is deactivated. Speed is 50r/min and torque reference steps from 400Nm to 1200Nm at 0.8s.
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5.5 Conclusion

This chapter has proposed a high-frequency signal injection method to tune the current
measurement gains and correct the scaling errors in DTP PMSM systems. The proposed
method only requires high-frequency carrier voltage injection in the z1z, subspace and will not
cause serious high-frequency torque ripples, which the three-phase PM machines suffer from
a lot if using the high-frequency signal injection. The analysis in this chapter shows that the
scaling errors in the current measurement can generate the 2nd-order current harmonic in
synchronous reference frame, which further results in the unbalance among six phase currents
of the machine as well as the 2nd-order torque ripples. The relationship between the injected
high-frequency signals and the scaling errors is derived and analyzed. The relationship
indicates that the negative-sequence high-frequency components in the measured currents are
related to the difference between the measurement gain coefficients inside each three-phase set,
while the positive-sequence high-frequency components are mainly related to the measurement
gain coefficient difference between two three-phase sets. Based on this relationship, the high-
frequency current control loops are designed to tune the current measurement coefficients, and
the scaling errors can be corrected when the related high-frequency current components are
suppressed by the control loops. Simulation results show that the proposed method is effective
at low speed and rated speed conditions. Furthermore, it is proved that once the current
measurement gains are compensated, the method can be deactivated, and the compensation
effect is continuous in both dynamic- and steady-states.
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CHAPTER 6

ARBITRARY CURRENT HARMONIC
DECOMPOSITION AND REGULATION FOR
PERMANENT MAGNET SYNCHRONOUS MACHINES

The virtual multi three-phase systems introduced in the previous chapters show good
performance for current harmonic regulation. Since three-phase PMSMs are more generally
used in industrial applications than dual three-phase PMSMs, this chapter extends the concept
of virtual multi three-phase system to the three-phase PMSM systems in order to expand the

contribution of this research.

For a three-phase PMSM system, the inverter nonlinearity, back-EMF harmonics, and the
asymmetry among phases, are firstly considered to derive a comprehensive electrical model of
PMSMs in this chapter. Compared to the conventional harmonic analysis in three-phase PMSM
systems, the derived model indicates that more new current harmonics can exist in the PMSM
system. To regulate the current harmonics with arbitrary orders, a virtual three-phase system is
established. By properly shifting the spatial and time phase angles between the virtual three-
phase system and the original physical three-phase system, the selected current harmonics can
be decomposed from the phase current. A simple proportional-integral regulator with
adjustable phase compensation angle is designed based on the proposed model to regulate the
decomposed current harmonics in the corresponding harmonic synchronous reference frame.
The implementation details and experimental results are provided to illustrate the feasibility

and correctness of the proposed control strategy.

This chapter is published in IEEE Transactions on Industrial Electronics [YAN22]

[YAN22] L. Yan, Z. Q. Zhu, Bo Shao, J. Qi, Y. Ren, C. Gan, S. Brockway, and
C. Hilton, “Arbitrary current harmonic decomposition and regulation
for permanent magnet synchronous machines,” IEEE Trans. Ind.

Electron., 2022, doi: 10.1109/TIE.2022.3183351.
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6.1 Introduction

Three-phase permanent magnet synchronous machines (PMSMs) are applied to various
applications such as electric/hybrid vehicles, more electric airplanes, industrial servo drives,
and wind power generation due to the advantages of high torque density, high power density,
and high efficiency [ZHUO7][NAKO5]. In the control of PMSMs, the current harmonic
regulation is a hot topic in recent years and is usually employed to optimize the waveform of
phase current and achieve a better system performance, such as reduced harmonic loss, reduced

torque ripples, and enhanced average torque.

This chapter proposes a novel method for arbitrary current harmonic control in a PMSM system.
Firstly, the harmonic analysis is carried out and a comprehensive electrical machine model is
derived in Section 6.2. Different from the existing works, not only the general odd-order
harmonics but also the even-order harmonics due to the north-south asymmetry in PM air-gap
flux density are considered in the PMSM system. Additionally, the effect of the asymmetry
among phases will introduce more new harmonics into the phase current. In Section 6.3, a
virtual three-phase system is established based on phase shift operation, and by using a simple
vector space decomposition, the current harmonics with arbitrary orders can be decomposed
with the fundamental component. The decomposed current harmonics are further transformed
to the corresponding harmonic SRFs and controlled by PI regulator. Section 6.4 gives
experimental results to validate the theoretical analysis and evaluate the performance of the

proposed method. Finally, Section 6.5 concludes the chapter.
6.2 Harmonic Analysis of PMSM System

Ignoring hysteresis and eddy current losses, the mathematical model of PMSM in stationary

ABC frame can be written as

d¥ .
Uavhe = Rl gpc + d(; -
¥ave = Lapclape + q’fabc (6-1)
dw
]d—tmz t,—t, — Bw,,

where J is the moment of inertia of the rotor; w,, is the mechanical angular speed; t, is the

electromagnetic torque; t; is the load torque; B is the friction coefficient. The phase voltage
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U 4., the phase current 1., and the permanent magnet (PM) flux linkage W, are

ua la lljfa
Uape = [ub], Iope = [i_b]1 and Yeape = l/)fb (6-2)
Uc L l/}fc
The stator inductance L, and resistance R are
L M M R, 0 O
Lypo=|M L M|landR=|0 Ry O (6-3)
M M L 0 0 R,

The electromagnetic torque can be expressed as the derivative of the magnet co-energy with

respect to the rotor position electrical angle 6, as follows [4]

1 T dLabc dq’fabc

te = Eplabc W’abc + plgbc 46 *t teog (6-4)
e e

where t.,4 is cogging torque, and p is the number of pole pairs. Under ideal conditions, the
phase voltage U,,. and PM flux linkage ¥, should be sinusoidal, and the three-phase
inductance and resistance are symmetrical. However, in practice, the terminal voltage of the
machine is usually generated by a voltage source inverter (VSI), and includes a series of voltage
harmonics due to modulation and the nonlinearity of the VSI. The PM flux linkage may include
harmonics due to machine design, manufacture, and armature reaction. Additionally, the
asymmetry among three-phases will also contribute to harmonic sources. To detail the
properties of harmonics in the PMSM system, different types of factors will be analyzed in the

following parts.
6.2.1 General Harmonics with Odd Orders

In a PMSM system, the most general harmonics are the odd-order harmonic and come from
both the sides of VSI and machine. In terms of the VSI side, the nonlinearity of inverter
introduces disturbance between the reference voltage and the real voltage, and regardless of
high-frequency harmonics caused by switching actions, the voltage disturbance in phase A,

Auy, can be equivalent to a square wave voltage [LEE21] as

Auy (t) = Vgeqasgn(ia(t)) (6-5)

whereV,,.,4 1S the amplitude of the square wave which is determined by the dead time, the

characteristics of switching devices, and the dc-link voltage. sgn means the polarity function.
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Using Fourier series, (6-5) can be rewritten as follows.

