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ABSTRACT This paper investigates the effects of rotor-position-dependent spatial harmonics on voltage
and current prediction in dual three-phase permanent-magnet synchronous motors (PMSMs) under two
current-control strategies. A simplified machine model retains the operating-point-dependent magnetic-
saturation state and average inter-set coupling but neglects the spatial harmonics of the inductance and
permanent-magnet flux linkage. Analysis of the voltage equations shows that parameter averaging removes
nonfundamental voltage components arising from the rotor-position-dependent inductance and PM flux-
linkage variations. Under two individual current control, these omitted voltage components excite harmonic
currents in both winding sets, causing substantial current-harmonic prediction errors. Under vector space
decomposition (VSD) current control, the dominant harmonic currents are actively suppressed in the DZQZ
subspace, and omission of the same voltage sources instead leads to underestimation of the harmonic
controller-voltage demand. To isolate the effects of spatial harmonics, the simplified and detailed models are
constructed from identical finite-element-analysis-based parameters obtained using the frozen-permeability
method. Simulation and experiments using a prototype dual three-phase PMSM show that the simplified
model substantially underestimates the dominant current harmonics under two individual current control
and the harmonic voltage demand under VSD current control. These results demonstrate that the prediction
limitations caused by spatial-harmonic omission depend strongly on the applied current-control strategy.

INDEX TERMS Dual three-phase, permanent magnet synchronous motor (PMSM), two individual control,
vector space decomposition (VSD), spatial harmonics, inter-set coupling.

I. INTRODUCTION
Dual three-phase permanent-magnet synchronous motors

[4], [5]. In asymmetrical DTP-PMSMs, the winding sets
are typically displaced by 30° electrical to suppress specific

(DTP-PMSMs) employ two isolated three-phase winding sets
supplied by independent voltage-source inverters. Compared
with conventional three-phase machines, they offer reduced
phase-current ratings [1], enhanced fault tolerance, and
improved system reliability [2], making them attractive
for high-power and safety-critical propulsion systems [3],
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magnetomotive-force harmonics [6], [7]. Although the two
sets are electrically isolated, they share the same magnetic
circuit. Consequently, the current in one set affects the flux
linkage and voltage of the other through inter-set magnetic
coupling, which can increase voltage and current distortion
and degrade drive-system performance [8], [9].

Simplified machine models based on rotor-position-
averaged inductance and permanent-magnet (PM) flux-
linkage parameters are widely used because of their simple
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structure and low computational burden [10], [11]. They are
particularly useful for preliminary motor design, controller
development, and system-level simulation. By retaining the
dc components of the inductance and PM flux linkage,
these models can represent the operating-point-dependent
effects of magnetic saturation and average inter-set coupling.
However, parameter averaging removes the rotor-position-
dependent spatial harmonics and their associated nonfun-
damental voltage-source terms. This omission can cause
errors in predicting both current harmonics and the harmonic
voltage demand, defined as the nonfundamental controller
voltage required for current-harmonic suppression.

To improve prediction fidelity, FEA-based flux-linkage
and inductance models have been developed for conven-
tional three-phase PMSMs by accounting for magnetic
saturation, spatial harmonics, and iron-loss effects [12].
These approaches have been extended to DTP-PMSMs
through multidimensional flux maps and nonlinear current-
or flux-based formulations that additionally account for
cross-saturation and inter-set magnetic coupling [13],
[14], [15]. Subspace decomposition, reduced-dimensional
look-up tables, and partial linearization have also been
introduced to reduce the associated computational and
memory requirements [16]. These studies have primarily
aimed to reproduce nonlinear and rotor-position-dependent
electromagnetic behavior with improved accuracy and
computational efficiency.

Spatial-harmonic-aware models have also been applied
to control and motor design. A design-oriented study
quantified the harmonic voltage demand under vector space
decomposition (VSD) control and incorporated it into
geometry design to improve voltage utilization [17]. Model-
free and observer-based predictive current-control methods
have instead mitigated modeling errors by estimating or
compensating for lumped disturbances [18], [19]. These stud-
ies demonstrate the practical importance of spatial-harmonic
effects or improve robustness against them, but they either
retain or compensate for the resulting disturbances without
explicitly identifying the individual voltage-source terms
removed by parameter averaging.

The unresolved issue is not simply whether retaining
spatial harmonics improves prediction accuracy, but how their
omission affects different current-control strategies. Under
two individual current control, the omitted nonfundamental
voltage components primarily appear as current-harmonic
prediction errors, whereas under VSD current control,
suppression of the corresponding DZQZ currents shifts
their effect to harmonic controller-voltage demand. Rather
than proposing another high-fidelity machine model, this
study uses a detailed model as a reference to identify the
voltage-source terms omitted by the simplified model and to
clarify the resulting control-dependent error mechanisms.

To clarify this control-dependent mechanism, this paper
compares simplified and detailed models constructed from
identical finite-element analysis (FEA)-based parameters
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obtained at the same operating point and frozen-permeability
state. The models differ only in whether the rotor-position-
dependent spatial harmonics are retained, thereby isolating
the effect of spatial-harmonic omission.

