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A Generalized Decomposition Model of Dual
Three-Phase Permanent Magnet Synchronous
Machines Considering Asymmetric Impedances
and Compensation Capability

Jin Xu, Milijjana Odavic, Member, IEEE, Zi-Qiang Zhu, Fellow, IEEE, Zhan-Yuan Wu, and Nuno Freire

Abstract— This paper firstly proposes a generalized
decomposition model for dual three-phase (3-ph) permanent
magnet synchronous machines (PMSMs) with 0°, 30°, and 60°
angle displacements between two sets of windings, allowing
machines controlled in two-dimensional orthogonal aff and xy
subspaces. This model can decouple mutual inductances coupling
phases from two sets, respectively. However, there often exist
asymmetric impedances, due to inherent asymmetric machine
parameters, cables with unequal lengths, manufacture tolerances,
etc., in dual 3-ph PMSMs inevitably causing unbalanced phase
currents and deteriorating the decoupling performance of the
generalized machine model. Therefore, the generalized
decomposition model incorporating asymmetric impedances is
further developed, in which additional terms incurred by
asymmetric impedances lead to the cross-coupling of af subspace
and xy subspace. Through this model, the compensation capability
of asymmetries is derived at a given DC link voltage. Then, a
compensation strategy is illustrated to suppress unbalanced phase
currents together with current harmonics caused by
nonlinearities. Finally, experimental results testify the current
balancing performance and simulation results further validate the
machine model and the compensation capability.

Index Terms— Asymmetric impedances, Dual three-phase
permanent magnet synchronous machine, Generalized
decomposition model.

I. INTRODUCTION

D ual three-phase (3-ph) permanent magnet synchronous
machines (PMSMs) are increasingly popular in industrial
applications, such as electric ship propulsion, electrical
vehicles, wind generators, aerospace, etc. [1]-[3], due to
additional degrees of freedom [4], high-power low-current
capability, high torque density, and other benefits. It is
acknowledged angle displacement (AD) between two sets of
windings is one of the key factors, determining the machine
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performance [5]-[6]. Among various ADs, 0°,30°, and 60° ADs
are widely used, as shown in Fig. 1. The machine design
schematics of these three main types of dual 3-ph machines can
be found in [6]-[8] (0°-AD), [5], [9]-[13] (30°-AD) and [13]-
[14] (60°-AD), respectively.

For the 0°-AD machine, due to the character of no angle
displacement between two sets of 3-ph windings, the hardware
or software can be identical for control of the two sets of 3-ph
windings, which makes the system more interchangeable and
increases the system redundancy. This could be desirable for an
industrial product such as that in a megawatt wind turbine
generator. Meanwhile, the 0°-AD machine is illustrated to have
advantages to reduce the short-circuit current at fault operations
[7]. On the other hand, the topology of the 0°-AD machine
allows tests of the machine or converter up to the full load
without requiring additional facilities by arranging the two sets
operating at motor and generator modes, respectively [8]. For
30°-AD machines, they can offer a lower torque ripple [5], [12],
and fewer MMF harmonic components [5], compared with 60°-
AD machines. However, the amplitudes of these harmonic
components should be analyzed in specific applications [5]. On
the other hand, the slot/pole combinations and winding types
play significant roles in the performances of 30°/60°-AD
machines [5]. There is also an application of 60°-AD machines
for the electrical power steering system [14]. In summary, 0°,
30°, and 60° angle displacements are common choices for dual
3-ph PMSMs and the angle displacement can be chosen
according to the specific application requirements.

For the dual 3-ph PMSMs with two neutral points not
connected shown in Fig. 1, the two sets of windings can be
controlled separately [15]-[17]. However, these two sets are not
independent due to mutual inductances coupling phases from
two sets, respectively, which means one dual 3-ph PMSM
cannot be simply viewed as a combination of two single 3-ph
PMSMs. Therefore, vector space decomposition (VSD) is
introduced in [18] for 30°-AD dual 3-ph PMSMs which can
solve the coupling issue of mutual inductances mentioned
previously. In VSD, components of different orders are
decoupled into two orthogonal subspaces, which facilitates the
regulation of fundamental and harmonic order components
separately [19]. Similarly, 60°-AD dual 3-ph PMSMs can be
considered as symmetrical six-phase machines and the
decoupling matrix shown in [20] can decouple the mutual
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inductances. However, the solution for 0°-AD dual 3-ph
PMSMs is still not addressed in the literature. Therefore, a
decomposition approach of 0°-AD dual 3-ph PMSMs is
required.

60°-AD

30°-AD
(b) ()
Fig. 1 Machine topology of dual 3-ph PMSMs. (a) 0°-AD. (b) 30°-AD. (c¢) 60°-
AD.

On the other hand, the decomposition machine models for
30°-AD and 60°-AD dual 3-ph PMSMs mentioned in [18], [20]
are established on the premise of symmetrical impedances
(ideal condition), thereby resulting a totally decoupled two
subspaces (aff and xy subspaces) facilitating the control design.
However, the existing asymmetric impedances can lead to
coupling terms between aff and xy subspaces. The asymmetric
impedances can be classified into three main categories, i.e.
partially coupled mutual inductances, asymmetric resistances,
and asymmetric self-inductances. The partially coupled mutual
inductances in dual 3-ph PMSMs can be caused by inherent
machine parameters, for example, by designing the modular
stator structure [10]). Normally, asymmetric resistances and
self-inductances can be caused by cables with unequal lengths
connecting phase terminals of the machine to the converter
[21], different phase winding temperatures [22], manufacturing
tolerances, etc. Meanwhile, the large asymmetric resistances
and self-inductances would occur when there is a short circuit
in turns of stator windings [23].

Therefore, the asymmetric impedances could commonly
exist in drive systems of dual 3-ph PMSMs. Without
compensation, there would be unbalanced phase currents [21],
[24]-[27], leading to the increase of torque ripple and machine
losses [28]. To compensate the unbalanced phase currents in the
control scheme based on the decomposition model, the
influences of asymmetric impedances on the decomposition
machine models deserve a systematic investigation that benefits
the development of compensation strategies and the derivation
of the compensation capability. The compensation capability is
of importance because it indicates whether the system is able to
compensate the asymmetric impedances.