AR
Buuy() === ) ————sin(2n - Daet (6-6)

where n=1, 2, 3, ..., and w, is the angular frequency of the fundamental current. Following the

same principle, the voltage disturbance in other phases can be conducted and shown in (6-7).

sin(2n — Dw,t

AuA 2T
4AV 1 i - —
AU = |Aug | = z 1 sin(2n — 1) (“)et 3 ) (6-7)
Au 2m
¢ sin(2n — 1) (wet + ?)

It is clear that the voltage disturbance includes the fundamental component and the harmonic
components with odd orders. The fundamental component can be fully compensated by Pl
current regulators in the fundamental SRF. The harmonic components with the orders of 3, 9,
15, ..., are zero-sequence components and cannot cause current harmonics due to the isolated
neutral point. The rest components, if without effective compensation, will generate current

harmonics with the orders of 6n*1, i.e. 5, 7, 11, 13, ... It is worth noting that the 6n-1 ones

are negative-sequence components and the 6n+1 ones belong to positive-sequence components.

In terms of the machine side, due to the factors of design, manufacture, and armature reaction,
the spatial flux is usually non-sinusoidal and the odd harmonics exist in PM flux linkage as
follows:

cos(2n —1)6,

Yra 21
lI’fabc = ltbfb = z l/Jf(Zn—l) cos(zn—1) (93 B ?) (6-8)

Vre cos(2n — 1) (03 + 2?7[)

where ¥ (,,_1) represents the amplitude of fundamental and harmonic components, and 6, is

the electrical angle of rotor position. Since the back-EMF is the derivative of PM flux linkage,
there will also be odd-order harmonics in the back-EMF. Similar to the voltage disturbance in
(6-7), only the back-EMF components with orders 6n+1 and 6n-1, can contribute to current

harmonics.
6.2.2 Harmonics with Even Orders

The limitation of manufacture can lead to north-south asymmetry in PM air-gap flux density,
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which further results in even-order harmonics, i.e. the 2", 4™ gt 8" 10" ... in the PM flux
linkage and back-EMF. In addition, for many PMSMs with special asymmetric rotor structures
[QI21a], the north-south asymmetry effect is inherent. The even-order harmonics in the PM
flux linkage can be expressed as

cos 2nb,
Yfa , (9 271)
cos 2n - —
ll,feabc = l/)]gb = z l/)on ¢ 3 (6-9)
Pe 21
fe cos 2n (96 + ?>

where the superscript “©” means the even-order harmonics, and ¥ ¢,,, is the amplitude of even-
order PM flux linkage harmonic. Among these harmonics, the 2", 8" ... are the negative-
sequence components, the 4" 10", ... are the positive-sequence components, and the 6",

12" ... are the zero-sequence components.

Although the even-order PM flux linkage harmonics are not as usual as the odd-order ones,
their negative effect on the PMSM system is similar. On the one hand, the even-order current
harmonics can be produced and more losses are generated. On the other hand, the even-order
harmonics in both current and PM flux linkage will contribute to torque ripples, e.g. the 3™
torque ripple due to the 2" and 4" harmonics [Q121b]. Furthermore, the even-order harmonics
have lower frequencies than the odd-order ones, and thus the generated torque ripples should
be more serious if the north-south asymmetry is significant.

6.2.3 Asymmetry among Phases

In ideal conditions, the impedance is symmetrical among the three-phases of machines.
However, the real machines usually include asymmetry among phases due to the limitation of
manufacture. Taking phase C as the standard phase, the phase resistance and inductance

matrices in stationary ABC frame can be rewritten as follows.

R 0 O R, 0 0
R=|0 R, Of+|0 R, O (6-10)
0 0 R, 0 0 O

and
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+|M; L, M,

0 M, O

L, M, 0
] (6-11)

L M M
Lope=|M L M
M M L

where R, L, and M are the symmetrical stator resistance, self-inductance, and mutual-
inductance, respectively. R, and R, are the asymmetric resistance in phases A and B. L; and

L, are the asymmetric self-inductances. M; and M, are the asymmetric mutual-inductances.
6.2.4 Arbitrary Harmonic Electrical Model

Considering inverter nonlinearity, non-ideal PM flux linkage, and asymmetry among phases,
it is complicated to analyze the current harmonics in the stationary ABC frame. The MSRFs
are employed here to derive the electrical model of arbitrary harmonics. Similar to the model
in SRF which is synchronous with the rotor, the electrical machine variables can also be
transformed to arbitrary harmonic SRF that is synchronous with the selected harmonic vector
in the space. The definition of MSRFs is introduced in many studies, such as [YAN19][LIU19],

and is not written here. The MSRF transform is

2 2
2| coshf,  cos (hHe - —n) cos (h@e + —n)

h _ 3 3
c"=—- (6-12)

3] . : 2 : 2
—sinhf, —sin (h@e — §n) —sin (h@e + §n)

where h is the order of arbitrary harmonic and h=+1, =2, £3, =4, ... To be precise, h=1
means the fundamental, and h= -1 means the negative-sequence fundamental, etc. Using (6-

12), the electrical machine model in the ht"* SRF can be derived as

h h gh dlpgq h
(6-13)
Wi, =L I, + ¥,
where w, is the electrical angular speed of rotor, and the matrices satisfy
h -h
u l
qu = ChUabc = l ilv ng = ChIabc = Iil,
Uq lq
(6-14)

W 0 -1

The resistance and inductance matrices satisfy
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R}, = C"R(C™)T = R*¢ + R™Y cos 2h6, + R*YQ sin 2h6,

L}, = C"Lgp (CMT (6-15)
= L% + 5% cos2(h — 1)6, + L5 Qsin 2(h — 1)0,
+ LY cos 2h6, + L*YQ sin 2h6,

where the average components are

ave _ T‘l O _ R1 + RZ
R%¢ = 0 rl]’rl =R, + 3
(6-16)
L 0 L+ L Li—M;+L,— M,
ave _ |*1 _ q
L= [0 ll] h=—p 3
The amplitude of the salient-effect pulsating inductance is
l, 0 Lqg—L
sal _ |*2 _ a -
Lot = |7 _lz],zz_ _ (6-17)

The salient-effect pulsating inductance can be understood as that the harmonic SRF is not
synchronous with the rotor, and thus the flux path is changing with the rotor rotating.
Consequently, the inductance is pulsating with the relative motion between the rotor and the

harmonic SRF.

The amplitudes of asymmetric resistance and inductance are

2 T3 1 1 _ V3
Rasy = [T3 —Tz] 'TZ = §(R1 - ERz),‘ré - _?RZ
l l 1 1
LY = [ 3o ],13 = —(L1 —=L,— M; + 2M2>, (6-18)
l4_ _l3 3 2
V3
ly = ?(ZMZ —Ly)

If only considering the ht"* harmonic and neglecting the other components, the current, voltage,
and PM flux linkage of the A" harmonic are all DC values in (6-13), and (6-13) is a generic
electrical model for arbitrary harmonic including the fundamental (h=1). The whole PMSM
electrical model can be regarded as the set of all individual harmonic electrical models. Symbol

!I!}‘dq represents the A" harmonic in the PM flux linkage. As the rotor rotating, it can generate

the ht" back-EMF harmonics hweQ'I’}ldq. Symbol U’U}q represents the h" voltage harmonics,
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which include two parts, i.e. the actively injected ht" voltage harmonic by the controller and
the ht" component in the voltage disturbance due to inverter nonlinearity. The difference
between the voltage harmonic qu and the back-EMF harmonic ha)teP}ldq is imposed on the
impedance and produces the A" current harmonic. This means the controller can adjust the

injected h" voltage harmonic in UZq to achieve the regulation of the h" current harmonic.

