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Abstract

Current harmonics in six-phase permanent magnet synchronous motors (PMSMs) arise
from inherent asymmetries caused by manufacturing tolerances and nonlinear character-
istics in the inverter output. Additionally, magnetic saturation and slight imbalances in
the windings introduce flux linkage asymmetries, resulting in both fundamental current
imbalance and low-order harmonics. Although these imbalances are minor and do not
indicate fault conditions, they can cause uneven copper loss and eventually reduce the
overall service life of the motor. This paper proposes a harmonic suppression strategy for
mitigating imbalance current harmonics in non-ideal six-phase PMSMs. The method inte-
grates back-electromotive force harmonic feedforward compensation (BEMF-HFC) with
harmonic synchronous reference frame current control (HSRF-CC). An imbalance flux link-
age harmonic model is developed in simulations to replicate the measured imbalance phase
currents and to validate the effectiveness of the proposed strategy. The experimental setup
is built using a microcontroller from Texas Instruments (TI), which generates six-phase
complementary PWM signals for the power stage and receives feedback signals including
phase currents, DC bus voltage, and rotor position. Rotor position is acquired through a
12-pole resolver and a 12-bit resolver-to-digital converter (RDC). The six-phase PMSM used
in the tests is specified with 12 poles, a rated DC bus voltage of 600 V, a rated current of
200 Arms, and a rated rotor speed of 1200 rpm. Compared with conventional harmonic sup-
pression strategies that do not target imbalance current harmonics, the proposed method
achieves a better current balance and lower total harmonic distortion (THD). At 1200 rpm,
the magnitude deviation of the fundamental, third, and fifth current harmonics is reduced
from 8.61%, 2.88%, and 2.94% to 1.19%, 1.02%, and 0.5%, respectively.

Keywords: imbalacnce; positive sequence; negative sequence; current harmonics;
six-phase PMSM; common mode; differential mode; harmonic synchronous rotating frame

1. Introduction
Multiphase PMSMs have been widely adopted in vehicle traction [1], marine propul-

sion [2], and aerospace systems [3]. By distributing the total current across multiple phases,
multiphase systems enable the use of lower per-phase current ratings, making them well-
suited for high-power applications. Additionally, multiphase systems support fault-tolerant
control strategies that ensure smooth torque generation and reduce copper losses. These
characteristics make them particularly suitable for applications that require high reliability
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and efficiency [4,5]. Multiphase systems can be extended to multi-three-phase config-
urations, such as six-phase or nine-phase systems, allowing a modular design, current
sharing, and fault-tolerant control [6,7].The six-phase PMSM used in this study features a
neutral-point-isolated and asymmetrical configuration, with a 30-degree spatial phase shift,
which results in low torque ripple and improved DC bus voltage characteristics [8].

The vector space decomposition (VSD) method partitions the six-phase states into
a fundamental subspace and a harmonic subspace. Under balanced phase current con-
ditions, the fundamental subspace contains (12k ± 1)th harmonics, while the harmonic
subspace contains (6k ± 1)th harmonics [9,10]. To reduce implementation complexity, the
VSD method can be replaced by the common-mode (CM) and differential-mode (DM)
transformation matrices [11], where the CM subspace corresponds to the fundamental
subspace and the DM subspace corresponds to the harmonic subspace. The DM subspace
exhibits significantly lower impedance than the CM subspace. Under balanced phase
current conditions, the fifth and seventh voltage harmonics, originating from back electro-
motive harmonics, inductance voltage drop, and inverter output nonlinearity, can induce
substantial current harmonics within the DM subspace [9,12].

However, unbalanced stator resistances, caused by manufacturing tolerances and
aging in the connectors between the motor and the inverter, can lead to a fundamental
current imbalance [13]. Unbalanced or non-sinusoidally distributed windings introduce
fundamental current components into the harmonic subspace [14]. In a neutral point-
isolated three-phase system, unbalanced fundamental components can be decomposed into
positive- and negative-sequence components [15]. Extending this concept to a six-phase
PMSM, negative-sequence fundamental, a positive-sequence fifth harmonic, and negative-
sequence seventh harmonic components are introduced. Magnetic saturation in the stator
inductance and current can generate third-order flux linkage harmonics. Under system
imbalance conditions, these flux linkage harmonics induce imbalances in the third current
harmonic component [16]. The resulting imbalances in the fundamental, third-, fifth-,
seventh-, and higher-order harmonics contribute to uneven copper losses and thermal
distributions, which may accelerate insulation degradation and reduce motor lifespan.