The modeling approaches of asymmetric impedances for 3-
ph machines/inverters are addressed in publications [29]-[30].
For 3-ph systems, a generalized model of the PWM rectifier
system separating the positive and negative sequences can
describe the influences of an unbalanced network [29].
Proportions of positive and negative sequences reflected the
unbalanced severity. Similarly, in [30] a unified mathematical
model containing positive and negative synchronously rotating
frames can describe a voltage-sourced converter-based drive
system under an unbalanced grid supply and unbalanced input
impedances. In terms of dual 3-ph machines, literature mainly
covers 30°-AD machines [24]-[25], [31]-[32]. In [31] an
analytical model of a dual 3-ph induction machine with one

phase open is illustrated with additional terms caused by the
open-loop phase. In [24], different values of the stator
resistances and stator leakage inductances of two stator
branches in dual 3-ph induction machines are presented in the
developed machine model by two coefficients. However, the
asymmetric impedances for phases within one branch are not
involved. In [25], the fundamental current in xy subspace
caused by unbalanced parameters can be specified into positive
and negative sequences without mentioning the detailed
machine model affected by asymmetric impedances.

As mentioned, the main result of asymmetric impedances is
unbalanced phase currents. Approaches to balance phase
currents can be generally classified into external hardware
addition [21], [26] and software current balancing [30], [25],
[27], [32]-[33]. Unbalanced phase currents can be suppressed
through a calculated circuit containing resistances and
inductances [26]. Apart from additional hardware, current
regulation approaches, such as PI [25], proportional-resonant
(PR) controllers [30], proportional-integral-resonant controllers
(PIR) [32], model predictive control [33], are testified a good
performance to balance phase currents caused by asymmetric
impedances or loads. Furthermore, typical current controllers
(PI, PR, and PIR) are compared theoretically in the aspect of
performance of current balancing in [27]. However, whether the
drive system or the DC link has the capability to provide the
voltage to compensate the unbalanced currents caused by
asymmetric impedances should be assured before
compensation. To achieve this, the analysis of the influences of
asymmetric impedances on the decomposition model showing
additional coupling terms, more explicit and detailed than
positive/negative sequences mentioned in the literature [25],
[29]-[30], is required. Meanwhile, all three main categories, i.e.
partially coupled mutual inductances, asymmetric resistances,
and asymmetric self-inductances, should be covered.

This paper is further developed from [34]. In [34], a
generalized decomposition model for 0°, 30°, and 60°-AD dual
3-ph PMSMs can solve the mutual inductance coupling issue of
phases from two sets, respectively, but asymmetric impedances
are not considered. After a brief introduction of the generalized
decomposition model in Section I, additional coupling terms
in this generalized decomposition model caused by asymmetric
impedances are analyzed in detail in Section III. The
compensation capability of asymmetries restricted by DC link
voltage in the drive system can be derived from the developed
model considering asymmetric impedances. Afterwards, an
approach to compensate impedance asymmetries is illustrated
in Section 1V, followed by experimental validation on a direct-
drive wind power test rig in Section V. Furthermore, the model
considering impedance asymmetries and the compensation
capability is validated through simulation in Section VI.

II. GENERALIZED DECOMPOSITION MODEL OF 0°,30°, AND
60°-AD DUAL 3-PH PMSMSs

In this section, the original machine model of 0°, 30°, and
60°-AD dual 3-ph PMSM in the stationary reference frame is
shown first. Then, the generalized decomposition model is
developed from the original machine model.
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A. Machine Model in Stationary Reference Frame

Assuming that there are no iron saturation effects and iron
losses, the original machine model in stationary reference frame
for 0°, 30°, and 60°-AD dual 3-ph PMSMs can be expressed as

. dpg
ug, = Rgig + T )
P = Li; + YSwfd
in which
uS = [uA uU uB uV uC uw]T
is=[ia ty g iy ic iyl"

1/152[1,0,4 Yy Y5 Yy YPe lPW]T
Ry =diag[Ra Ry Ry Ry R; Ry]

Ys = [COS ee COS(GE - HAU) COS(Qe - HAB)
cos(B, — bay)  cos(B, — Oac)  cos(B, — Oap)]"
\Ls = LI , (@

Mpg Muyy Mpp Myy My My
Myy Myy Mgy Myy Mey Myw

+ Mpg Mgy Mg Mgy Mpe Mpy
Myy Myy Mgy Myy Mgy Myy
Myc Mcey Mpe Mgy Mee Mew
Myw Myw Mpyw Myw Mew My

where r4 — rotor flux linkage;

Uy, Ug, Uc, Uy, Uy, Uy, — phase voltages;

ig, ig, ic, Iy, iy, iy — phase currents;

Ya, ¥, Ye, Yu, Yy, Py — flux linkages;

R4, Rg, R¢, Ry, Ry, Ryy— phase resistances;

6, — electrical angle;

O,y (N=B, C, U, V, W) — electrical angle displacement
between Phase A and Phase N;

L, — leakage inductance;

My, (K, L =A, B, C, U, V, W) — mutual inductance between
Phase K and Phase L. If K and L are the same, it denotes the
self-inductance.

B.  Generalized Decomposition Model

If two sets of 3-ph windings are modelled and controlled
separately, mutual inductances between phases from two sets,
respectively, such as My, My, in (1) are neglected, leading to
imprecision. However, these mutual inductances are decoupled
in the generalized decomposition machine model. Another
benefit is to regulate the fundamental component and main
harmonics separately in two subspaces. Thus, the aff subspace
producing electromagnetic torque and harmonics-related xy
subspace can be separately regulated.

It is assumed that all resistances and self-inductances are
symmetrical and mutual inductances are fully coupled. To
simplify the decomposition and the analysis of influences of
asymmetric impedances on the decomposition model, the high-
order harmonics of the magnetic field in the air gap
conventionally with relatively small amplitudes are neglected
and the dominant fundamental component is considered
exclusively. Then, impedances in (2) can be simplified by

RS=RA=RB=RC=RU=RV=RW
My = Myy = Mpg = M¢c = Myy = Myy = Myw
My, = M, -cos(0g,) (K,L=A,B,C,U,V,W;K # L)

)

in which, R; and M, are the nominal value of resistances and
self-inductances, respectively; O, denotes the electrical angle
shift between Phase K and Phase L.