According to the expressions of the resistance and inductance, both the rotor salient effect and
the asymmetry among phases can cause pulsating impedance. This will lead to the frequency
modulation effect. It is difficult to analyze the frequency modulation effect using the model in
matrix format. Hence, the model in complex-vector format (6-19) is derived from the model
(6-13) and is employed to help analyze the frequency modulation effect.

dyg,
dt

. s —_—
, —j —2h6e+5 )\ ,
up, = nif, + (rze J2hbe 4 r3e]( e 2)) iG, + + jhwel,

(6-19)

A

Yig = Liliy + (lze_jz(h_l)ge + I3 /26 4 l4ej(_2hee+2)) iy + Vhag

.h _:h ..h —,h i h
where the current complex-vector ig,=ig + jig, the voltage complex-vector ug,=ug + jug,

and the PM flux linkage complex-vector w}‘dq = lp}’d +j1/1}’q. Complex vector i(’;q represents

the complex conjugate of igq.

From the complex-vector model (6-19), it is easy to explain the frequency modulation effect.

The DC current igq can be considered as the excitation. Since the conjugate of igq is still DC

current, iﬁq times the pulsating inductances yields the pulsating flux linkage and further

induces the pulsating electromotive forces. That means the DC current igq in the A" harmonic

SRF can modulate the AC electromotive forces, which further generates the AC current
harmonics in other frequencies. The orders of the modulated current harmonics are as the same
as the orders of the pulsating inductances, i.e. —2(h — 1) and —2h. The —2(h — 1) one is
related to the salient effect and the —2h one is related to the asymmetry among three-phases.
For example, regard the -5th current harmonic as the excited current harmonic, because of the
salient effect, it can modulate the 12th current harmonic in the -5th harmonic SRF. Meanwhile,
it can modulate the 10th current harmonic because of the asymmetry. In the stationary frame,
the above modulated 12th and 10th current harmonics are the positive-sequence 7th and

positive-sequence 5th current harmonics, respectively.
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In conclusion, in terms of salient effect, the excited current harmonic and the modulated current
harmonic are symmetrical about the reference of the fundamental SRF in spectrum, e.g. the 7th
modulated by the -5th, and the -2nd modulated by the 4th. In terms of the asymmetry among
three-phases, the excited current harmonic and the modulated current harmonic are
symmetrical about the reference of the stationary frame in spectrum, e.g. the -1st modulated by
the 1st, the 5th modulated by the -5th. This also implies that if without effective regulation of
the modulated current harmonic, the modulated current harmonic disappears once the excited
current harmonic is suppressed, whereas it should exist when the excited current harmonic

exists.

The current harmonics can be depicted in spectrum as shown in Fig. 6.1. By considering both
even-order and odd-order harmonics, the current harmonics are mapped as shown in Fig. 6.1(a).
It is worth noting that these harmonics in Fig. 6.1(a) are originally symmetrical about the
reference of the fundamental SRF, and thus, the salient effect will not modulate new current
harmonics. Nevertheless, after introducing the asymmetry, more new current harmonics are

modulated by the original current harmonics, and the spectrum can be depicted as Fig. 6.1(b).

Negative-sequence | Positive-sequence

: | .
Negative-sequerjce | Positive-sequence E=Z==3 Odd-order components

I | Even-order components

o I
/ 0
K |
| T | | T | | T | | | | T | | T | | T
9 8 -7 6 -5 4 -3 2 4 0 b 2 3 4 5 6 7 8 9 10
0 9 8 -7 -6 5 -4 -3 2 L lo 1 2 3 4 5 6 7 8 9
hye Harmonic order
Reference of stationary frame v Reference of
fundamental SRF
(a)
Negative-sequence | Positive-sequence
|

) | o Odd-order components
Negatlve—sequerlce | Positive-sequence Even-order components
[ Modulated components

9 -8 4
10 -9 7 6 5 4 3 2 4 b1 2 3 4 5 6 7 8 9
w! Harmonic order
Reference of stationary frame Reference of
fundamental SRF

(b)

Fig. 6.1. Current harmonics in stationary frame and SRF considering both odd-order and even-

order harmonics. (a) Without asymmetry. (b) With asymmetry.
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6.3 Proposed Control Strategy
6.3.1 Arbitrary Current Harmonic Decomposition

As aforementioned analysis, considering inverter nonlinearity, non-ideal PM flux linkage,
and impedance asymmetry, the orders of current harmonics are not fixed to the general odd
orders, e.g. the -5th and 7th in conventional harmonic analysis, and can be arbitrary, as shown
in Fig. 6.1(b). To achieve selective closed-loop control of arbitrary current harmonic, the first
step is to separate the selected current harmonic from phase current. As introduced in Chapter 1,
most existing methods employ digital filter techniques to attenuate the fundamental component
as well as the other harmonic components and remain the selected current harmonic. The
weakness of these filter-based methods is large delay in current harmonic feedback, which will
greatly limit the bandwidth of the current harmonic regulator. Actually, it is only necessary to
decouple the fundamental and the selected current harmonic, because compared to the
fundamental, the other current harmonics have much smaller amplitudes. If the selected current
harmonic is decomposed with the fundamental, filters are not required in the feedback path of

the current harmonic regulator.

The three-phase currents can be expressed by the sum of a series of current harmonics as

:h
la
Iope = Z Igbc = Z [l{)l (6'20)
ih
C
where

i" = I cos(6™)

21
i’ = It cos (Hh ey )
(6-21)

21
i" = I cos (Hh + ?)
6" = ho, + 64

Current I, . represents the three-phase current harmonic with arbitrary order h. Symbols I

and 6% are the amplitude and initial phase angle of the ht" current harmonic, respectively.

h

Current I, can be transformed into two-phase a/ stationary frame as follows:
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1 —-1/2 —1/2
Z' “3lo V3/2 -+/3/2 lape (6-22)

where

I cos(6™)
l [Ih cos Hh — —)] (6-23)

Using the space vector approach to describe the current components, the axes of three-phase
ABC stationary frame and two-phase o/ stationary frame are shown in Fig. 6.2(a). The axis of
phase « is aligned with the axis of phase A. The vector 1" means the space vector of the ht"

current harmonic, and 1 represents the fundamental current vector. Current i and i[’;‘ represent

the projection of | " on phase « and phase 3, respectively.