Current harmonics can be controlled and suppressed using various strategies, includ-
ing multi-reference frame proportional-integral (MRF-PI) controllers, proportional-resonant
(PR) controllers, and adaptive linear neuron (ALN) controllers. A comparison of their char-
acteristics is provided in Table 1. PR controllers have been applied in both fault-tolerant
control (FTC) [17,18] and the suppression of unbalanced phase currents [9], while MRF-PI
controllers have also been employed in FTC [17]. The primary objective of FTC is to regulate
unbalanced phase currents and suppress current harmonics.

This article proposes a harmonic suppression strategy based on multiple MRF-PI
controllers combined with low-pass filters (LPFs) to mitigate unbalanced phase currents and
current harmonics. The controllers operate in the harmonic synchronous reference frame
(HSRF), defined at 2n and −2n times the rotor electrical angle within the differential-mode
(DM) subspace of the rotor synchronous reference frame, where n = 1, 2, and 3. This HSRF-
based approach enables simultaneous suppression of both positive- and negative-sequence
current harmonics, effectively addressing imbalance in the fundamental component, the
third and fifth harmonics, as well as the positive-sequence seventh harmonic.

The remainder of this paper is organized as follows: Section 2 presents the modeling
of the six-phase PMSM and the associated imbalance phase current harmonics. Section 3
describes the proposed current control strategy and its implementation. Section 4 provides
both simulation and experimental results to validate the effectiveness of the proposed
method. Section 5 concludes the paper and highlights the main contributions.
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Table 1. Comparison of current harmonic control and suppression strategy.

Strategy Characteristic

Multi-Reference Frame Proportional-Integral (MRF-PI)
controllers

The control structure is complex and involves a large
number of PI controllers. Methods for extracting current

harmonic components include low-pass filters
(LPFs) [17,19] and phase shifters (PSs) [10,20]. PSs require

memory to store current samples [10]. LPFs are simple
and effective in the presence of multiple current

harmonics; however, they introduce dynamic lag.

Proportional-Resonant (PR) controllers

The structure is simple but requires continuous
adjustment of the resonant frequency according to the

rotor speed. Additionally, pre-warping techniques must
be applied to mitigate the effects of

discretization [9,17,18,21,22].

Adaptive Linear Neuron (ALN) controllers
These are equivalent to an ideal resonant controller,

without resonant pole displacement or phase deviation at
the resonant frequency [22].

2. Mathematical Model of Six-Phase PMSM and Imbalance
Current Harmonics

Figure 1 [19] illustrates the dual three-phase configuration of the six-phase PMSM,
including both the stationary and rotor synchronous reference frames. The abc- and αβa- are
shown in cyan, the xyz- and αβx-axes in red, and the dq-axes in blue. The abc- and xyz- axes
represent the dual three-phase winding axes, while the αβa- and αβx-axes correspond to the
stationary reference frames of each winding set. The dq-axes denote the rotor synchronous
reference frame (RSRF). The spatial angle between the a- and x-axes is π/6. To facilitate the
Clarke transformation matrix Tαβ, the a- and x-axes are aligned with the αa- and αx-axes,
respectively. This stationary reference frame configuration allows seamless integration
of standard three-phase control modules, making it particularly suitable for dual-motor
control applications [19].

The phase variables in the abc- and xyz-sets are fabc =
[

fa fb fc

]T
and fxyz =[

fx fy fz

]T
, respectively. Stationary reference frame variables for the abc- and xyz-

sets are defined as fαβa =
[

fαa fβa

]T
= Tαβ fabc and fαβx =

[
fαx fβx

]T
= Tαβ fxyz,

respectively. The abc- and xyz-set RSRF variables are fdqa =
[

fda fqa

]T
= Tθa fαβa and

fdqx =
[

fdx fqx

]T
= Tθx fαβx, respectively. θa = θr is the angle between the d- and αa-axes.