From (3), it is noted that mutual inductance My is dependent
on the AD of machines. Then, the decomposition matrices for
0°, 30°, and 60°-AD dual 3-ph PMSMs are classified as

D = D060, (0°/60° AD)
" |Dy30,(30°AD)

in which, D,,3¢ is for 30°-AD dual 3-ph PMSMs, known as the
vector space decomposition matrix [18], is shown as

“)

[ V3 1 V3 1 ]
e e N R
1 V3 1 V3
10 2 2z 2 ~7 1
Dv30=§1 —? —% ? —% 0 )
1 V3 1 V3
0 7 7 3z 7
1 0 1 0 1 0
[ 0 1 0 1 0 1]

D060 is originally for 60°-AD dual 3-ph PMSMs [20] and
expressed as

'1 1 1 1 1 1 7
2 2 2 2
0 V3 V3 0 V3 V3
2 2 2 2
1 1 1 1
Dy0,60 =3 1 -3 73 1 -3 T3 ()
0 V3 V3 0 V3 V3
2 2 2 2
1 1 1 1 1 1
1 -1 1 -1 1 -1 |

However, for 0°-AD dual 3-ph PMSMs, a conversion is
implemented to achieve an equivalent 60°-AD machine
topology. A 0°-AD dual 3-ph PMSM with phase shifts of
voltages and currents for Phase U, V, W can be viewed as a 60°-
AD dual 3-ph PMSM, which is detailed in Fig. 2. Currents of
Phase U, V, W in 0°-AD dual 3-ph PMSMs are converted to
equivalent currents of the set U'V'W' in the topology of the
60°-AD machines by

iyt = —ly
by =—ly, (7
iy' = —ly

where iy, iy, iy, are equivalent currents of Phase U’, V' and
W', respectively, as shown in the transformed 60°-AD topology
after conversion. After current regulation, equivalent voltages
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are generated, they are converted back to voltages for 0°-AD
dual 3-ph PMSMs by

* *

uU = _uV!
* *

Uy = —Upyr, (8)
* *

Uy = —'U.UI

in which, uy,r, uy,r, uy, are equivalent voltage references (60°-
AD machine topology) in the control loop. Then, D g0 is then
extended to 0°-AD dual 3-ph PMSMs and the decomposition of
mutual inductances for 0°-AD dual 3-ph PMSMs is achieved
indirectly.

Current
regulation

i Transformed 60°- : :
! AD topology after:!
i current conversion;

Fig. 2 Conversion of 0°-AD dual 3-ph PMSMs to 60°-AD machine topology
in control loop.

Applying D, to (1), voltages, currents, and flux linkages in
three two-dimensional orthogonal subspaces (af, Xy, and 0702
subspaces) are generated and shown in (9).

[Ua Up Uy Uy Uy Uez]T = D ug
ia g I Iy o1 io2]T = D, 9
[lpa l/)p l/)x Ipy I»bol 1»l}oz]T = Dvllls

Since the projection of current vectors in 002 subspace is
inherently zero, the o050, subspace is not taken into
consideration. The generalized decomposition model derived
from (9) is explained as

U] [Re 0 0 07[a] [¥¢]
u 0 R i
) = s 0 0|l ¥ (10)
x 0 0 Rs 0[], ¢x
Uy 0 0 0 R iy t,by_
Yy Ly + 3M, 0 0 0 1[ia
IIJB _ 0 L,+3M; 0 0 ||
Y 0 0 Ly 0 ||i
Py 0 0 0 Lyl an
cos(6,)
n sin(6,) Yra
0
0

From (10) and (11), there are no coupling terms in aff and xy
subspaces.

III. INFLUENCES OF ASYMMETRIC IMPEDANCES ON
GENERALIZED DECOMPOSITION MODEL

The generalized decomposition model in Section II is
established on the premise of no asymmetric impedances. In
this section, the research of asymmetric impedances affecting
this generalized model is divided into three categories, which
are asymmetric resistances, asymmetric self-inductances, and
partially coupled mutual inductances. Then, according to the
analytical model of asymmetric impedances, the compensation
capability at a given DC link voltage is explained.

A. Asymmetric Resistances
Assuming the asymmetric resistance in each phase is ARy,
ARy, AR:, ARy, ARy and ARy, , respectively, Rg in (2) is
changed as
R; = diag[Rs + AR, Ry + ARy R+ ARy

Ry+AR, R,+AR: Rs+ ARy (12)

Then, the generalized decomposition model shown in (10) is
modified as

Uy Ry, 0 0 0]l Iy l/‘Ja
ug 10 Ry 0 0]|is gl |¥s
Ul " 1o 0 R, 0]]i + Rgs iy + lij ) (13)
Uy 0 0 0 Rl iy i,
in which
R 0°/60° AD
Ras — { as0,60 ( o/ )’ (14)
RasSO (30 AD)
R0,60A1 R0,60A3 R0,60A5 R0,60A4
R — R0,60A3 R0,60A2 _R0,60A4- R0,60A6 (15)
as0,60 R0,60A5 _R0,60A4 R0,60A1 _R0,60A3 ’
R0,60A4- R0,60A6 _R0,60A3 R0,60A2
=t — ettt —+—
060417 3 T 12 T 12 T 12 3 12
ARz AR, ARy, ARy
Rosom =+ -4+
V3(=ARy + AR + ARy — ARy,)
R0,60A3 = 12
16
V3(ARg — AR + ARy — ARy) (16)
R0,60A4- = 12
=ttt - ——
060457 3 T 12 T 12 12 3 12
Rosoas ===+ 7+
R30A1 R30A3 R30A5 R30A4-
R30A3 R30A2 _R30A4- R30A6
R0 = ) 17
as30 R30A5 _R30A4 R30A1 _R30A3 ( )
R30A4— R30A6 _R30A3 R30A2
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e AR, N ARy, AR, AR, ARy
30417 3 12 12 4 4
he ARy N AR. AR, AR, ARy
3047 4 4 12 12 3
o V3(=ARy + AR + ARy — ARy)
3043 — 12 (18)
V3(ARz — AR; + ARy — ARy)
3044 — 12
AR, ARz AR, AR, ARy
Repps =—+—+—————
3045 7 3 12 ' 12 4 4
R ARy AR, AR, AR, N ARy,
3046 7 4 4 12 ' 12 3