To separate the harmonic and the fundamental, a virtual three-phase XYZ winding set is
introduced, as shown in Fig. 6.2(b). The virtual three-phase set is spatially shifted by angle
A compared to the physical three-phase ABC winding set. The physical current I ;. is time-
shifted by angle y to build the virtual three-phase current I,,,, of the XYZ set. To be precise,
the fundamental component in I, is shifted by y, whereas the A" harmonic component is

shifted by hy. Then, the virtual current I, can be expressed as follows

I cos(6™ — hy)

Iy, = Z [ h‘ Z Ilh cos 9h — _T[ — h)/> (6-24)

s
I cos | O™ +——hy>

3‘

;“

Transforming the virtual current I,.,,, to the a3 stationary frame yields

1% cos(8™ + 1 — hy)
] (6-25)

Z " Z lav m -
lapy = apv lﬁv I,’,ll cos (9" +A—hy - E)

where the “v” in the subscript means the virtual variables. Likewise, the virtual current vector
can also be depicted as shown in Fig. 6.2(b), where I,* and I, are the virtual fundamental
current vector and the virtual A" harmonic current vector, respectively. Comparing (6-23) and
(6-25), it is easy to find that the phase angle difference between I" ap @nd I,mV is A — hy, which
makes that the space phase angle difference between vectors I" and I," is also 1 — hy, see
Fig. 6.2(b).
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A |
C Z
(a) (b)

Fig. 6.2. Space vectors of the fundamental and the A" current harmonic. (a) Original physical

system. (b) Virtual system.

The vectors of the current fundamental and the ht" current harmonic can be decomposed if the
angles A and y are properly designed. The vector space decomposition follows the principles:
the physical fundamental current vector should be in-phase with the virtual fundamental current
vector; the physical A" harmonic current vector should be out-of-phase to the virtual h**

harmonic current vector. To satisfy such principles, the angles A and y are designed as
A=y=n/(1-h) (6-26)
Then, the physical and virtual currents satisfy
=1, Ihg=—Ihg, (6-27)

Account is merely taken of the fundamental and the A*" harmonic, the currents I,z and I,
satisfy
Iyg =T+ 10,
(6-28)
Ian = I}xﬂv + Igﬁv

Substituting (6-27) into (6-28), the fundamental can be decomposed by calculating the sum of

I, and I .5, while the h*" current harmonic can be decomposed by calculating the difference

between I,z and I 44y, i.€.
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1 Lopg + 1opy

Ia/i’ =
2 (6-29)

Ih _Iaﬁ _Ia[?v
af — 2

With the help of virtual three-phase set, the arbitrary current harmonic can be separated from
the fundamental, which provides convenience for further current harmonic regulation. Actually,
the virtual currents can be regarded as auxiliary currents that are used to eliminate the

fundamental component and remain the selected harmonic component.

The simulation waveforms in Fig. 6.3 show the process of the proposed current harmonic
decomposition. In the simulation, there are fundamental (h=1) and negative-sequence second
harmonic (h=-2) components coupled in the three-phase currents I ;.. Equation (6-26) shows
A and y should be designed as n/3 if h=-2, i.e. I, should be shifted by n/3 to derive I,,,.
Then, I, and I, are transformed to the a3 stationary frame as I,z and I,p,. Using (6-29),
the negative-sequence second current harmonic can be separated from the fundamental, as the
i? and ig 2. The order of the decomposed current harmonic can be extended from -2 to

arbitrary order by changing the time phase shift angle y between I, and I,,,, as well as the

spatial phase shift angle A between the physical and virtual three-phase frames.

0 0.01 0.02 0.03 0.04

Time(s)
Fig. 6.3. Simulation current waveforms. I, is composed of the fundamental (h=1) and
negative-sequence second harmonic (h=-2) components. I, is the n/3 time phase shifting of

I,,.. Using (6-29), the fundamental and harmonic components can be decomposed as i}, ié

and iz 2, ig?, respectively.
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6.3.2 Current Harmonic Regulation

Similar to the regulation of the fundamental, the decomposed current harmonics can be
transformed into the harmonic SRF and then controlled by the PI regulator. As depicted in

Fig. 6.4(a), the proposed control strategy follows the steps:

Step 1: Calculate A and y using (6-26) according to the order h of the selected current

harmonic.

Step 2: Shift I, by phase angle y to build I,,,,, and transform I, and I,,,, to af3 frame as

I(x[? and Ia’BV'
Step 3: Decompose the ht" current harmonic Iﬁﬁ using (6-29).

Step 4: Transform the decomposed I’;ﬁ to the h*" harmonic SRF as Iﬁq, and regulate Iﬁq

with the PI regulator.

Step 5: Transform the output of the PI regulator to o frame and added to the output voltage

of speed & torque controller.

o
Encoder () © |  SPEED & TORQUE Ugp
/ labe CONTROL
/ >
il __ ;
' hé |
h l e h
| h |+
PMsM | 1| [abc 1 las [DECOMPO- |'98 L ha+d' < Uaﬂ.@
l af SITION (6-29) dq dq .
| h h
8¢ | Loy gL Udg |
HIEY + Ki'Tsz + |
3 35 '| | PHASE N | —— X |
| SHIFTING Xyz — +
& :Iabc lxyz . Ke' :
! | PROPOSED CONTROL i J'
SVPWM

—
| | J_|_ PWM signals
: ; Vdc

_I_
ié‘gﬁ?—r G.(2) $<£—> Go(2) | il
(b)

Fig. 6.4. Block diagrams of the proposed control strategy. (a) Overall control block diagrams.

(b) Simplified model of current harmonic loop.

152



Since both the current harmonic and reference are the DC values in the harmonic SRF, the Pl
regulator is a preferable solution for DC reference tracking and DC disturbance rejection. To
simplify the parameter tuning, the stator resistance and inductance are used to build the
coefficients Ke" and K" in the regulators as reported in [YEP11],

th = k?Rs
Lg+ L, (6-30)

Kb = et

where k! is the gain coefficient of the harmonic current regulator. The integral coefficient K"
is related to the resistance. The proportional coefficient Kp" is related to the inductance. The
asymmetric resistance and inductance are usually uncertain and small, and considering that it
is the DC component that needs to be regulated, K," and Kp" can be set as the products of k/*
and the average values of the certain resistance and inductance, respectively, see (6-30). The
current harmonic reference lgq™ can be set as 0 to achieve current harmonic suppression, while
it can also be set as the pre-designed values to inject specific current harmonics and achieve
different optimization objectives, such as the maximum average torque [WAN15][HU17] and
the minimal torque ripples [YAN19][GIR21][CHO21][FEN19][WUZ21]. Besides, it is assumed
that the DC-link voltage is unlimited to provide available voltage for the proposed current
harmonic regulation in this chapter. When the motor speed is above the base speed and the
inverter voltage is unavailable, as reported in [KAR17], the current harmonic references can
be specially designed to make full use of the modulation region between the maximum voltage
circle and the voltage hexagon, and the current harmonics can be partially reduced, but not

eliminated. This method can also be categorized to the current harmonic injection.