θx = θr − π/6 is the angle between the d- and αx-axes. θr is the electrical angle of the rotor.
The Park transformation matrices Tθa and Tθx are defined as follows:

Tθa =

[
cos θa sin θa

− sin θa cos θa

]
(1)

Tθx =

[
cos θx sin θx

− sin θx cos θx

]
(2)
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Figure 1. The abc-axes, xyz-axes, stationary reference frames and the rotor synchronous reference
frame of six-phase PMSM.

2.1. Six-Phase PMSM

The mathematical model of the six-phase PMSM which includes back electromotive
force (BEMF) harmonics in the rotor synchronous reference frame (RSRF) can be trans-
formed into subspaces CM and DM. These subspaces correspond to the fundamental and
harmonic subspaces in vector space decomposition (VSD) [19][

v+d
v+q

]
= Rs

[
i+d
i+q

]
+

[
0 −ωr

ωr 0

][
λ+

d
λ+

q

]
+

d
dt

[
λ+

d
λ+

q

]
+

[
e+dh
e+qh

]
(3)

[
v−d
v−q

]
= Rs

[
i−d
i−q

]
+

[
0 −ωr

ωr 0

][
λ−

d
λ−

q

]
+

d
dt

[
λ−

d
λ−

q

]
+

[
e−dh
e−qh

]
(4)

[
λ+

d
λ+

q

]
=

[
L+

d i+d + λ′
m

L+
q i+q

]
(5)

[
λ−

d
λ−

q

]
=

[
L−

d i−d
L−

q i−q

]
(6)

[
e+dh
e+qh

]
= ωrλ′

m

[
−h11 sin(12θa + δ11)− h13 sin(12θa + δ13)

−h11 cos(12θa + δ11) + h13 cos(12θa + δ13)

]
(7)

[
e−dh
e−qh

]
= ωrλ′

m

[
−h5 sin(6θa + δ5)− h7 sin(6θa + δ7)

−h5 cos(6θa + δ5) + h7 cos(6θa + δ7)

]
(8)

where v, i and λ represent the voltage, current, and flux linkage, respectively. ωr is the
electrical angular frequency of the rotor. The superscripts + and − denote CM and DM,
respectively. The CM dq-axis inductances are defined as L+

d = Ld + Md and L+
q = Lq + Mq,

while the DM dq-axis inductances are L−
d = Ld − Md and L−

q = Lq − Mq. The parameters Rs,
Ld, Lq, Md, Mq, and λ′

m denote the stator resistance, d-axis inductance, q-axis inductance, d-
axis mutual inductance, q-axis mutual inductance, and the permanent magnet flux linkage,
respectively. hn and δn represent the magnitude and phase of the nth BEMF harmonic,
respectively, where n = 5, 7, 11, and 13.

The CM-DM transformation is[
f+d
f−d

]
= Tpn

[
fda

fdx

]
(9)
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[
f+q
f−q

]
= Tpn

[
fqa

fqx

]
(10)

where the CM-DM transformation matrix Tpn and the inverse transformation matrix
Tpn

−1 are

Tpn =
1
2

[
1 1
1 −1

]
(11)

Tpn
−1 =

[
1 1
1 −1

]
(12)

2.2. Imbalance Current Harmonics

The fundamental, third, fifth, and seventh harmonic components of the imbalance
phase currents in a neutral-point-isolated, asymmetrical six-phase PMSM can be decom-
posed into positive- and negative-sequence components and subsequently transformed
into the rotor synchronous reference frame as follows:[

ida

iqa

]
= Ip

ma,1

[
sin φ

p
a,1

cos φ
p
a,1

]
+ In

ma,7

[
− sin(8θr − φn

a,7)

− cos(8θr − φn
a,7)

]

+
3
∑

k=1
(

[
−Ip

ma,(2k+1) sin(2kθr − φ
p
a,(2k+1))− In

ma,(2k−1) sin(2kθr − φn
a,(2k−1))

Ip
ma,(2k+1) cos(2kθr − φ

p
a,(2k+1))− In

ma,(2k−1) cos(2kθr − φn
a,(2k−1))

]
)

(13)

[
idx

iqx

]
= Ip

mx,1

[
sin φ

p
x,1

cos φ
p
x,1

]
+ In

mx,7

[
− sin(8θr − φn

x,7)

− cos(8θr − φn
x,7)

]

+
3
∑

k=1
(

[
−Ip

mx,(2k+1) sin(2kθr − φ
p
x,(2k+1))− In

mx,(2k−1) sin(2kθr − φn
x,(2k−1))