The main contributions of this paper are as follows:

+ The nonfundamental voltage-source terms generated
by rotor-position-dependent inductance and PM flux-
linkage harmonics, but omitted by the simplified model,
are mathematically identified.

o The control-dependent mechanisms by which these
omitted terms produce current-harmonic errors under
two individual current control and harmonic-voltage-
demand errors under VSD current control are analyti-
cally clarified.

o The resulting prediction errors are quantitatively eval-
uated through simulation and experiments using a
prototype DTP-PMSM.

The remainder of this paper is organized as follows.
Section II presents the FEA- and frozen-permeability-based
parameter-extraction method. Sections III and IV analyze
the limitations of the simplified model under two individual
current control and VSD current control, respectively.
Section V presents the experimental validation, and
Section VI concludes the paper.

Il. INDUCTANCE AND PM FLUX-LINKAGE MODELS
CONSIDERING MAGNETIC SATURATION, SPATIAL
HARMONICS, AND INTER-SET COUPLING

This section presents the mathematical models and FEA-
based extraction procedure for the inductance and permanent-
magnet (PM) flux-linkage parameters used in the subsequent
analyses. To clarify the physical effects represented by
these parameters, magnetic saturation, spatial harmonics, and
inter-set magnetic coupling are distinguished according to
their respective roles.

Magnetic saturation determines the operating-point-
dependent permeability distribution established by the
applied currents. Within the resulting magnetic state, spatial
harmonics describe the rotor-position-dependent variations
of the inductance and PM flux linkage caused by slotting,
winding and PM magnetomotive-force distributions, air-gap
permeance variation, and local saturation. Inter-set magnetic
coupling describes the influence of the current in one winding
set on the flux linkage and voltage equation of the other set.

Based on these distinctions, two parameter models
are defined using the same FEA-extracted data. The
detailed model retains the complete rotor-position-dependent
inductance and PM flux-linkage waveforms, whereas the
simplified model uses only their rotor-position-averaged
components. Because both models are derived from the
same operating-point-dependent permeability distribution,
they preserve the same magnetic-saturation state and aver-
age inter-set coupling. Their only difference is therefore
whether the rotor-position-dependent spatial harmonics are
retained.
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FIGURE 1. Cross section of the 8-pole/48-slot DTP-IPMSM base model.

TABLE 1. Specifications of the motor.

Item Unit Value
Poles / slots - 8/48
Winding-set displacement ° 30
Stator diameter mm 150
Stack length mm 75
Air-gap length mm 0.5
Fill factor % 40
Phase resistance Q 0.075
Core material - 50PN470
Residual induction at 100 °C T 1.2
DC-link voltage \% 200
Switching frequency kHz 10

A. FEA MODEL AND NUMERICAL CONDITIONS
The base machine used for the parameter extraction is shown
in Fig. 1, and its specifications are listed in Table 1.

A two-dimensional magnetostatic FEA model was used for
the nonlinear loaded and frozen-permeability analyses. The
nonlinear magnetic properties of S0PN470 electrical steel
were defined using the manufacturer-provided B—H data. The
nonlinear solution was obtained using the Newton—Raphson
method with a maximum of 15 iterations and a convergence
tolerance of 1073,

The air-gap region was divided into three radial layers and
180 equal circumferential divisions over half a mechanical
pole pitch. The maximum element size in the air-gap and
iron-core regions was 0.5 mm.

One electrical period was sampled using 181 rotor
positions, including coincident endpoints. This provides
180 intervals of 2° electrical, corresponding to
0.5° mechanical.

B. FROZEN-PERMEABILITY-BASED PARAMETER
EXTRACTION

For each operating point defined by the current magnitude I
and phase angle 8, the extraction procedure shown in Fig. 2
was performed over one electrical period to obtain the rotor-
position-dependent parameter waveforms:

1) A nonlinear loaded analysis was performed over
one electrical period by applying balanced sinusoidal
currents to both winding sets with their 30° electrical
displacement.
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FIGURE 2. FEA-based extraction procedure for the inductance and PM
flux linkage under the frozen-permeability condition.

2) The resulting elementwise permeability distribution
was frozen at each analyzed rotor position.

3) The phase-domain PM flux-linkage waveform ¥ ,;,.(6)
was extracted with all phase currents set to zero while
retaining the PM excitation.

4) The PM regions were replaced by air, and a 1-A dc
current was sequentially applied to each phase while
the other phase currents were set to zero. The frozen
permeability distributions were retained throughout the
inductance extraction.

Because the relative permeability of the PM material is
close to unity, replacing the PM regions with air removes the
remanent-magnetization source with only a negligible change
in magnetic reluctance.

Let

P ={a1, b1, c1,a2, by, 2} (nH

denote the set of six phases. When phase k € P is excited,
the inductance between phases j and & is obtained as

17(0)
Li(0) = At
DC

Ipc=1A, )

where A/(.k) (@) is the flux linkage of phase j produced by the dc
current applied to phase k. Repeating the excitation for all six
phases yields the complete phase-domain inductance matrix

Labe(0) = [Lix®)]; 4 opp € RO 3)

Thus, six excitation analyses provide all self- and mutual-
inductance components at each rotor position. Representative
phase-domain inductance and PM flux-linkage waveforms
are shown in Fig. 3. Owing to phase symmetry, only the
parameters associated with phase a; are presented.
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FIGURE 3. FEA-based phase-domain parameters. (a) Self- and mutual
inductances with 120° phase displacement. (b) Mutual inductances with
30° and 150° phase displacement. (c) Mutual inductance with 90° phase
displacement. (d) PM flux linkage.