The output of the PI regulator is inversely transformed to the stationary frame, and to enhance
the stability, a compensation angle ¢" should be employed to adjust the phase of voltage Uq4"
to compensate the delay effect due to the computation. The value of ¢" is determined by the
phase variation of the harmonic SRF from the sampling moment to the PWM duty updating

moment, and is equivalent to 1.5heTs in this chapter.

It is worth noting that for the cases of high-order harmonics or high-speed conditions in which
the machine almost becomes a purely inductive load, to increase the stable margin and improve
the dynamic performance, a 90 degrees phase lead angle [YEP11] is introduced and it should

have the same polarity as the delay compensation angle, as
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¢" = 1.5hw,T, + %sgn(h) (6-31)

Fig. 6.4(b) shows the simplified model of the current harmonic loop. Terms G¢(z) and Gp(z)
represent the transfer functions of the current harmonic regulator and the plane, respectively.
From the model (6-19) and considering the zero-order-hold effect of inverter, Gy(z) can be
derived as

st
_ —AT,
z 2(1 —e h S)

T
TlejhweTS (ejha)eTs —z7 1l I 5)

G,(2) = (6-32)

where T is the sampling period. The pulsating flux linkage and the PM flux linkage can be
considered as the disturbance d. Fig. 6.5 shows the open-loop Bode Diagrams of current
harmonic loop in Fig. 6.4(b). The employed parameters are as follows: r;=1.1Q, [;=8.75mH,
T,=0.0001s, K'=288, K}}=2.12. The employed machine parameters are the same as the test
machines in Section 6.4. Three angular frequencies, 25rad/s, 135rad/s, 3581rad/s, are selected
for hw, in the simulation. It can be observed from Fig. 6.5 that there is each 0dB crossing in
positive- and negative-sequence frequencies. The smaller difference, between the phase curve
and the #180 degrees (stability limit) at the frequencies of the two 0dB crossings, represents
the phase margin and determines the stability of the current harmonic loop. Both high speed
w, and high order h can lead to large hw,, and from Fig. 6.5, the larger hw, causes smaller
bandwidth and the less phase margin. After introducing the phase compensation angle ¢, the
phase curve of 3581rad/s is changed to be further away from the -180 degrees, which implies

that the stability is enhanced.

For a general PMSM, the -5th and 7th current harmonics are the major components that need
to be regulated. According to (6-26), the phase shift angles A and y should be 7/6 to decompose
the -5th and 7th current harmonics simultaneously, and the harmonic current loop designed in
Fig. 6.4 are required for each of them. In a system that requires the regulation of multiple
current harmonics, such as the higher odd harmonics, the even harmonics, and the harmonics
due to asymmetry among phases, the phase shift angles for each current harmonic can also be
calculated using (6-26), and more current harmonic loops should be parallel utilized to control
them. The major problems are high computation burden caused by the trigonometric functions
and complicated parameter tuning of multiple PI regulators. The computation burden can be
reduced by using the sine look-up-table (LUT) method to calculate the values of trigonometric
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functions. Since the proposed current harmonic regulator uses the resistance and inductance
for PI coefficients, there is only one tuned parameter, k?, for each current harmonic. To further
simplify the tuning work, the current harmonics, that share the same phase shift angles A and
v, share the same k” in this thesis, e.g. k> is equivalent to kZ when tuning. Compared to the
existing multiple SRF methods as studied in
[CHAOO0][UZ16][Y AN21b][WAN21][WU21][LIU32][FEN33][WU34], the parameter tuning
is simplified. Because there are only limited addition and multiplication operations in the
proposed current harmonic decomposition, the computation burden does not increase too much.
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Fig. 6.5. Open-loop Bode Diagrams of the ht" current harmonic loop. The employed
parameters are: r;=1.1Q, [;=8.75mH, T,=0.0001s, K;'=288, K}=2.12. (a) Positive-sequence.

(b) Negative-sequence.
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6.4 Experimental Verification

Experiments are processed on a laboratory platform which includes dSPACE (DS1105), a
three-phase VSI, a DC power supply, a PMSM, and a load dyno-machine, Fig. 6.6(a). The

parameters of the test machine and drive are given in TABLE 6.1.

TABLE 6.1

PARAMETERS OF TEST MACHINE AND DRIVE

Parameters Values
Number of pole pairs 4

Stator resistance R, 0.917Q
D-axis inductance Ly 6.29mH
Q-axis inductance L, 7.21mH
Rated speed 400rpm
Rated torque 2.79Nm

DC linkage voltage 48V
Sampling& switching frequency 10kHz

———m

A F
11 . sl
A
i !‘» . { (9 ] o

I [ e

;

|
(b)

Fig. 6.6. Laboratory test system. (a) Pictures of the platform. (b) Pictures of stator and rotors.

156



The test results of current harmonic decomposition and suppression are shown in Fig. 6.7. Since
the test machine is a general PMSM with a surface-mounted PM rotor (Rotor 1, Fig. 6.6(b)),
the even-order harmonics are small and the major current harmonics that need to be regulated
are the -5th and 7th ones. In Fig. 6.7(a), it can be seen that the virtual currents iy, iy, and i, are
the n/6 phase shifting of the physical currents ia, ib, and ic, and using the proposed
decomposition, the -5th and 7th current harmonics are decomposed from phase current,
Fig. 6.7(b). From the spectra in Fig. 6.7(b), the decomposed currents only include the -5th and
7th, and the fundamental current is decomposed and hence negligible. This has proved the
effectiveness of the proposed decomposition method in a general PMSM. The suppression is
activated at 0.1s, and the gain coefficients k> and k are set as 314. The waveforms as well
as the spectra in Fig. 6.7(b) show that the -5th and 7th current harmonics are almost eliminated
by the designed regulators. As a result, the three-phase currents become more sinusoidal and
the THD is reduced from 5.37% to 1.86%.
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Fig. 6.7. Measured current waveforms and the spectra under rated speed and rated torque of a

1% <0.01A
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general PMSM. (a) Phase current. (b) Decomposed -5th and 7th current harmonics.
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On the basis of the test in Fig. 6.7, the step response of the -5th current harmonic is carried out,
and the test results are compared with three existing methods in Fig. 6.8. The reference i;>*

stepped from OA to 0.3A at 0.05s and reference i, >* remained OA. The -5th current harmonic
1;2 is decomposed from phase current and can be regulated by the designed PI regulator in the
-5th harmonic SRF. That is the proposed method, Fig. 6.8(a). Otherwise, I;E can also be

regulated by the PR regulator in the stationary o frame. That is referred to Method 1 as shown
in Fig. 6.8(b), and the high-performance digital PR regulator studied in [YEP11] is employed
in Method 1. Method 2 is based on the high-precision current harmonic detection studied in
[L1U19]. Method 3 utilizes the PIR regulator proposed in [XIA15] to control the current
harmonic. To make a fair comparison, the resonant coefficients and integral coefficients in

these methods are set as 288, and all the proportional coefficients are set as 2.12.