From (14)-(18), R4 results in the coupling of aff subspace
and xy subspace, so that the two subspaces are not completely
decoupled anymore. It is acknowledged that the fundamental
components in i, and ig are the main contribution to torque
generation. Therefore, the coupling of i, and iz into xy
subspace could induce fundamental components in i, and i,
without compensation. Then, cancelling them contributes to

phase current balancing.
B. Asymmetric Self-inductances

Considering the asymmetric self-inductances, denoted by
ALy, ALg, AL, ALy, ALy and ALy, Lg in (2) is changed as

AL, 0 0 0 0 0
0 ALy, 0 0 0 0
0 0 ALy 0 0 0
Li=Lls+| o o "% aL, 0 o
0 0 0 0 AL 0
0 0 0 0 0 Ayl o
My My Mpp Mgy Mye Maw
MAU M1 MBU MUV MCU MUW
+ MAB MBU Ml MBV MBC MBW
MAV MUV MBV Ml MCV MVW ’
MAC MCU MBC MCV Ml MCW
MAW MUW MBW MVW MCW Ml

where fully coupled mutual inductances are still assumed. Then,
(11) is modified as

Yo Ly + 3M, 0 0 0 [
Y| 0 Ly+3M; 0 0 ||ig
/2% 0 0 L, 0 |[|i,
0 0 0 L i
by . 7oy (20)
la cos(6,)
l .
+L,, iﬁ n sm(()@e) Yra
X
iy 0
in which

Lo {Laso,eo (0°/60° AD)
as —

. , 2D
LasBO (30 AD)

L0,60A1 L0,60A3 L0,60A5 L0,60A4
LO 60A3 LO 6042 _LO 6044 LO 60A6
L =" ' ' ' (22
@s0,60 L0,60A5 _L0,60A4 L0,60A1 _L0,60A3 ( )
L0,60A4- L0,60A6 _L0,60A3 L0,60A2
AL, ALy AL, AL, AL, AL,
L =—t—t—+—+—+—
06041 = 5 12 ' 12 12 3 12
ALy AL, ALy, ALy,
bosone =+ -t
V3(=ALg + AL; + ALy — ALy,)
L0,60A3 = 12
4 . (23
V3(ALg — AL; + ALy — ALy,) &3
L0,60A4 = 12
L AL, ALy AL, AL, AL, AL,
= — 4 — —_—_—— =
060457 "3 T 42 T 12 12 3 12
bosons = = -
L30A1 L30A3 L30A5 L30A4
L30A3 L30A2 _L30A4 L30A6
Lyczg = ) 24
as30 L30A _L30A4 L30A1 _L30A3 ( )
L30A4- L30A6 _L30A3 L30A2
L AL, N ALy AL; ALy, ALy
3041 ™ 3 12 12 ' 4 4
L ALy AL; ALy, AL, ALy
3042 7 4 4 12 ' 12 3
V3(=ALg + AL; + ALy — ALy)
L3oas = 12
4 (25)
V3(ALg — AL¢ + ALy — ALy)
L3oas = 12
AL, ALy N AL, AL, ALy,
3045~ 3 12 12 4 4
L AL, AL ALy, AL, AL,
3046 7 4 4 12 ' 12 3

From (21)-(25), the influence of asymmetric self-inductances
on the flux linkage equation is similar to that of asymmetric
self-resistances on the voltage equation shown in (14)-(18).
However, the influences appear in voltage equations eventually.

C. Partially Coupled Mutual Inductances

Given that mutual inductances My, (K, L =
A,B,C,U,V,W;K # L) coupling phases with the same spatial
angle shift are the same, Lg in (2) is changed as (26). In (26),
M0, Mso, Moo, M120, M50, and M;sp denote mutual inductances
between phases with 30°, 60°, 90°, 120°, 150°, and 180° spatial
angle shift, respectively. The third expression My, = M, -
cos(0g.) (K, L =A,B,C,UV,W;K=#L) in (3) is not
practical anymore, since mutual inductances are not fully
coupled. Then, (11) is modified as (27).

In (27) and (28), for 30°-AD dual 3-ph PMSMs, the term L,
in (27) results in the coupling of aff subspace and xy subspace.
The coupling of iz into x-axis and the coupling of i, into y-axis
lead to additional fundamental flux linkages in xy subspace.
The fundamental components in i, and i, are then excited
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without compensation in xy subspace. For 60°-AD dual 3-ph
PMSM topology, the mutual inductances between off and xy
subspaces are cancelled.

Ls = LO'IG
(0°/60° AD)
[ Ml M60 M120 M180 M120 M60
M60 Ml M60 M120 M180 M120
M120 M60 Ml M60 M120 M180
M180 M120 M60 Ml M60 M120
M120 M180 M120 M60 Ml M60
+ -MGOO M120 M180 M120 M60 Ml (26)
(30° AD)
M, M3y Mipg Misg Mize My
M3, M, Moo Mizo Miso Mig
Miz0 My M, M3y Mz Miso
Miso Mipo Mz My Mgy My
Mizo Miso Mizg Moy My Mg
LMoy M1z Misg Mizg Msze M,

The winding layout of 60°-AD machines (Fig. 1) is
symmetric spatially. In other words, the angle displacement
between two adjacent phases is always 60°, resulting in three
different values of mutual inductances (Mgy, M;,, and M, gg).
However, for 30°-AD machines, the angle displacement
between two adjacent phases can be 30° or 90° (It means an
asymmetric layout spatially) resulting in four different values
of mutual inductances ( M3y, Mgy, Miy9 and M;sy ). The
symmetric layout of 60°-AD machines benefits the cancellation
of the mutual inductances between off and xy subspaces after
the transform.