C. SPATIAL-HARMONIC REPRESENTATION AND LUT
IMPLEMENTATION

For the considered winding configuration, the phase-domain
PM flux linkage is represented as

wEe = > wgsin(he +a§),

h=1,3,5,...

peP. 4

where w;’ and oef; denote the amplitude and phase angle of the
hth PM flux-linkage harmonic of phase p, respectively.

The inductance components associated with phase a; are
represented as

L@ =10+ Y Lhsin (b0 +al) 5)
heH,

where « classifies the inductance component according to
the electrical phase displacement between the corresponding
windings. Here, L0 Lh and ah denote the dc component,
harmonic amphtude, and phase angle, respectively. The
component indices are defined as

K € s, 120°, 30°, 150°, 90°}, )

corresponding t0 Lgay, Layby> Layasr> Layby, and Ly,
respectively.
The corresponding harmonic-order sets are

Hs = Hi200 = H3zoe = Hisoe =1{2,4,6,...},
Hoge = {2,6,10,...}. 7)

For the mutual-inductance component with a 90° phase
displacement,

LY = 0. ®)
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The harmonic representations in (4)—(7) are introduced
only to describe the parameter variations mathematically and
to support the analytical derivations in Sections III and IV.
In the time-domain simulations, the detailed model directly
uses the FEA-extracted rotor-position-dependent parameter
waveforms through periodic one-dimensional look-up tables
(LUTs) with linear interpolation, whereas the simplified
model uses their rotor-position-averaged components.

Because the objective of this study is to analyze the
control-dependent effects of spatial harmonics rather than
to implement the model in a real-time controller, this one-
dimensional LUT representation is sufficient and introduces
only a modest computational burden. No explicit harmonic
truncation is applied in the simulations because the sampled
parameter waveforms are used directly. The 181 rotor-
position samples provide 180 intervals over one electrical
period, with a resolution sufficient to represent the dominant
sixth- and twelfth-order harmonics considered in this study.

IIl. CURRENT-HARMONIC PREDICTION ERRORS UNDER
TWO INDIVIDUAL CURRENT CONTROL

This section identifies the spatial-harmonic voltage sources
omitted by the simplified model and explains how their
omission causes current-harmonic prediction errors under
two individual current control.

A. COORDINATE TRANSFORMATION AND VOLTAGE
EQUATION

The six phase variables are transformed into two individual
synchronous dq reference frames using the amplitude-
invariant Park transformation:

Xdg,12 = Tp(0)Xapc, 12, 9
where

T
Xdg,12 = (Xa1 Xq1 Xa2 Xg2) " .

T
Xabe,12 = (Xal Xp1 Xel Xa2 Xp2 Xe2) (10)

Here, 6 denotes the electrical rotor position. The transforma-
tion matrices are provided in the Appendix.

Let i denote the winding set under consideration and j the
other set, where i, j € {1, 2} and i # j. The voltage of winding
set i is decomposed into self-related and inter-set coupling
components as

Vi =V; +V;, (11)

where v; is associated with the current and PM flux linkage
of winding set 7, and v{ is induced by the current of winding
set .

The self-related voltage component is

Vi — R, () + d (Laiigi + Yai
Vbqi lqt dt Lqiiqi'i‘qu

iigi =V
+ qilqi qz) ’ 12
Ve ( Laiigi + Vai (12)

VOLUME 14, 2026
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where R; is the phase resistance, w, is the electrical angular
speed, Ly; and Ly, are the self-inductances, and ¥4 and vy
are the PM flux linkages.

The inter-set coupling voltage is

Ve, d (Myiz —M iy
T dldj q'qi 13
(V;i) dt (Mqiqi) o ( Maiq; ) ’ (1

where My and M, are the inter-set mutual inductances.
Expanding (12) and (13) gives

dig; diy
vdi = Rgigi + Lai—— o +Mdz+edz,
digi diy
Vgi = Rsigi + Lgi—— 0 +M;—= o + eqi (14)

where ey; and ey; collect the induced-voltage terms excluding
the current derivatives.

B. SIMPLIFIED MODEL
Based on the amplitude-invariant Park transformation in the
Appendix, the averaged PM flux linkages are

wdl - ‘(// Sln ( ! ) )
0 1 1
Vgi = — Vg, cos (%1) , (15)
where Ilfgl and aél are the amplitude and phase angle of

the fundamental PM flux-linkage component of phase ai,
respectively.
The averaged self-inductances derived from (5) are

L =10 1% + %Lf sin (o)
+ lezoo cos (a122oo + %) )
L= 10— Ly, — 517 sin (o?)
— LIZZOO cos ((x%mo + %) . (16)
The winding-set displacement is
§= s a7

For compact notation, define M 0 and M? as the dc
contributions in the synchronous dg frame originating from
the phase-domain zeroth- and second-order components,
respectively:
MO = Lgoo cosé — L?SOO sin (8 + %)
0 T
+ Lgge sin (6 — —) ,
6
1 .
M? = §L3200 sin (8 + ot%oo)
I 5 . 5 2
+ ELISOO sin{$ + alsoo + ?
1 2
+ 2L900 sin{ 8+ agoo -3 ) (18)
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The averaged coupling inductances are therefore

My=M"+M>,  M)=M"—M" (19)

Because the retained parameters are constant in the
synchronous reference frames, their derivatives vanish. The
induced-voltage terms become

e;llmp —W, (LO igi + M° lq] + 1// ) ,
en™ = o, (Lyiai + MYia + 0§ (20)

Thus, the simplified model retains only the speed-induced
voltages associated with the averaged self-inductances,
coupling inductances, and PM flux linkages.