From the test results in Fig. 6.8, both the proposed method and Method 2 can rapidly track the
current harmonic reference in 0.01s, which is faster than 0.03s in Method 1. Due to the high-
precision current harmonic detection, Method 2 shows the smallest current ripples at steady-
state but obvious overshoot and pulsating during the dynamics. In Method 3, because the PIR
regulator is used to control the fundamental and the harmonic currents simultaneously, the DC
current harmonic reference i7°* is transformed as the 6th AC reference in the fundamental SRF
and added to the dg-axis current references. In Fig. 6.8(d), the DC current harmonic reference
i7°* steps from 0 to 0.3A which means a 6™ sinusoidal current reference with amplitude of
0.3A is added to g-axis current reference so that the PIR regulator will track not only the DC
component but also the 6™ AC component in the g-axis current reference. From the waveform
of g-axis current i, in Fig. 6.8(d), it takes about 0.05s for the 6th current to track the reference

in Method 3, which is slower than the other three methods.

To validate the control performance regarding the even harmonics and the asymmetry-related
harmonics, the rotor of the test PMSM in Figs. 6.7 and 6.8 is changed to a rotor with asymmetric
north and south poles (Rotor 2, Fig. 6.6(b)), and moreover, an RL branch (3.3Q and 0.5mH) is
series-connected between phase A terminal and the inverter to act as the asymmetry, as shown
in Fig. 6.4(a). In Fig. 6.9, the waveforms and spectra of measured current and torque under
rated speed and rated torque are obtained in three cases: asymmetry not introduced and current
harmonic suppression not activated in Fig. 6.9(a); asymmetry introduced and current harmonic
suppression not activated in Fig. 6.9(b); asymmetry introduced and current harmonic

suppression activated in Fig. 6.9(c).
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Fig. 6.8. Measured step responses of the -5™ current harmonic under rated speed and rated
torque of the general PMSM. i;>* stepped from OA to 0.3A at 0.05s and 155* remained OA.
The resonant coefficients and integral coefficients in these methods are set as 288, and all the
proportional coefficients are set as 2.12. (a) Proposed. (b) Method 1. (c) Method 2. (d)
Method 3.

From the spectrum in Fig. 6.9(a), there are inherent odd- and even-order current harmonics
caused by inverter nonlinearity and back-EMF harmonics, which lead to the 1st, 3rd, and 6th
torque ripples. After the asymmetry introduced, as shown in Fig. 6.9(b), the three-phase current
becomes unbalanced, and there are consequently a lot of new harmonics produced, majorly the
harmonics with the orders of -3, -1, 2, 3, and 5. The 2" torque ripple increases significantly
due to the unbalanced currents. The THDs of phase current and torque have increased from
10.2% and 2.16% to 11.7% and 14.16%, respectively. The current spectrum in Fig. 6.9(b) is

consistent with the analysis of Fig. 6.1(b) in Section Il. Fig. 6.9(c) shows the experimental
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results after the proposed current harmonic regulation activated. The current harmonics with
the orders -11, -8, -5, -2, -1, 3, 4, 7, 10, and 13 are selected to be suppressed, which means
v and A should be =/2 for the decomposition of the -1st and 3rd, /3 for the -2nd and 4th, =/6
for the -5th and 7th, =/9 for the -8th and 10th, and =/12 for the -11th and 13th, respectively.
The almost sinusoidal currents and the current spectrum in Fig. 6.9(c) indicates that these
current harmonics can be effectively suppressed and the hence the current THD is reduced to
2.4%. The torque spectrum shows that the torque ripples are also greatly suppressed and the
torque THD is reduced to 1.71% due to the current harmonic suppression. The loss can be
roughly evaluated by the difference between the electrical power input from the DC link and
the output mechanical power, and these power differences in the three cases of Fig. 6.9 are
measured as 45.57W, 48.95W, and 41.09W. It should be noted that the losses on the additional
RL branch are subtracted from the power differences above. The measured power differences
indicate that due to the good suppression of the current harmonics and torque ripples, the
proposed method in Fig. 6.9(c) shows the reduced power losses compared to the other two
cases in Figs. 6.9(a) and 6.9(b).
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Fig. 6.9. Waveforms and spectra of measured current and torque under rated speed and rated
torque of the PMSM with a Rotor 2. (a) Without asymmetry. (b) With asymmetry. (c) With
asymmetry and using the proposed harmonic regulation to suppress the current harmonics with
orders -11, -8, -5, -2, -1, 3, 4, 7, 10, and 13.

The robustness test is shown in Fig. 6.10, where the test conditions are the same as Fig. 6.9(c)
but the load torque stepped from 50% rated torque to 100% rated torque at 1s. It can be seen
that the load torque step caused a 42r/min speed drop, and simultaneously the amplitudes of
three-phase currents increased from ~2.5A to ~5A. From 1s to 1.5s, the current waveforms are

almost sinusoidal, which means the current harmonics are well regulated during the dynamics.
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However, the three-phase currents are unbalanced in the dynamics. This is because there are
negative-sequence fundamental current increasing as the phase current amplitudes increases.
As the amplitudes become stable at around 1.5s, the negative-sequence fundamental can be
suppressed by the regulator and thus the three-phase currents are balanced eventually. The
robustness test results show that the proposed method is not significantly influenced by the

sudden torque variation.

{— B
e

Fig. 6.10. Measured waveforms of current and speed when the speed reference is 400r/min and
the load torque stepped from 50% rated torque to 100% rated torque at 1s. The same asymmetry

is introduced and the same harmonic regulators are used as they are in Fig. 9(c).
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Fig. 6.11. Measured results of phase shift errors under different carrier-to-fundamental ratio.
The physical current is shifted by 7/6 to build the virtual current, and the phase shift errors are

the phase angle difference between expected virtual current and measured virtual current.
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Fig. 6.11 shows the test results of phase shift errors under different carrier-to-fundamental
ratios. The physical current is shifted by /6 to build the virtual current. Using FFT tool, the
phase shift errors can be calculated as the phase angle difference between the expected virtual
current and the test virtual current. It can be seen from Fig. 11 that the fundamental phase shift
errors are almost zero, which means the fundamental component can be accurately shifted and
eliminated in the proposed current harmonic decomposition. However, the harmonic phase
shift errors are larger than the fundamental ones, especially under low carrier-to-fundamental
ratio. This will lead to the magnitude and phase angle errors between the decomposed current
harmonic and the real current harmonic. Since all the tested harmonic phase shift errors are not
significant (<10 degrees), their effect on the current harmonic regulation is negligible and the

control performance is not obviously affected by these phase shift errors.
6.5 Conclusion

A novel current harmonic control method is proposed in this chapter to achieve arbitrary
current harmonic decomposition and regulation. Compared to the conventional harmonic
analysis mainly regarding the 5" and 7™", this chapter has developed a comprehensive electrical
model to analyze more new current harmonics, e.g. the -2", the -1%, the 3", and the 4™. A novel
virtual three-phase system is proposed to decompose the arbitrary current harmonic from the
phase current. Based on the proposed current harmonic decomposition, it is easy to achieve
arbitrary current harmonic suppression and injection using the Pl regulators in the
corresponding harmonic SRFs. Implementation details are introduced to reduce the
computation burden and simplify the parameter tuning. Experimental results have validated the
correctness of the theoretical analysis. The proposed control method is compared with existing
typical methods aimed at rapid current harmonic response, and it is concluded that the proposed
method provides better dynamic performance with reduced pulsating, overshoot, and

convergence time.