Ip
mx,(2k+1) cos(2kθr − φ

p
x,(2k+1))− In

mx,(2k−1) cos(2kθr − φn
x,(2k−1))

]
)

(14)

where Ip
ma,1 and In

ma,7 represent the magnitudes of the abc-set positive-sequence fundamental
current and the negative-sequence seventh harmonic, respectively. Similarly, Ip

mx,1 and
In
mx,7 denote the magnitudes of the xyz-set positive-sequence fundamental current and

the negative-sequence seventh harmonic, respectively. The corresponding phase angles
are φ

p
a,1 and φn

a,7 for Ip
ma,1 and In

ma,7, and φ
p
x,1 and φn

x,7 for Ip
mx,1 and In

mx,7, respectively. In
general, Ip

ma,(2k+1) and In
ma,(2k−1) represent the magnitudes of the abc-set positive-sequence

(2k + 1)th and the negative-sequence (2k − 1)th harmonic, respectively, while Ip
mx,(2k+1)

and In
mx,(2k−1) denote those of the xyz-set. The associated phase angles are φ

p
a,(2k+1) and

φn
a,(2k−1) for the abc-set, and φ

p
x,(2k+1) and φn

x,(2k−1) for the xyz-set. Here, k = 1, 2, and 3.

The positive-sequence (2k + 1)th and negative-sequence (2k − 1)th current harmonics
are converted into positive- and negative-sequence (2k)th current harmonics in the rotor
synchronous reference frame. Since differential-mode (DM) currents do not contribute to
torque production, the positive-sequence fundamental currents are identical in both the
abc- and xyz-sets. By neglecting the negative-sequence seventh current harmonic, the DM
current harmonics can be derived from Equations (9)–(11), (13) and (14) as[

i−d
i−q

]
=

3

∑
k=1

(

[
−Ip−

m,(2k+1) sin(2kθr − φ
p−
(2k+1))− In−

m,(2k−1) sin(2kθr − φn−
(2k−1))

Ip−
m,(2k+1) cos(2kθr − φ

p−
(2k+1))− In−

m,(2k−1) cos(2kθr − φn−
(2k−1))

]
) (15)

where Ip−
m,(2k+1) and In−

m,(2k−1) denote the magnitudes of DM positive-sequence (2k + 1)th

and negative-sequence (2k − 1)th current harmonics, respectively. The corresponding phase
angles are φ

p−
(2k+1) and φn−

(2k−1) for Ip−
m,(2k+1) and In−

m,(2k−1), respectively.
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3. Current Control Strategy and Implementation
Figure 2 illustrates the system block diagram of the six-phase PMSM current controller

(six-phase PMSM-CC), along with the inverters, six-phase PMSM, and the dynamometer
(Dyno). The six-phase PMSM is mechanically coupled to the Dyno via a shaft, highlighted
in red. The inputs to the six-phase PMSM-CC include current references (i∗da, i∗qa, i∗dx, i∗qx),
current feedbacks (îda, îqa, îdx, îqx), rotor electrical speed feedback (ω̂r), and rotor electrical
angles in the abc-set (θ̂a, θ̂′a). The outputs of the controller are the voltage references
(v∗da, v∗qa, v∗dx, v∗qx). Voltage references (v∗da, v∗qa, v∗dx, v∗qx) are converted into duty ratio
references (d∗a , d∗b , d∗c , d∗x, d∗y , d∗z ) through a sequence of transformations, including inverse
Park transformation, inverse Clarke transformation, and voltage space vector pulse width
modulation (VSVPWM). These duty references are then used to generate complementary
pulse width modulation (PWM) signals by comparing them with a triangular carrier wave.
The PWM signals are used to trigger inverters and drive the motor. Current feedbacks
(îda, îqa, îdx, îqx) are obtained by applying Clarke and Park transformations to the phase
current feedbacks (îa, îb, îc, îx, îy, îz). The rotor electrical angle θ̂a is measured by a resolver
(shown in grey) and a resolver-to-digital converter, and is used in the Park transformation.
To compensate for sampling delay, an advanced angle θ̂′a = θ̂a + 1.5 τsω̂r is used for the
inverse Park transformation [10], where τs is the sampling period. The electrical angle
feedbacks for the xyz-set are defined as θ̂x = θ̂a − π

6 and θ̂′x = θ̂′a − π
6 . The superscripts ∗

and ˆ denote the reference and feedback values of variables, respectively.