C. SPATIAL-HARMONIC VOLTAGE SOURCES RETAINED IN
THE DETAILED MODEL

The detailed model retains the rotor-position-dependent FEA
parameters. As shown in Fig. 4, the self-inductances and
PM flux linkages contain dominant 6k-order components,
whereas the inter-set coupling inductances contain dominant
12k-order components.

These parameters are expressed as

Lag®) =L3,+ ZLd  sin (6k9 +afk, q)
M o®) = MY, + ZM;?; sin (1266 + aj%, )

Va.q0) = ¥ gt Zxﬁd 4 Sin <6k9 + aS,’fd,q) . @D

The compact subscripts d, g denote separate expressions for
the two axes, and the superscript 0 denotes the averaged

component.
Because 6 varies with time,
dx(0) 0x(0)
dt zwea_ev xe{Ldande»Mqv wdv wq}'

(22)

Differentiation changes the amplitudes and phases but
preserves the harmonic orders. Therefore, the 6k-order
self-inductance and PM flux-linkage components generate
6k-order voltages, whereas the 12k-order coupling-
inductance components generate 12k-order voltages.

The detailed induced-voltage terms are

gt . ALgi . dMy dyg

€i ldi7+ld17+7—we (Lailgi+Myigi+Vqi) .
. dLgi . ay . :
glet = Iy dtql +1 q] I +7ql+a)e (Ldildi+Mdldj + Iﬂd,') .

(23)

Unlike (20), (23) retains both the parameter-derivative
terms and the harmonic components of the speed-induced
voltages. Fig. 5 shows the resulting 6k- and 12k-order
induced-voltage components, which constitute the harmonic
excitation omitted by the simplified model.
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harmonic spectra.

D. CURRENT-HARMONIC PREDICTION ERROR OF THE
SIMPLIFIED MODEL

To determine how the induced-voltage harmonics identified
above propagate into the current response, define

— Ryigy — egyx.
(24)

Ndx = Vdx — Rsigy — edx, Ngx = Vgx
where x € {i, j} denotes the winding-set index.
Applying (14) to both winding sets and substituting the

definitions in (24) yield the coupled current dynamics:

NT _ (Lai My dig; digj r
(77d1 ndj) = (Md Ldj) (E E ) (25)
and
. . T
) N\ Lqi Mq dlqi dlqj
(ngi ng7)” = (Mq qu) (—dl ) (26)

Solving for the current derivatives of winding set i gives

digi _ Lgjnai — Mang;
dt LgiLg; — Mﬁ '
digi _ Lgjngi — Mgngj 27)

dt Lqiqu — Mc%

The corresponding expressions for winding set j are
obtained by interchanging i and j. Equation (27) describes
how the induced-voltage harmonics originating from the
spatial harmonics give rise to harmonic current responses.
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FIGURE 5. Induced-voltage components under two individual current
control. (a) ig;dLy4; /dt and iq,-qu,-/dt. (b) weLgjig; and _("e"qiiqi'

((9) idded/dt and l'qidMq/dt. (d) weMdidi and —wquiqi. (e) dyq;/dt
and dwpq,-/dt. (f) wev4; and —weYgj-

The induced-voltage harmonics act as the harmonic exci-
tation, while the inter-set mutual inductance modifies the
resulting current response through the coupling between the
two winding sets.

Combined with the induced-voltage components identified
in Fig. 5, (27) explains the dominant current harmonics
predicted by the detailed model. In particular, the sixth-order
induced-voltage components excite sixth-order dg-current
harmonics. Through the inverse coordinate transformation,
these synchronous-frame components appear as fifth- and
seventh-order phase-current harmonics. More generally,
6k-order synchronous-frame harmonics correspond to the
6k — 1- and 6k 4 1-order phase-domain harmonics.

Based on this analytical relationship, the simplified and
detailed models were evaluated under identical control and
operating conditions to verify the predicted harmonic current
responses. The control structure shown in Fig. 6 and the
parameters listed in Table 2 were used for both models. The
switching and sampling frequencies were 10 kHz and 20 kHz,
respectively, and the current-control bandwidth was 500 Hz.

Fig. 7 compares the predicted d- and g-axis currents,
phase-a; current, and electromagnetic torque at 12.5 Amg
and B 15.7°. The detailed model predicts pronounced
sixth-order dg-current harmonics and the corresponding

VOLUME 14, 2026



Y.-N. Bae et al.: Control-Oriented Voltage and Current Estimation of Dual Three-Phase PMSMs

IEEE Access

TABLE 2. Controller parameters for two individual current control.