Although the method is analyzed and verified in a PMSM system, the concept of the virtual
three-phase system, together with the proposed current harmonic decomposition and regulation,
can be extended to any other three-phase electric drives that require arbitrary current harmonic

suppression or injection.
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C

HAPTER 7

GENERAL CONCLUSION

DTP PM machines have small impedance to limit the current harmonics, which makes the

current harmonics more serious in DTP PM machines compared to the conventional single

three-phase machines. This thesis focuses on the field oriented control (FOC) of DTP PM

machines, with particular reference to the control of current harmonics. A brief outline of this

thesis is shown in Fig. 7.1. The key techniques contributed by this thesis can be summarized in

the following sections.

Current harmonic control of

DTP PM machines

General current Non-general current
harmonics harmonics
! y Curtent 4 :
Current Current Asymmetric DC link
. . measurement . .
harmonic harmonic error impedance current ripple
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Fig. 7.1. Brief outline of research in this thesis.
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7.1 Virtual Impedance Technique

The virtual impedance technique is usually used in the applications of power grid and high-

performance machine drives. It is the first time for its application to DTP PM machines which

is carried out in Chapter 2 of this thesis.

The investigated virtual impedance technique shows the following advantages:

>

More Applicable in DTP PM Machines. It is found that the virtual impedance
technique is more applicable in DTP PM machines than it is in the conventional three-
phase machines. This is because DTP PM machines suffer from the aforementioned
small impedance against the current harmonics, and the introduced virtual impedance
can increase the equivalent impedance of the machine. Consequently, the enhanced
impedance will improve the disturbance rejection capability and suppress the current
harmonics.

Current Harmonic Suppression in a Wide Range of Frequency. The rejection
capability to the disturbance is enhanced in a wide range of frequency, which means
not only one or two but multiples current harmonics can be suppressed.

Robust Current Control. The analysis and test results also show that the virtual
impedance will enhance the robustness of the current regulation by eliminating the
overshoot, cross-coupling effect, and pulsating currents due to machine parameter
mismatch during dynamic process.

Simple Structure and Easy Implementation. The current harmonic can be reduced by
only simply modifying the structure of current regulators. Neither observer nor dead-
time compensation is required.

Applicable to Other Multi Three-phase Machines. The regulators with virtual
impedance have a generic structure and can be extended to other multi three-phase
machine systems, such as induction machines and synchronous reluctance systems etc,
and indeed any machine systems which have low impedance, that may suffer from

smaller impedance against harmonic disturbance problems.

However, this technique also has disadvantages as follows.

>

Limited Virtual Impedance Values. Based on the theoretical analysis, the ranges of the
virtual resistance and inductance values are limited by the machine physical resistance

and inductance. The closer to the limitation the virtual impedance values are, the more
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instable the system is.
» Not Complete Elimination of Current Harmonics. Although the current harmonics in
a wide range of frequency can be reduced, they cannot be completely eliminated due to
the limitation of virtual impedance values.
The comparison of different disturbance rejection methods is shown in TABLE 7.1. The
measured current THDs, torque ripples, and current response time at rated speed and torque
condition are compared. It is clear that the proposed virtual impedance technique shows the
best steady-state performance regarding current THDs and torque ripples, as well as the

comparable dynamic response speed to other disturbance rejection methods.

TABLE 7.1
COMPARISON OF DIFFERENT DISTURBANCE REJECTION METHODS
Current THDs  Torque ripples Response time
PIR regulator (Method 1) 3.21% 0.1279Nm ~0.1s
Active damping (Method 2) 4.44% 0.1128Nm ~0.01s
Inverter nonlinearity and
back EMF compensation 2.28% 0.0851Nm ~0.1s
(Method 3)
Additional PI gains 0 _
(Method 4) 12.97% 0.1458Nm 0.01s
Virtual impedance 1.77% 0.0719Nm ~0.01s

(Proposed)

7.2 Virtual Multi Three-phase Systems

The concept of virtual multi three-phase systems is proposed in this thesis for the first time, i.e.
the virtual triple three-phase system in Chapter 3, the virtual quadruple and virtual pentuple
three-phase systems in Chapter 4, and the virtual dual three-phase system in Chapter 6. It is
concluded that the decomposition capability of harmonics in machine system increases as the

phase number increases, as shown in Fig. 7.2 and concluded in TABLE 7.2.
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The characteristics of these virtual multi three-phase systems can be summarized as follows.

» Phase Shifting Operation Required. The original physical phase currents are time
shifted by a designed angle to derive the virtual phase currents. The axes of the virtual
phase currents are virtual and should also be spatially shifted by the same angle with
reference to the original physical phase axes. The phase shifting operation will need
additional memory and computation burden in a digital controller.

» Generic VSD Transformation Derived. To decompose the currents in the virtual multi

three-phase system, a generic VSD transformation is derived in this thesis as follows

o8 [TO  TOm)  TQr) e (= D) |t iggpren
[ 712, ] 1|T(0) T(=5Ym) T(-5Qym)) .. T(=5(m—Dym) [l:AZBzcz]
| :E[T(O) TOym)  T(7@rm) - T(7m= 1) l%m (7-1)
sz 1@ 10w TG) - 7m0 iamsnen

where m is the number of virtual three-phase sets, y,,, = m/(3m) is the electrical angle
between two adjacent sets, and n=1, -5, 7, -11, 13, ... The submatrix T is
27cos8® cos(@+2m/3) cos(8 —2m/3)

o) = 3lsin® sin(6+2m/3) sin(6 —2m/3) =

» Decomposition Capability Increases as Phase Number Increases. It can be clearly
seen from Fig. 7.2 and TABLE 7.2, as the number of virtual three-phase sets increases,
the number of available subspaces increases as well, and the main current harmonics,
i.e. the 5th, 7th, 11th, and 13th, are distributed more separately in these subspaces. For
an example, the major current harmonics are completely separated in 4 subspaces if
establishing a virtual pentuple three-phase system, see Fig. 7.2(d). However, in a virtual
triple three-phase system, Fig. 7.2(b), the 5th is still coupled with the 13th, and so as
the 7th and 11th.

> Independent Current Control Loop in Each Subspace. Since the subspaces are
orthogonal and decoupled, the current regulators can be independent in each subspace.
This avoids the interference among different frequencies during the current control
process, simplifies the design process and parameter tuning of the current harmonic
regulators, and improves the stability of the control system

» Limitations at low frequency region. Since the virtual multi three phase system is based
on the phase shifting operation, at low frequency region, the LUT in phase shifting
operation will be longer and will consume more memories of MCU. Additionally,

during the dynamic state of current changing, the phase shifting operation is not
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accurate which leads to a short pulsating in current response.
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Fig. 7.2. Virtual multi three-phase winding configurations and harmonic mapping of VSD
techniques. (a) DTP case. (b) TTP case. (c) QTP case. (d) PTP case.