Figure 2. The system block diagram of six-phase PMSM-CC, inverter, six-phase PMSM, and Dyno.

Figure 3 illustrates the architecture of the six-phase PMSM-CC, which integrates the
common-mode and differential-mode fundamental synchronous reference frame current
controller (CM-DM-FSRF-CC), the back electromotive force harmonic feedforward compen-
sator (BEMF-HFC), and the differential-mode imbalance harmonic synchronous reference
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frame current controller (DM-IHSRF-CC). The inputs to the CM-DM-FSRF-CC are current
references, current feedbacks, and the rotor electrical speed feedback, and its outputs are
the voltage references v+∗

d1 , v+∗
q1 , v−∗

d1 , and v−∗
q1 . The BEMF-HFC receives the rotor electrical

speed feedback, abc-set rotor electrical angle feedback, and the permanent magnet flux
linkage as inputs, and outputs the estimated BEMF harmonics ê+dh, ê+qh, ê−dh, and ê−qh. The
DM-IHSRF-CC takes the DM current feedbacks and the abc-set rotor electrical angle feed-
backs as inputs, and provides the voltage references u−∗

dh and u−∗
qh as outputs. For details

on the CM-DM-FSRF-CC and BEMF-HFC, please refer to [19] for CM-DM-FSRF-CC and
BEMF-HFC. The DM-IHSRF-CC is described as follows.

Figure 3. Block diagram of six-phase PMSM-CC.
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Taking into account the DM imbalance current harmonics as expressed in Equation (15),
and neglecting the negative-sequence seventh phase current harmonic, the positive-
sequence (2k)th and negative-sequence (2k)th DM current harmonics rotate at 2k and
−2k times the electrical angle of the rotor, respectively. To suppress these DM current har-
monics, HSRF-CCs can be designed at 2nθr and −2nθr, where n = 1, 2, 3. By applying the
Park transformation at 2nθr and −2nθr, the DM imbalance current harmonics are projected
into their respective harmonic synchronous reference frames (HSRFs), resulting in

T2nθr

[
i−d
i−q

]
=

3
∑

k=1
(Ip−

m,(2k+1)

[
− sin[2(k − n)θr − φ

p−
(2k+1)]

cos[2(k − n)θr − φ
p−
(2k+1)]

]
+

In−
m,(2k−1)

[
− sin[2(k + n)θr − φn−

(2k−1)]

− cos[2(k + n)θr − φn−
(2k−1)]

]
)

(16)

T−2nθr

[
i−d
i−q

]
=

3
∑

k=1
(Ip−

m,(2k+1)

[
− sin[2(k + n)θr − φ

p−
(2k+1)]

cos[2(k + n)θr − φ
p−
(2k+1)]

]
+

In−
m,(2k−1)

[
− sin[2(k − n)θr − φn−

(2k−1)]

− cos[2(k − n)θr − φn−
(2k−1)]

]
)

(17)

when k = n, the corresponding DM current harmonic appears as a DC component in
the HSRF, while harmonics with k ̸= n remain as AC components. Since θ̂a = θ̂r, the
DM-IHSRF-CC can be implemented as shown in Figure 3, using 2nθ̂a and −2nθ̂a for the
Park transformations: [

îp−
d,(2n+1)

îp−
q,(2n+1)

]
= T2nθ̂a

[
î−d
î−q

]
(18)

[
în−
d,(2n−1)

în−
q,(2n−1)

]
= T−2nθ̂a

[
î−d
î−q

]
(19)

where T2nθ̂a
=

[
cos(2nθ̂a) sin(2nθ̂a)

− sin(2nθ̂a) cos(2nθ̂a)

]
,T−2nθ̂a

=

[
cos(2nθ̂a) − sin(2nθ̂a)

sin(2nθ̂a) cos(2nθ̂a)

]
Low-pass filters are used to remove AC components.