Yo L, O
(] L

(o2
0
|~ |o
wl Lo

ta]  [cos(6,)

0
0 n sin(()@e) Yra

Q

0
0 Ayl Lo

(0°/60° AD) 27)

Ly 0 0 Ly[i« '
ig| .
“1(30° AD)
lx

L, 0 0 Lglly

in which

2 . (28)

D. Derivation of Compensation Capability

The compensation capability of impedance asymmetries can
be derived through this model. At a certain torque or current
requirement, whether the drive system can compensate the
unbalanced currents caused by asymmetric impedances is
acquired. From another aspect, in order to assure the
achievement of compensation at a given condition of
impedance asymmetries, the maximum torque value or current
amplitudes can be estimated. If the machine operates beyond
the estimated maximum value, the asymmetries fail to be
balanced due to the limit of DC link voltage.

The model considering all asymmetric conditions can be
summarized from (13), (20), and (27), as

Ug Ry, 0 0 0][l Iy 1'['}“
ugl _ [0 Ry 0 o0f|is ig|, (Vs
Uyl " 1o 0 R, 0]y + Ry iy + -x ) (29)
Uy 0 0 0 Rl iy l,by
Yo L 0 0 0 la cos(6,)
Vg _|0 Ls 0 O (| + [sin(6e) "
Ue| |0 0 Ly Of]ix 0 rd
Yyl o 0 0 L,lliy] 0
Ly 0 0 0 [l
0 Ly 0 0 ||| o, ne
. F1(0°/60° AD) (30
i 0o 0 L, 0l 0/ ) (30)
ig o 0 0 Ll
Lys|! .
+ as lx +< .L3 0 0 L4 lll
iy 0 Ly L, 0]|ig .
0 L, Lg o|[i|B0AD
L, 0 o Ll

Conventionally, the voltages in two subspaces are transformed
back to phase voltages by inverse VSD decoupling matrix and
then 3-ph SVPWM is conducted in two individual sets of 3-ph
systems, shown in Fig. 3 [19], [36]. Then, the voltages in aff
reference frames in two sets of 3-ph systems can be expressed
as

Uy = Ug + Uy
Upy = Up = Uy

1 V3 1 V3

Ugo =§ua+7uﬁ—§ux+7uy (00/600AD) (31)
V3 1 V3 1
Ugy = —7110[ +§uﬁ +7ux +§uy
Ug1 = Uy + Uy
Upy = Up — Uy
V3 1 V3 1 .
e = Sty 2ug S, 42, (GOAD) (D)
1 V3 1 3
Ugy = —Eua +7uﬁ + Eux + 711},

in which ugq, ug, and u,, , upg, denotes voltages in af
reference frame of two sets of windings, respectively. Then, the
switching sequence S,, Sz, Sc and Sy, Sy, Sy are generated
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separately by the 3-ph SVPWM technique. It is acknowledged
that the modulation in two sets should be within the linear range,

shown as
S . V3
( uél +u§1 S?'Vdc
2 2 \/§ .
uaz + uﬁz S ? * VdC

Assuming that phase currents are well regulated and
balanced, the currents in two subspaces can be presented as

(33)

iq igcos(8,) — igsin(6,)

8| _ |iasin(B,) + igcos(6,) (34)
ix 0 '

iy 0

in which, i; and i, denote currents on d-axis and g-axis,
respectively. Substitute (29), (30), (31), (32), and (34) into (33)
at a given electrical angular speed, (33) should be satisfied at
given iy and i, with 6, € [0, 2r]. Furthermore, at a given ig or
ig = 0, the maximum amplitude of i, can be derived. Then, the
maximum torque value restricted by the DC link voltage can be
estimated, while assuring the compensation of given impedance
asymmetries.

i
]
[y

U4y [A-B-

" Yy ::5\31;231\4 i{;& .
—P Inverse te al—Bl—ﬁP
Y| VSD ZU>U.V- ] 3 Sus Sy Sy
vy ug, -ph B
Ly /oo SV PWM

w 'l T,

Fig. 3 SVPWM for dual 3-ph machines.

IV. COMPENSATION STRATEGY FOR ASYMMETRIC
IMPEDANCES AND SYSTEM HARMONICS

In this section, a compensation strategy to balance phase
currents under impedance asymmetries is explained. A 30°-AD
dual 3-ph PMSM is used as an example to illustrate the
compensation strategy. Of note, PIR (PI+ resonant) controllers
are implemented to suppress unbalanced fundamental
components and the 5th, 7th harmonic currents caused by
system harmonics, i.e. distorted EMF and inverter
nonlinearities. The topology of the compensation strategy is
explained in Fig. 4. The testing 30°-AD dual 3-ph PMSM is
operating at a generator mode.

For the compensation of system harmonics, the 5th and 7th
order current harmonics decoupled in xy subspace [18] are
converted into the 6th order current harmonic in the rotating
reference frame of Xy subspace after the implementation of Park
transform in xy subspace. In Fig. 4, the Park transform is shown

as
ig cosf, sinf, 0 0 lg
.iq _|—sin6. cosf, 0 - 0 l'B 39
Lr 0 0 —cos (He) Sll’l(@e) Ly
Lyr 0 0 sin(6,) cos(6,)1li,

in which, iy, , i,, denote iy, i, after the Park transform.
Similarly, u,, u,, denote u,, u, after the Park transform in xy
subspace. Meanwhile, u, and u, denote voltages on d-axis and
g-axis, respectively.

Grid Load

Fig. 4 Block diagram of compensation strategy for asymmetric impedances and
harmonics.

From the previous analysis, asymmetric impedances lead to
additional fundamental components in two subspaces due to the
coupling terms shown in Section I1I. After Park transform, there
would be the additional 2nd order harmonics in both subspaces.
Therefore, resonant controllers are implemented to suppress the
2nd harmonic in off subspace and the 2nd, 6th harmonics in xy
subspace. The advantage of resonant controllers is to provide a
large gain at the required frequencies, thereby achieving the
harmonic compensation performance. The transfer function of
the resonant controller is

K,s
s2 + w.s + (hwg)?