Parameter Symbol Design Expression  Value
Current-control bandwidth fee Sfsw /20 500 Hz
d-axis proportional gain Kp.a L%l Wee 2.24
g-axis proportional gain Ky q quwcc 4.45
d g-axis integral gain Kia.Kiq4 Rswee 182.2
R * V*
gy +Q I- Var vlil >
R - * bl o
o] Pl
= 4_@_ Pl 2> e
,'*7 v:” [qu] Vo2
o +3- " S
= %Y - Yer
X
idl,/b Vai
. Y ser1dqframe | «
g _p dl Va1

ldsz @’ sel 2 dq frame \;*2 [qu]
d2
ipy s | Dual3ph PMSM v
= Voltage Equation =

FIGURE 6. Two individual current-control structure used to compare the
simplified and detailed models.

TABLE 3. Dominant current harmonics predicted by the simplified and
detailed models.

Model ot It ia iy
Sth  7th  6th  6th

Simplified  0.11 0.11 0.21 0.07
Detailed 253 248 499 020

Current amplitudes are given in amperes.

fifth- and seventh-order phase-current harmonics, whereas
these components are largely absent in the simplified model
due to the omission of the spatial-harmonic-induced voltage
components. As summarized in Table 3, the fifth- and
seventh-order phase-current amplitudes are 2.53 and 2.48 A
in the detailed model, compared with 0.11 A for both in
the simplified model, while the sixth-order d-axis current
increases from 0.21 to 4.99 A. These results confirm
that the spatial-harmonic-induced voltage components are
essential for accurately predicting the dominant current
harmonics under two individual current control. Although
Fig. 7(d) shows a difference in torque ripple, the fifth-
and seventh-order current harmonics do not produce a
net sixth-order torque ripple because of the 30° elec-
trical displacement between the two winding sets. The
remaining torque-ripple difference is mainly attributed to
the twelfth-order component associated with the 11th- and
13th-order current harmonics, which is beyond the primary
harmonic components considered in this study.

IV. HARMONIC-VOLTAGE-DEMAND PREDICTION
ERRORS UNDER VSD CURRENT CONTROL

This section identifies the spatial-harmonic voltage sources
omitted by the simplified model and explains how their
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FIGURE 7. Predictions of the simplified and detailed models under two
individual current control at 12.5 Arms and B = 15.7°. (a) d-axis current.
(b) g-axis current. (c) Phase-a; current. (d) Electromagnetic torque.

omission causes harmonic-voltage-demand prediction errors
under VSD current control.

A. VSD TRANSFORMATION, HARMONIC SEPARATION,
AND VOLTAGE EQUATION

Under VSD current control, the six phase variables are
decomposed into the torque-producing DQ subspace and the
harmonic DZQZ subspace as

xvsp = Tvsp(@)Xape, 12, (28)
where
T
Xvsp = (xp xg xpz xqz) .
T
Xabe, 12 = (Xal Xb1 Xel Xa2 Xp2 Xe2) (29)

Here, 6 denotes the electrical rotor position. The amplitude-
invariant transformation matrix is provided in the Appendix.
The zero-sequence components are excluded because the two
winding sets have isolated neutral points.

For the 30° winding-set displacement, the VSD trans-
formation separates the synchronous-frame harmonics as
derived in the Appendix:

DQ: 0, 12k, k=1,2,3,...,
DZQZ : 6¢, ¢=1,3,5,.... (30)
The corresponding flux linkages are
Apz = Lpzipz + ¥z,  AQz = Lozigz + ¥oz.  (31)

Excluding the coupling between the DQ and DZQZ
subspaces introduced in Subsection IV-C, the voltage
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equations are

vp\ ip i AD _)‘Q
()= (o) + & (o) e (5)- e
and
vDZ Dz d (ipz —AQz
=R|. — . 33
(VQZ) * (’QZ) T (KQZ) o ( Apz ) 33

B. SIMPLIFIED MODEL
The simplified VSD model retains only the rotor-position-
averaged FEA parameters in (21), thereby preserving the
operating-point-dependent saturation and average inter-set
coupling while excluding spatial harmonics.

Applying the VSD transformation to the zeroth-order
inductance components gives

Ly =Ly+Mj, L)=L)+M)
L, =L —-M), L& =L)—M). (34)

Similarly, the zeroth-order PM flux-linkage components

are transformed as

Yp=v9. vy =
Ypz =0, ¥, =0. (35)
Consequently, the simplified model neglects the rotor-

position-dependent inductance and PM flux-linkage compo-
nents and their associated nonfundamental voltages.