īp−
d,(2n+1) = H−

LP,(2n)(s) ◦ îp−
d,(2n+1) (20)

īp−
q,(2n+1) = H−

LP,(2n)(s) ◦ îp−
q,(2n+1) (21)

īn−
d,(2n−1) = H−

LP,(2n)(s) ◦ în−
d,(2n−1) (22)

īn−
q,(2n−1) = H−

LP,(2n)(s) ◦ în−
q,(2n−1) (23)

where H−
LP,(2n)(s) =

1
τ−LP,(2n)s+1

, ◦ is the convolution operator. The digital implementation

of the low-pass filter is provided in Appendix B.
The current harmonic error is defined as follows:[

∆ip−
d,(2n+1)

∆ip−
q,(2n+1)

]
=

[
ip−∗
d,(2n+1)

ip−∗
q,(2n+1)

]
−

[
īp−
d,(2n+1)

īp−
q,(2n+1)

]
(24)

[
∆in−

d,(2n−1)

∆in−
q,(2n−1)

]
=

[
in−∗
d,(2n−1)

in−∗
q,(2n−1)

]
−

[
īn−
d,(2n−1)

īn−
q,(2n−1)

]
(25)

where the superscript ∗ indicates reference values. All current harmonic references are set
to zero.
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The controllers are defined as follows:

up−∗
d,(2n+1) = G−

h,(2n)(s) ◦ ∆ip−
d,(2n+1) (26)

up−∗
q,(2n+1) = G−

h,(2n)(s) ◦ ∆ip−
q,(2n+1) (27)

un−∗
d,(2n−1) = G−

h,(2n)(s) ◦ ∆in−
d,(2n−1) (28)

un−∗
q,(2n−1) = G−

h,(2n)(s) ◦ ∆in−
q,(2n−1) (29)

where the PI controllers are G−
h,(2n)(s) =

k−p,(2n)

(
s+k−i,(2n)

)
s . See Appendix B for the digital

implementation of the PI controller.
The inverse Park transformations apply 2nθ̂′a and −2nθ̂′a to compensate for the

sampling delay [10] [
up−∗

dh,(2n+1)

up−∗
qh,(2n+1)

]
= T−1

2nθ̂′a

[
up−∗

d,(2n+1)

up−∗
q,(2n+1)

]
(30)

[
un−∗

dh,(2n−1)

un−∗
qh,(2n−1)

]
= T−1

−2nθ̂′a

[
un−∗

d,(2n−1)

un−∗
q,(2n−1)

]
(31)

where T−1
2nθ̂′a

=

[
cos(2nθ̂′a) − sin(2nθ̂′a)

sin(2nθ̂′a) cos(2nθ̂′a)

]
, T−1

−2nθ̂′a
=

[
cos(2nθ̂′a) sin(2nθ̂′a)

− sin(2nθ̂′a) cos(2nθ̂′a)

]
Finally, HSRF-CCs voltage references summation is[

u−∗
dh

u−∗
qh

]
=

3

∑
n=1

(

[
un−∗

dh,(2n−1)

un−∗
qh,(2n−1)

]
+

[
up−∗

dh,(2n+1)

up−∗
qh,(2n+1)

]
) (32)

The stability of the HFRF-CCs in the DM subspace can be analyzed using the open-loop
transfer function, expressed as follows:

G−
OL,(2n)(s) =

k−p,(2n)(s + k−i,(2n))

s(τ−
LP,(2n)s + 1)(L−

s s + Rs)
(33)

where L−
s = (L−

d + L−
q )/2. See Appendix A for the parameter details. The bode plot of

G−
OL,(2n)(s), shown in Figure 4, clearly demonstrates system stability with a phase margin

of 76.3◦.

Figure 4. Open-loop bode diagram of G−
OL,(2n)(s).
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The process flow of the six-phase PMSM-CC strategy, from phase current feedback
acquisition to the generation of duty ratio references, is illustrated in Figure 5 and proceeds
as follows:

1. Perform Clarke and Park transformations on the dual three-phase current feedbacks
(îabc, îxyz) to obtain the RSRF current feedbacks (îdqa, îdqx). The Park transformation
Tθ̂a

is applied to îdqa, and Tθ̂x
to îdqx.

2. Apply the CM-DM transformation Tpn to the RSRF current references (i∗dqa, i∗dqx) and

feedbacks (îdqa, îdqx) to derive the CM and DM current references (i+∗
dq , i−∗

dq ) and

feedbacks (î+dq, î−dq).