Ggr(s) = (36)
where K, denotes the resonant gain; w., ws denote cut-off
frequency and fundamental frequency, respectively. w,
determines the gain at resonant frequency and bandwidth. The
Bode diagram of w, with different values at the condition of
w; = 16.76 rad/s, h=2, K,=2750 is shown in Fig. 5. A small
w, leads to a large gain and a small bandwidth around the
resonant frequency. Details of parameter tuning approaches and
performances can be seen in [32], [35]-[36]. In summary, the
design of PIR controllers shown in Fig. 4 assures a good
suppression performance of system harmonics and impedance
asymmetries.

V. EXPERIMENTAL VALIDATION OF COMPENSATION
STRATEGY

In this section, the experimental performance with the
compensation strategy is tested under different asymmetric
conditions deliberately created by series connections of a
resistor or an inductor. The purpose of the series connections of
a resistor or an inductor is to create a relatively large
asymmetric impedance, thereby showing the influences of
asymmetric impedance and the effectiveness of the
compensation strategy more apparently. A fractional-slot 42/32
(slot/pole) 30°-AD dual 3-ph PMSM with partially coupled
mutual inductances and sinusoidal back-emf is tested. This test
rig shown in Fig. 6 is constructed to test control strategies for
direct-drive wind power applications operating at low speeds.
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The 30°-AD dual 3-ph PMSM is operating at the generator
mode with a fixed speed provided by a load PMSM machine.
The DC link voltage is set to 250V and dSPACE is used to
conduct the whole algorithm. The parameters of this PMSM are
shown in Table I. Substituting mutual inductance values shown
in Table I into (28), it converts into

Ly = 17 + 2.13V3 (mH)
L, = 0.56 (mH)
Ls = 17 — 2.13V/3 (mH)

(37

Bode Dilagram

%
=

Magnitude (dB)
P D
(=} (=]

153
=]

0 .
100 10!

33.51 102 109
Frequency (rad/s)
Fig. 5 Bode diagram of Gg(s) with w, = ws/2, w,/5, ws/50, respectively,
with w; = 16.76 rad/s and h=2.

Fig. 6 Testrig (left: load machine; right: dual 3-ph PMSM).

TABLE I
PARAMETERS OF FRACTIONAL-SLOT 42/32 (SLOT/POLE) 30°-AD DUAL 3-PH
PMSM
Parameters Value

Rated power 3.7kW

Rated speed 170 r/min

Rated torque 209 Nm

Stator resistance 33Q

PM Flux 1.03 Wb

Number of pole pairs 16

Self-inductance M; 17.21 mH

Mutual inductance M3(), Mgn, M]z(), M]j{) 273, 004, 021, -1.53 mH

As illustrated previously, apparent asymmetric resistances or
inductances are introduced in this test machine by a 3.3Q
resistor or 20mH inductor connected to Phase A in series. For
the condition of a 3.3Q resistor connected to Phase A in series,
(17) can be simplified as

AR, AR, 0
3 3
10 0 O 0
RasSO_ ARA OARA 0' (38)
3 3
0 0 0 0

in which AR, =3.3Q. It is clear that the term AR,/3 causes
coupling of i, into x-axis. Meanwhile, the 20mH inductor
connected to Phase A in series results in a similar effect in the
flux linkage equation. (24) can be simplified as

AL, AL,
— 0 — 0
3 3
10 0 0 O
LasSO - ALA 0 ALA 0 b (39)
3 3
0 0 0 O

in which AL, =20mH. Then, a fundamental current in i, is
expected as well through the term AL,/3, if there is no
compensation in xy subspace.

To show the influences of the asymmetric impedances and to
highlight the importance of the compensation strategy, the
experiment of the control strategy whose control diagram is
illustrated in Fig. 7 is conducted firstly. Compared with Fig. 4,
uy = 0, uj, = 0 are set in Fig. 7, which means no compensation
regarding asymmetric impedances or harmonics in Xy subspace.
Meanwhile, only PI regulators in aff subspace are remained to
regulate the DC components in the d-q reference frame, thereby
controlling the electromagnetic torque. This control strategy
can offer a basic control of dual 3-ph machines. On the other
hand, the analysis of influences of asymmetric impedances is
validated through this control strategy.

Setting iy = 0, iy = —3A and the speed of 20 r/min, the
experimental results of the control strategies illustrated in Fig.
7 (without compensation) and Fig. 4 (with compensation) are
compared in Fig. 8 with the original test PMSM in the left
column, an additional series 3.3Q resistor in Phase A in the
middle column and an additional 20mH inductor in the right
column. The parameters of the PI controller are mainly
determined according to [37] by optimizing the damping factor
of the control system, while the gain of the resonant controller
is set as the same as the integrator gain of PI controllers [36],
[38]. Then, the PIR controller parameters are listed as K,=45,
K=2750 for iy and i, PI controllers; K,=12, K=2750 for iy,
and iy, PI controllers; K;=2750, w, = w,/50 for all resonant
controllers.

Grid Load

Fig. 7 Block diagram of control strategy without compensation for asymmetric
impedances and harmonics.

The waveforms of phase currents and corresponding
spectrum analysis of iy, i;; are presented in Fig. 8(a) and (b),
respectively. For the results without compensation in the
original test PMSM (left), there are the 5th and 7th order
harmonics caused by inverter nonlinearities and an unbalanced
fundamental component between iy and i;. On the other hand,
the series 3.3Q resistor in Phase A (middle in Fig. 8(a) and (b))
leads to a large imbalance between the fundamental
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components in iy and iy for the control strategy without
compensation. Meanwhile, the imbalance led by the series
20mH inductor (right in Fig. 8(a) and (b)) is not that large. After
compensation, the fundamental components in iy and i, are

_—i —

g

e

balanced and the 5th and 7th order harmonics are suppressed to
nearly zero for all three conditions. Then, the effectiveness of
phase current balancing is testified.