C. SPATIAL-HARMONIC VOLTAGE SOURCES RETAINED IN
THE DETAILED MODEL
The detailed model retains the rotor-position-dependent
parameter harmonics in (21). Applying the harmonic sepa-
ration in (30) gives
Lp(0) = Lg + Mg + La,12¢(6) + Ma,12(6),
Lo(0) = L) + M) + Ly 12(0) + My, 12 (6),
Lpz(0) = Ly — Mg + La,12¢(0) — Ma,124(0),
Loz(0) = L) — My + Ly 1ok (0) — My 124 (0).  (36)
where Ly 12¢(0) and M, 121(9), with i € {d, g}, denote the

sums of the corresponding 12k-order components.
The PM flux-linkage components are similarly obtained as

Yp(0) =Yg + Yaau®). Vo) =V + Vg 12(6),

Ypz(8) = Va,60(0), VQz(®) = ¥ge6e®).  (37)
where v, 12x(9) and 1, 6¢(f) denote the sums of the
corresponding harmonic components. The 6¢-order PM
flux-linkage components in the DZQZ subspace therefore
generate the associated nonfundamental voltage components.

The 6f¢-order self-inductance components appear as
cross-subspace coupling terms:

Lozp® = > L sin (660 +afy),
€=1,3,5,...

Lazo® = > Lsin(660+af,). @9
£=1,3,5,...
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FIGURE 8. Rotor-position-dependent parameters in the VSD reference
frame. (a) Inductance waveforms. (b) PM flux-linkage waveforms.
(c) Inductance harmonic spectra. (d) PM flux-linkage harmonic spectra.

The first and second subscripts denote the flux-linkage and
current axes, respectively, and the reverse coupling terms are
identical by inductance reciprocity.

Fig. 8 shows the transformed parameters and their har-
monic spectra. The inductances Lp, Lg, Lpz, and Loz contain
dominant 12th-order components, whereas Lpz, p and Loz, o
contain dominant sixth-order components. Similarly, the PM
flux linkages contain dominant 12th-order components in
the DQ subspace and sixth-order components in the DZQZ
subspace.

The coupling inductances in (38) generate additional
DZQZ voltages from the DQ currents:

C d . _ .
(VPZ) -2 (LDZD’.D) + ( LQZ’Q.‘Q) D)

Voz dt \Lqz,0ig Lpz.pip
Because these coupling inductances contain 6£-order compo-

nents, both terms in (39) generate 6£-order DZQZ voltages.
The total DZQZ voltages of the detailed model are

"dDeé vDZ VL
det =Q )+QW), (40)
vQZ QZ QzZ

where vpz and vz are defined in (33).

Therefore, the detailed model retains two principal
6¢-order DZQZ voltage sources: the PM flux-linkage har-
monics in (37) and the cross-subspace coupling voltages
in (39). For the considered machine, the sixth-order compo-
nents are dominant. Both sources are removed by parameter
averaging.
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(b)

FIGURE 9. Equivalent circuits of the harmonic subspace including the
coupling voltages between the DQ and DZQZ subspaces. (a) DZ-axis
equivalent circuit. (b) QZ-axis equivalent circuit.

Inverter side

D. HARMONIC-VOLTAGE-DEMAND PREDICTION ERROR
OF THE SIMPLIFIED MODEL
Fig. 9 shows the DZ- and (QZ-axis equivalent circuits
including the PM-induced and cross-subspace coupling
voltages identified above.

The PM-induced voltage is

epz) _ 4 (Vpz —¥qQz
<€QZ) Cdr (WQZ) o ( Yz ) ' @D

Under VSD current control, the resonant controllers
suppress the sixth-order DZQZ currents. For the following
analytical approximation, the sixth-order residual currents
and their resistive and inductive voltage drops are assumed
to be small, and inverter nonlinearities, such as dead time
and semiconductor voltage drops, are neglected relative to
the motor-side harmonic voltage sources. Accordingly, the
required sixth-order voltage command is approximated as

V;;geé €DZ,6 Dz.6

) () 4 (22),

VQZ,G €QZ.,6 VQZ,6
where the superscript * denotes the controller voltage
command and the subscript 6 denotes the sixth-order
synchronous-frame component.

Because the simplified model does not retain the
sixth-order spatial-harmonic voltage sources, the predicted
sixth-order DZQZ voltage demand is negligible.

The sixth-order synchronous-frame components corre-
spond to the fifth- and seventh-order phase-domain com-
ponents. Under two individual current control, the omitted
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TABLE 4. Controller parameters for VSD current control.

Parameter Symbol Design Expression  Value
Current-control bandwidth fee Jsw /20 500 Hz
D-axis proportional gain K».p Liwee 3.20
Q-axis proportional gain Ky 0 Lpwee 741
DZ-axis proportional gain Ky Dz LY 7 Wee 1.62
QZ-axis proportional gain Ky .qz LQchc 1.21
D,Q-axis integral gain Ki p,Ki 0 Rswee 182.21
DZ,0Z-axis resonant gain K, pz.K, qz 5Rwec 911.06
i; > v:. Var
> v,
i* 3 v* Zil N abel
q L®_ » P1 ¢ - vil
it =0 v vsD Va2 .
£ '(8_’- s v_*,’ Vabeo|
. - v Yyl 2
+5=
a_p Vs
. B aff sub-space |
Ym a Yy

. 2
i p 2152 sub-space v;: [Tisp]
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Voltage Equation |——

e
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FIGURE 10. VSD current-control structure used to compare the simplified
and detailed models.

spatial harmonics primarily result in current-harmonic pre-
diction errors, whereas under VSD current control, active
suppression of the corresponding DZQZ currents shifts their
effect to the controller-voltage demand.