TABLE 7.2
HARMONIC MAPPING OF DIFFERENT VIRTUAL MULTI THREE-PHASE SYSTEMS
Physical DTP Virtual TTP Virtual QTP Virtual PTP
afl
1st&11th&13th 1st 1st 1st
subspace
2122 5th&7th 5th&13th 5th 5th
subspace
2324 7th&11th 7th 7th
subspace
2526 11th&13th 11th
subspace
£izs 13th
subspace
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7.3 Improved MSRF Current Regulators

The multiple synchronous reference frame (MSRF) current regulators are employed and
improved in this thesis. Compared to existing MSRF method, the improved MSRF current

regulators process the following advantages:

» Free Harmonic Reference Tracking. The investigated MSRF current regulators can
be used to track arbitrary current harmonic reference. This means the current harmonic
can be completely eliminated if setting the current harmonic reference to 0, or the
current harmonic can be injected if setting the current harmonic reference to other non-
zero values.

» Generic Pl Regulator Design. The parameters of the PI regulator are designed based
on the machine inductance and resistance, and thus, there is only one parameter, i.e. the
gain coefficient ke, that needs to tune in the control loop for each current harmonic.
Additionally, the 5th and 7th current harmonic regulators can share the same gain
coefficient, and the 11th and 13th current harmonic regulators can share the same gain
coefficient. Compared to the conventional MSRF regulators, the parameter tuning of
the investigated MSRF current harmonic regulators is greatly simplified.

» Enhanced Dynamic Performance and Stability. Thanks to the complete
decomposition of the current harmonics under the virtual multi three-phase systems,
the LPFs, which are usually used to extract the current harmonics in MSRFs, can be
cancelled from the current loops. Due to the fact that the LPFs produce delay in the
current harmonic feedback and limit the bandwidth of the PI regulators in MSRFs, the
cancellation of the LPFs significantly reduces the delay effect in the current harmonic
feedback, leading to a more rapid current harmonic reference tracking and a more stable
system.

» Digital Delay Compensated. The analysis in this thesis shows that the effect of digital
delay becomes dominant as rotor speed increases or harmonic order increases. A phase
compensation angle is hence employed to adjust the phase angle of the regulator’s
outputs and compensate the effect of the digital delay, leading to a larger stable margin
of the current control loop.
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7.4 Scaling Error Correction in Current Measurement

A novel high-frequency signal injection method is proposed in Chapter 5 to suppress the non-
general current harmonics caused by the scaling error in the current measurement in DTP PM
machine systems. Different from the general current harmonics, e.g. the 5th and 7th, the
analysis shows that the scaling error can generate the negative-sequence 1st current harmonic
in phase current, which can be also described as the 2nd current harmonics in the synchronous
reference dq frame. To reduce these non-general current harmonics, a high frequency carrier
voltage is injected into the z1z> subspace. By controlling the scaling gains of the current
measurement to eliminate the corresponding high frequency components in the phase currents,
the scaling errors can be corrected, and the non-general current harmonics can be eliminated
simultaneously. The correction method is proposed for the first time with reference to the

previous literature, and it has the following properties:

» No Extra Torque Ripples Due to High-frequency Signals. In conventional three-phase
machines, the high-frequency signal injection usually generate torque ripples and
reduce the performance of the system. However, in this thesis, the high-frequency
signal is only injected in the z1z> subspace and does not generate any extra torque
ripples.

> lsolated High-frequency Current Control. The control of the high-frequency current
is isolated from the original current control loops, and thus it will not affect the control
performance of the fundamental current or the current harmonics. It is also flexible to

switch the method on/off when the scaling error correction is required/not required.

7.5 Future Work

This thesis has studied the current harmonic control strategies for DTP PM machines. Based

on the investigation in this thesis, some future work can be suggested as follows:

» Optimization of Current Harmonic Reference. Generally, these current harmonic
references are set as zero to achieve the current harmonic suppression. They can also
be set as pre-designed values or online calculated values to achieve current harmonic
injection, so that the average torque can be enhanced and the torque ripples can be
reduced. It is concluded in this thesis that the investigated MSRF current harmonic

regulators can track the current harmonic references more rapidly and stably compared
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to existing regulators. However, how to determine the current harmonic references is
not discussed in this thesis. Optimization of the current harmonic reference could be
further investigated based on the MSRF current regulators proposed in this thesis.

DC Offset Error Compensation. For the non-general current harmonics caused by the
current measurement errors, this thesis only investigated the effect of the scaling errors
and the method to online correct the scaling gains. The DC offset errors in the current
measurement are not investigated here and they will also generate non-general current
harmonics in the control system. The DC offset of current measurement can vary with
the temperature even if it is compensated during the manual calibration. The online DC
offset compensation could be a topic for future work.

DC Link Current Ripple Suppression. The DC link current ripple suppression is also
an interesting topic because it helps to protect the battery, reduce losses, minimize the
DC link capacitor, and save cost. There are two main approaches to reduce the current
ripples in DC link. The first one is known as carrier phase shifting, which change the
phase angle relationship between the carriers of two inverters so that the high-frequency
current components can flow between the two inverters and will not flow into the DC
link. The second one is called predictive PWM technique. This technique will pre-
calculate (predict) the results of all available switch sequences and select the optimal
one that resulting the smallest DC link ripples to be applied in the next control cycle.
Due to the time limitation, these two techniques are not investigated in this thesis, and
are worth studying for DTP PM machine systems. These are being carried out by

another PhD student in the Electrical Machines and Drives Group.
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APPENDIX A

EXPERIMENTAL SYSTEM SETUP

In this appendix, the experimental platform for the DTP-PMSM control is described. The

overall setup of experimental system is based on the dSSPACE DS1005 system, and is shown

in Fig.A.1. The experimental system includes three parts: control system, drive system, and the

test rig. The dSPACE DS1005 is used as the controller to measure signals from the machine

system and generate the gate drive signals to the six-phase inverter. The test rig includes a test
DTP PM machine and a DC machine. The test DTP PM machine is connected to the DC motor

with an adjustable power resistor as a load. The pictures of the experimental setup are shown

in Fig. A.2. The detailed parameters for test machine and inverter for simulations and

experiments are listed as in TABLE A.1l. All the experimental results are collected from
dSPACE and plotted in MATLAB.
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Fig.A.1. Overall setup of experimental system
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Fig.A.2. Experimental system. (a) Drive control rig. (b) Test rig.

TABLE Al
PARAMETERS OF TEST PROTOTYPE DTP-PMSM AND DRIVE SYSTEM
Parameters Value
Number of pole pairs 5
Stator resistance 1.096Q
a-axis and f-axis inductances 2.142mH
z1-axis and zz-axis inductances 0.875mH
Rated speed 400rpm
Rated power 240W
Rated torque 5.5Nm
DC-bus voltage 40V
Slot number 12
Pole number 10
Permanent magnet flux 0.734Whb
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