—~ 6 —_ —
< 4 < <
2 i 2] Z
§ ? 5 5
g 01 g g
Qo o o
o 2 5 2
2 s 2 2
£ -4 w/o comy with comy £ -4 / ith £ / ith com
= P p. p. = 6 w/o comp. with comp. & w/o comp. w p.
Time (0.1s/div) Time (0.1s/div) Time (0.1s/div)
(2
4 4
3 m i, W/o comp. 0.2 mi,wo 0.2 4 m i, w/o comp. 0.2
g 1 B i, w/o comp. 0.1 g 31 B i, w/o comp. 0.1 < 3 8 iyw/o comp. 0.1
D 2 | i, with comp. 0 B 2 4 m i, with comp. 0 \3 2 m i, with comp. 0
T o luwﬁhcomp et 5 7 1 O iy with comp. ¥ 5 7 =1 ® igwith comp. 7 5 4
o MY o L S e S IR - A e S —
1 3{5 719 11 13 15 1 345 719 11 13 15 1 345 719 11 13 15
Harmonic order Harmonic order Harmonic order
(b)
s > w/o comp. with comp. = w/o comp. with comp.
2 R 2 2
2 O MWW = 5 o MMM
= . = = )
A Lo bt — Ly 2 I
52 A S ’ s A §
REU T B — Iy o —
= w/o comp. with comp. A A
Time (0.1s/div) Time (0.1s/div) Time (0.1s/div)
(©
04 — 0.4 0.4 p
> L, W/0 comp. —_ = i, w/ocomp. —~ m i, w/o comp.
< 03 B i, w/o comp. < 034 g i, W/o comp. < 031 o i, W/o comp.
~ 0.2 L] ixr-W?th comp. £ 0.2 1 W i, with comp. 202 A B i, with comp.
=~ 0.1 h O i, with comp. <01 _a h ® i, with comp. ~ 01 4 h o i, with comp.
0 L e S S A A S 0 il T ey 0 A — e

0123456 789101112131415
Harmonic order

0123456 7389101112131415
Harmonic order

(d)

01234567 89101112131415
Harmonic order

Fig. 8 Experimental comparison of control strategies illustrated in Fig. 7 (without compensation) and Fig. 4 (with compensation) under three different asymmetric
conditions, original test PMSM (left), a series 3.3Q resistor in Phase A (middle) and a series 20mH inductor in Phase A (right). (a) Waveforms of phase currents;
(b) Spectrum analysis of currents in Phase A and U; (c) Waveforms of rotating currents in Xy subspace; (d) Spectrum analysis of rotating currents in Xy subspace.

Fig. 8(c) and (d) show rotating current waveforms of currents
in xy subspace (iy;, i,,) and spectrum analysis under three
conditions, respectively. For the original test PMSM without
compensation for asymmetric impedances and harmonics (left),
the DC component and 6th harmonics appear in iy, and i,,. On
the other hand, the series 3.3Q resistor in Phase A (middle)
leads to an additional large DC component, 2nd harmonics in
Iy and iy,.. Similarly, the series 20mH inductor in Phase A
results in a relatively small DC component and 2nd harmonics
in iy, and i, since the value of the additional 20mH inductor
is in a small order of magnitude. After compensation, the
fundamental component, 2nd and 6th harmonics are
significantly suppressed to nearly zero by the compensation
strategy functioned in xy subspace.

Fig. 9 presents the difference of the fundamental components
between i, and iy for the control strategies illustrated in Fig. 7
(without compensation) and Fig. 4 (with compensation) under
different speeds with i;=-3A and different loads (i;) at the
speed of 20 r/min, with a series 3.3Q resistor in Phase A. The
compensation strategy can offer a good phase current balancing

performance at different speeds and loads.

3 2
< 25 —=—w/0 comp. < === w/0 comp.
Z 27 —==with comp = 159 ——with comp. .
Z 15t Oz
< b Z 17
BRI | !‘\.\ =
= 05 2 05 -
Z 0 <
305t =0
-1 T T -0.5 T T
10 20 30 40 -1 -2 -3 -4
Speed (r/min) i, (A)
(a) (b)

Fig. 9 Difference between Phase A and Phase U currents concerning
fundamental component under the condition of a series 3.3Q resistor in Phase
A. (a) Different speeds at i;= -3A. (b) Different i, at the speed of 20 r/min.

With a series 3.3Q resistor in Phase A, the dynamic
performance of torque response for the compensation strategy
(Fig. 4) with i; changing from -1A to -3A at the speed of 20
r/min is shown in Fig. 10. Fig. 11 illustrates the dynamic
performance of speed response for the compensation strategy
(Fig. 4) with speed changing from 10 to 30 r/min at i;=-3A
under the condition of a series 3.3Q resistor in Phase A. From
Fig. 11(b), phase currents experience a smooth transient.
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@

Phase currents (A)

Time (1.0s/div)

(b)
Fig. 10 Dynamic performance of torque response for the compensation strategy
with g-axis current changing from -1A to -3A under the condition of a series
3.3Q resistor in Phase A. (a) q-axis current. (b) Phase currents.
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Time (0.2s/div)

Time (0.2s/div)
(b)
Fig. 11 Dynamic performance of speed response for the compensation strategy
with speed changing from 10 to 30 r/min under the condition of a series 3.3Q
resistor in Phase A. (a) Speed. (b) Phase currents.

VI. SIMULATION VALIDATION OF GENERALIZED
DECOMPOSITION MODEL

A. Validation of Model Considering Impedance Asymmetries
and Practice of Compensation Capability Analysis

To validate the model considering impedance asymmetries,
a simulation platform using the same parameters as the
experimental results is established. In the simulation platform,
the ideal machine and the ideal inverter are built. In the
simulation, The PIR controllers in oaff subspace are
implemented to assure the control performance of currents on
d-axis and g-axis, while no control is allocated in xy subspace.
Setting iy = 0, iy = —3A, uy = 0, u;, = 0 and the speed of 20
r/min, the model is tested under three conditions, partially

coupled mutual inductances, fully coupled mutual inductances
and a series 3.3Q resistor in Phase A, fully coupled mutual
inductances and a series 20mH inductor in Phase A,
respectively. The currents in Xy subspace are shown in Fig. 12.