3. Execute the CM-DM-FSRF-CC, using the CM-DM current references and feedbacks as
inputs to generate the voltage references v+∗

dq1 and v−∗
dq1.

4. Execute the BEMF-HFC, where the inputs are the rotor electrical angle θ̂a and electrical
speed feedback ω̂r, and the outputs are the BEMF harmonics ê+dqh and ê−dqh.

5. Execute the DM-IHSRF-CC for n = 1, 2, 3. The inputs are the DM current feedback î−dq

and rotor electrical angle signals (θ̂a, θ̂′a), and the outputs are up−∗
dqh,(2n+1) and un−∗

dqh,(2n−1).
Refer to Equations (18)–(31).

6. Aggregate up−∗
dqh,(2n+1) and un−∗

dqh,(2n−1) for n = 1, 2, 3 to form the total DM-IHSRF-CC

output u−∗
dqh. Refer to Equation (32).

7. Combine the outputs from CM-DM-FSRF-CC, BEMF-HFC, and DM-IHSRF-CC to
generate the complete voltage references (v+∗

dq , v−∗
dq ). Refer to Figure 3.

8. Perform the inverse CM-DM transformation on (v+∗
dq , v−∗

dq ) to obtain the RSRF voltage
references (v∗dqa, v∗dqx).

9. Apply inverse Park and Clarke transformations to (v∗dqa, v∗dqx), followed by VSVPWM
to generate the dual three-phase duty ratio references (d∗abc, d∗xyz). The inverse Park
transformation T−1

θ̂′a
is used for v∗dqa, and T−1

θ̂′x
for v∗dqx.

Figure 5. Flowchart of six-phase PMSM-CC strategy.

4. Simulation and Experimental Test Result
Figure 6 shows the experimental test platform, which consists of six-phase PMSM,

Dyno, and a six-phase inverter. The DC power supply is rated at 1200 V/1200 A/800 kW
and is configured to operate at 600 V and 400 A during the test. The control board integrates
a Texas Instrument microcontroller, which generates twelve complementary PWM signals
S+

a , S−
a , S+

b , S−
b , S+

c , S−
c , S+

x , S−
x , S+

y , S−
y , S+

z , and S−
z to drive the six-phase power stage. The

microcontroller receives input signals including the phase current feedback îa, îb, îc, îx, îy, îz,
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and the DC bus voltage feedback v̂dc. Rotor position is detected by a 12-pole resolver and
converted into a digital signal using a 12-bit resolver-to-digital converter (RDC). The PWM
signals operate at a carrier frequency of 5 kHz and a deadtime of 2 µs. Analog feedback
signals are sampled by the microcontroller’s ADC at both the peak and trough of the PWM
carrier wave, resulting in a sampling rate of 10 kHz. A host computer communicates with
the six-phase inverter via a Controller Area Network (CAN) bus, allowing for parameter
setting and real-time monitoring of feedback signals. A digital oscilloscope captures the
phase currents îa, îb, îx, and îy, and the data are processed in MATLAB (R2024a) for spectral
analysis and total harmonic distortion (THD) calculation. THD is calculated as follows:

THD =

√
14
∑

n=2
I2
n

I1
(34)

where In is the magnitude of the nth current harmonic, and I1 is the magnitude of the
fundamental component, where n = 2, . . . , 14.

The digital oscilloscope is configured with a sampling rate of 10 MHz and a memory
depth of one million points. To minimize spectral leakage during the Fourier transform
analysis, the fundamental frequency is set as an integer multiple of 10 Hz.

(a) (b)

(c)

Figure 6. Experimental test platform of six-phase PMSM, Dyno, and six-phase Inverter test platform:
(a) Dyno, DC power supply, six-phase PMSM, and six-phase inverter; (b) control board of the six-phase
inverter (c) electrical diagram of the host computer, six-phase PMSM, Dyno, and six-phase inverter.
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4.1. Simulation

The parameters of the six-phase PMSM and the control system are listed in
Appendix A. To replicate the imbalance phase currents observed in practice, both positive-
and negative-sequence flux linkage harmonics are incorporated into the RSRF of the six-
phase PMSM model, resulting in Equations (35) and (36). These harmonics account for
the imbalance in the fundamental component, as well as in the third, fifth, and positive-
sequence seventh current harmonics.[

vda

vqa

]
= Rs

[
ida

iqa

]
+ d

dt

[
λda

λqa

]
+

[
0 −ωr

ωr 0

][
λda

λqa

]
+

[
edah

eqah

]