To evaluate this effect, the simplified and detailed
models were implemented under identical control and
operating conditions using the VSD control structure in
Fig. 10 and the parameters in Table 4. The switching
and sampling frequencies were 10 kHz and 20 kHz,
respectively, and the current-control bandwidth was 500 Hz.
The proportional-resonant controllers in the DZQZ subspace
were tuned to the sixth-order synchronous-frame component
as

w;y = 6w,. (43)

Fig. 11 compares the predicted DZ- and QZ-axis voltage
commands, phase-a; voltage, and electromagnetic torque
at 12.5 A and B = 15.7°. The detailed model
predicts pronounced harmonic voltage commands required
to suppress the spatial-harmonic-induced currents, whereas
the simplified model substantially underestimates this voltage
demand and the resulting phase-voltage distortion.

As summarized in Table 5, the sixth-order DZ-axis voltage
increases from 0.07 V in the simplified model to 2.81 V
in the detailed model, while the seventh-order phase-voltage
component increases from 0.12 to 1.66 V. These results con-
firm that neglecting the spatial harmonics leads to substantial
underestimation of the harmonic voltage demand under VSD
current control. The torque-ripple difference between the
two models is governed primarily by higher-order current
harmonics, as discussed in Section III-D.
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TABLE 5. Dominant voltage harmonics predicted by the simplified and
detailed models.

* * * *
Model Val Val Vpz Yoz

5th 7th 6th 6th

Simplified  0.31 0.12 007 0.19
Detailed 0.42 1.66 281 040

Voltage amplitudes are given in volts.

b
=3

—— Simplified model
Detailed model

—— Simplificd model
Detailed model

IS
n

DZ-axis voltage (V)
)
o

QZI—axis voltage (V)
=3
=3

i
=

0 60 120 180 240 300 360 0 60 120 180 240 300 360
Electrical angle (°) Electrical angle (°)

(a) (b)

40 Gimplified model

Detailed model

—— Simplified model
Detailed model

20

Phase voltage (V)
=]
Torque (Nm)

-20

40 . . . . . |
0 60 120 180 240 300 360 0 60 120 180 240 300 360

Electrical angle (°) Electrical angle (°)
() (d)

FIGURE 11. Predictions of the simplified and detailed models under VSD
current control at 12.5 Ayms and g = 15.7°. (a) DZ-axis voltage command.
(b) Qz-axis voltage command. (c) Phase-a; voltage. (d) Electromagnetic
torque.

FIGURE 12. Fabricated prototype motor and experimental setup for the
dual three-phase PMSM drive test.

V. EXPERIMENTAL VALIDATION

This section experimentally validates the control-dependent
prediction characteristics of the simplified and detailed
models analyzed in Sections III and IV.

Fig. 12 shows the fabricated 8-pole/48-slot asymmetrical
dual three-phase IPMSM and the experimental setup. The
test bench includes a 200-V dc-link supply, a six-phase
inverter, a LeCroy HDO4054A oscilloscope with CP150B
current probes, and a 5-kW dynamometer. The switching
and controller sampling frequencies were 10 and 20 kHz,
respectively, and the inverter current limit was 30 A.
The inverter operated without voltage saturation over the
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TABLE 6. Experimental operating points for the current-phase-angle and
speed-variation tests.

Point Speed Current Magnitude Current Phase Angle

(r/min) (Arms) ©)
1 1000 10.0 0.0
2 1000 10.0 30.0
3 1000 10.0 60.0
4 500 12.5 15.7
5 1000 12.5 15.7
6 2000 12.5 15.7

tested range, and no semiconductor voltage-drop compen-
sation was applied. Phase currents and line-to-line voltages
were measured using the current probes and oscilloscope,
respectively, with a sampling interval of 2 x 1077 s.

The six operating points are listed in Table 6. Points 1-3
correspond to current-phase-angle variation at 1000 r/min
and 10 Apys, with 8 = 0°, 30°, and 60°, whereas
Points 4-6 correspond to speed variation at 12.5 Ayg and
B = 15.7°, at 500, 1000, and 2000 r/min. Both models
use identical inverter, controller, and operating conditions,
such that their prediction differences arise only from the
treatment of rotor-position-dependent spatial harmonics.
The experimental validation covers current-phase-angle and
speed variations within the tested range; voltage-limited
field-weakening operation was not included in the present
experiments.

A. CURRENT-HARMONIC VALIDATION UNDER TWO
INDIVIDUAL CURRENT CONTROL

Figs. 13 and 14 compare the predicted and measured phase-
current waveforms and harmonic spectra for the current
phase angle- and speed-variation tests, respectively. Across
all six operating points, the detailed model predicts fifth- and
seventh-order current harmonics comparable to the measured
values, whereas these components are nearly absent in the
simplified model.

In Fig. 13, both the detailed-model and measured results
show a pronounced increase in the seventh-order current har-
monic with increasing current phase angle. Fig. 14 also shows
comparable fifth- and seventh-order harmonic amplitudes
between the detailed model and measurements over the tested
speed range. These results validate the analysis in Section III
and confirm that neglecting the spatial-harmonic-induced
voltage components leads to substantial underestimation of
the current harmonics under two individual current control.