Under the condition of partially coupled mutual inductances,
the voltage-current equation on x-axis and y-axis in (29) can be
rewritten as

. diﬁ di,
Uy =RSILX+L4.E+(L5+L0).E

_ di, diy (40)
Uy =Rs'ly+L4'E+(L5+L0)'E

Substitute iy = 0, i; = —3A and u, = u, = 0 into (40), the
amplitudes of i, and i, are the same, which are 0.017A. It is
calculated from Fig. 12(a) that the amplitudes of fundamental
components of i, and i,, are 0.015A and 0.017A, respectively.

Then, the model regarding mutual inductances is verified.
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Fig. 12 Simulation result of current in xy subspace. (a) Partially coupled mutual
inductances. (b) Fully coupled mutual inductances and a series 3.3Q resistor in
Phase A. (c) Fully coupled mutual inductances and a series 20mH inductor in
Phase A.

Under the condition of fully coupled mutual inductances and
a series 3.3Q resistor in Phase A, the voltage-current equation
on x-axis in (29) can be rewritten as
AR, . AR, . di
T'la‘l‘ (T+Rs)'lx+Lad—;.
The amplitude of i,, can be derived, which is 0.75A, confirmed
with the amplitude of i), in Fig. 12(b) (around 0.75A).
Under the condition of fully coupled mutual inductances and
a series 20mH inductor in Phase A, the voltage-current equation
on x-axis in (29) can be rewritten as
AL, di, AL, di,
4. 4Ly =X
3 dar ( 3 " 2 dt

(41)

u, =

w, = Ry iy + (42)
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The amplitude of i, can be calculated as 0.20A which is nearly
the same as the amplitude of i, in Fig. 12(c). Then, the model
considering impedance asymmetries is validated quantitatively
in this simulation.

Furthermore, an example of the compensation capability
analysis under the condition of a series 3.3Q resistor in Phase
A at the speed of 20 r/min is explained. Substitute (34) with
iy = 0 and ideal machine parameters into (40) and (32), the
boundary conditions in (33) can be plotted as Fig. 13 which
shows that the system has the compensation capability
regarding the series 3.3Q resistor in Phase A, when the g-axis
current is between -29.8A (lower limit) and 19.1A (upper limit).
If the g-axis current is out of this range, the drive system cannot
compensate the series 3.3Q resistor in Phase A, restricted by the
DC link voltage. Then, the boundary is tested in simulation. In
Fig. 14, i,=-29.8A is set and currents are well regulated and
balanced, as shown in Fig. 14(a). From Fig. 14(b), the duty
cycles are close to the saturation limit, validating the boundary
described in Fig. 13. When i, is out of the compensation area,
as set to -32A shown in Fig. 15, the duty cycles are saturated
and the compensation performance of unbalanced phase
currents are affected.

Following the same rules, the lower and upper limits of g-
axis currents can be derived at different speeds, shown in Fig.
16. Since the speed determines EMF and voltage drops on
inductances, the compensation area is affected.

! Lower limit Upper limit}
1 298
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amt \ ]
- / Set 2
E 3141 ¢ Compensation Area |
wa \

1.57F
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iy (A)
Fig. 13 Compensation capability under the condition of a series 3.3Q resistor
in Phase A at the speed of 20 r/min.
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‘ Time (0.25/div)‘
(b)
Fig. 14 Simulation results of i;= -29.8A at the speed of 20 r/min under the
condition of a series 3.3Q resistor in Phase A. (a) Phase currents. (b) Duty cycle
of each phase.
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Fig. 15 Simulation results of i;= -32A at the speed of 20 r/min under the
condition of a series 3.3Q resistor in Phase A. (a) Phase currents. (b) Duty cycle
of each phase.

B. Validation of Conversion of 0°-AD Dual 3-ph PMSMs to
60°-AD Machine Topology in Control Loop

In this part, the conversion of 0°-AD dual 3-ph PMSM to
60°-AD machine topology in the control loop described in Fig.
2 is validated in simulation. The 0°-AD dual 3-ph PMSM with
fully coupled mutual inductances is built in simulation with the
parameters listed in Table I. The DC link voltage is set to 250V
as well. The machine operates with PI current controllers in aff
subspace and iz = 0, iy = —3A, rotating at the speed of 20
r/min. The conversion performance is shown in Fig. 17. The
currents sampled from 0°-AD dual 3-ph PMSMs in Fig. 17(a)
is converted to equivalent current in 60°-AD dual 3-ph PMSMs
shown in Fig. 17(b). The phase voltages generated from current
controllers are shown in Fig. 17(c), which are then converted
back to phase voltages in 0°-AD dual 3-ph PMSM.
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-40
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Fig. 16 Lower and upper limits of g-axis currents under the condition of a series
3.3Q resistor in Phase A at different speeds.

VII. CONCLUSION

In this paper, the conversion of currents and voltages makes
0°-AD dual 3-ph PMSMs controlled in the equivalent machine
model of 60°-AD dual 3-ph PMSMs. Then, a generalized
decomposition model of 0°, 30°, and 60°-AD dual 3-ph PMSMs
is formed, which solves the coupling of mutual inductances
between phases from two sets, respectively, which are the
barrier for two-set separate modelling.

It is noted that asymmetric impedances commonly existing
in drive applications of dual 3-ph PMSMs cause unbalanced
phase currents and can be well regulated in the generalized
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decomposition model. Then, the generalized decomposition
model is optimized considering impedance asymmetries.
Through this model, the compensation capability of impedance
asymmetries restricted by DC link voltage is derived. It
indicates whether the drive system has the capability to fully
compensate the impedance asymmetries at a given torque or
current requirement.

Furthermore, the compensation strategy using PIR
controllers can balance phase currents caused by asymmetric
impedances effectively. The experimental results validate the
decomposition model and the phase current balancing
performance of compensation strategy. Additionally,
complementary simulation results proof the developed model
and the conversion of 0°-AD dual 3-ph PMSMs.
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Fig. 17 Simulation results of conversion of 0°-AD dual 3-ph PMSM:s to 60°-
AD machine topology with reference to Fig. 2. (a) Phase currents in 0°-AD dual
3-ph PMSMs. (b) Phase currents in 60°-AD machine topology in control loop.
(c) Phase voltages in 60°-AD machine topology in control loop. (d) Phase
voltages of 0°-AD dual 3-ph PMSMs.
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