The quantitative prediction accuracy based on the mean
absolute percentage error (MAPE) is summarized in Table 7.
For the fifth- and seventh-order current harmonics over all
six operating points, the MAPEs decrease from 99.8% and
99.6% with the simplified model to 21.3% and 23.3% with
the detailed model, respectively. These results quantitatively
confirm that retaining the spatial-harmonic-induced voltage
components substantially improves the prediction of the
dominant current harmonics under two individual current
control.
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FIGURE 15. Comparison of the voltage waveforms predicted by the simplified and detailed models with the measured voltages under VSD current control
for the current-phase-angle-variation test at 1000 r/min and 10 Arms: (a) 8 = 0°, (b) 8 = 30°, and (c) B = 60°.

B. HARMONIC-VOLTAGE-DEMAND VALIDATION UNDER harmonic amplitudes were extracted from the FFT of the
VSD CURRENT CONTROL raw voltage waveforms. The LPF outputs were used only to
Figs. 15 and 16 compare the predicted and measured line- visually compare the low-order harmonic voltage behavior

to-line voltages for the current phase angle- and speed- and the agreement between the measured and predicted
variation tests, respectively. The fifth- and seventh-order waveforms.
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FIGURE 16. Comparison of the voltage waveforms predicted by the simplified and detailed models with the measured voltages under VSD current control

for the speed-variation test at 12.5 Arms and g = 15.7°: (a) 500 r/min, (b) 1000 r/min, and (c) 2000 r/min.

TABLE 7. Mean absolute percentage errors of the dominant harmonic
predictions.

Model iq1 iq1 Valbl  Valbl
5th 7th 5th 7th

Simplified  99.8  99.6 82.9 83.6
Detailed 213 233 16.8 10.1

Across all six operating points, the detailed model
reproduces the measured fifth- and seventh-order voltage
harmonics and their variations, whereas the simplified
model substantially underestimates them. As summarized in
Table 7, the corresponding MAPEs decrease from 82.9%
and 83.6% to 16.8% and 10.1%, respectively, confirming
the importance of the spatial-harmonic voltage sources
for harmonic-voltage-demand prediction. The remaining
discrepancies may arise from measurement uncertainty,
finite FFT resolution, and unmodeled inverter nonlinearities
such as dead time and semiconductor voltage drops; the
present study instead focuses on prediction errors caused by
spatial-harmonic omission.

VI. CONCLUSION
This paper analyzed the effects of rotor-position-dependent
spatial harmonics on current and voltage prediction in dual
three-phase PMSMs under two current-control strategies.
The simplified and detailed models were constructed from
identical FEA-based parameters, with both retaining the
same operating-point-dependent magnetic-saturation state
and average inter-set coupling, while only the detailed model
retained the spatial harmonics.

Under two individual current control, the omitted
parameter-derivative and speed-induced harmonic voltage
components excite sixth-order dg-current harmonics, which
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appear as fifth- and seventh-order phase-current harmonics.
Under VSD current control, these harmonic currents are
actively suppressed in the DZQZ subspace, and the omitted
spatial harmonics instead appear primarily as harmonic
voltage demand through the DZQZ PM-induced voltages
and the cross-subspace inductive coupling. Consequently,
the simplified model underestimates the dominant current
harmonics under two individual current control and the
harmonic voltage demand under VSD current control.

Current phase angle- and speed-variation experiments
at six operating points confirmed these control-dependent
prediction characteristics. The detailed model reproduced
the measured fifth- and seventh-order current and voltage
harmonics and their variations with current phase angle
and speed, whereas the simplified model predicted only
negligible low-order harmonics. These results demonstrate
that the validity of a rotor-position-averaged machine model
depends on the applied current-control strategy and the
quantity to be predicted.

APPENDIX
COORDINATE TRANSFORMATIONS AND
HARMONIC-ORDER SEPARATION

The transformation matrix for two individual current control
is

_ (T1(0) 02x3
Te(®) = (02><3 T2(9))’ )
where
0 -z 0+
Tl(g) _ % COS COS( 3 ) COS( 3 )

3 —sin@—sin( _2_n)_sin(9+%,,) ,
(45)
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and

Ty6) = T, (9 _ Z) . (46)

6
The factor 2/3 provides amplitude-invariant scaling, and the
angular shift accounts for the 30° displacement between the
winding sets.
The amplitude-invariant VSD transformation is

1 (T1(9) T2(9))

Tvso® =3 {1 0) —Ta0) @0

where the upper and lower block rows correspond to the DQ
and DZQZ subspaces, respectively.

To derive the corresponding harmonic-order separation,
let 5§ = —m /6 denote the winding-set displacement. For a
6r-order synchronous-frame component,

xXHh(0) = 010 +8) = (=1)'x1(0),  weld g,

(48)

because 6ré = —ri.
The VSD transformation forms the common and differen-
tial components as

6r _ .6r
6r _xﬂl *u2

6r 6r
6r Kul + X2
X, dif = 3

X =

,com ) (49)

Hence, even and odd values of r appear in the DQ and
DZQZ subspaces, respectively:

DO: 0, 12k,
DZQZ : 6L,

k=1,2,3,...,

£=13,5,.... (50)
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