+ωr
3
∑

k=1
(

[
−λ

p
ia,(2k+1) sin(2kθr + δ

p
ia,(2k+1))− λn

ia,(2k−1) sin(2kθr + δn
ia,(2k−1))

λ
p
ia,(2k+1) cos(2kθr + δ

p
ia,(2k+1))− λn

ia,(2k−1) cos(2kθr + δn
ia,(2k−1))

]
)

(35)

[
vdx

vqx

]
= Rs

[
idx

iqx

]
+ d

dt

[
λdx

λqx

]
+

[
0 −ωr

ωr 0

][
λdx

λqx

]
+

[
edxh

eqxh

]

+ωr
3
∑

k=1
(

[
−λ

p
ix,(2k+1) sin(2kθr + δ

p
ix,(2k+1))− λn

ix,(2k−1) sin(2kθr + δn
ix,(2k−1))

λ
p
ix,(2k+1) cos(2kθr + δ

p
ix,(2k+1))− λn

ix,(2k−1) cos(2kθr + δn
ix,(2k−1))

]
)

(36)

where λ
p
ia,(2k+1) and λn

ia,(2k−1) denote the magnitudes of the abc-set positive-sequence

(2k + 1)th and negative-sequence (2k − 1)th flux linkage harmonics, respectively; δ
p
ia,(2k+1)

and δn
ia,(2k−1) are their corresponding phase angles. Similarly, λ

p
ix,(2k+1) and λn

ix,(2k−1) denote

the magnitudes of the xyz-set positive-sequence (2k+ 1)th and negative-sequence (2k− 1)th

flux linkage harmonics, respectively; δ
p
ix,(2k+1) and δn

ix,(2k−1) are their corresponding phase
angles. Here, k = 1, 2, 3.

To validate the effectiveness of the proposed imbalance current harmonic suppression
strategy, each current controller within the DM-IHSRF-CC and BEMF-HFC modules can be
selectively enabled or disabled to replicate conventional control strategies. Based on this
configuration, three control strategies are defined as follows:

Strategy 1: No current harmonic suppression is applied; only the CM-DM-FSRF-CC
is utilized. This strategy, which exhibits the most severe imbalance current harmonics, is
designated as the worst-case scenario for current harmonic replication. The rich harmonic
content under this condition provides essential information for tuning the positive- and
negative-sequence flux linkage harmonic parameters in Equations (35) and (36).

Strategy 2: The conventional current harmonic suppression strategy [19] is applied,
which is only capable of suppressing balanced current harmonics. The CM-DM-FSRF-CC
is combined with DM-IHSRF-CC and BEMF-HFC, with the ±2θ̂a and ±4θ̂a HSRF-CCs
disabled. As a result, only the negative-sequence fifth and positive-sequence seventh
current harmonics in the harmonic subspace are suppressed.

Strategy 3: The proposed imbalance current harmonic suppression strategy is applied,
which effectively suppresses imbalance in the fundamental, third, and fifth current har-
monics. The CM-DM-FSRF-CC is integrated with both BEMF-HFC and DM-IHSRF-CC,
with all HSRF-CCs enabled.

The rated current of the six-phase PMSM is 200 Arms, corresponding to a base current
of 282.8 A peak. Strategy 1 phase currents ia, ib, ix, and iy at a rotor speed of 600 rpm,
with current references of i∗da = i∗dx = −0.5 p.u., i∗qa = i∗qx = 0.5 p.u. were replicated in
simulation by tuning the flux linkage harmonic parameters in Equations (35) and (36). See
Appendix C for flux linkage harmonic parameter settings. The measured and simulated
phase current waveforms are shown in Figure 7. The magnitudes of the fundamental, third,
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and fifth phase current harmonics in both simulated and measured results are listed in
Tables 2, 3 and 4, respectively. Here, the Max-Min refers to the difference between the
maximum and minimum magnitudes of the fundamental or harmonic components, and
Average represents their mean value. The results indicate that the simulated values closely
match the measured data, demonstrating that the model is well-calibrated and suitable for
evaluating the imbalance current harmonic suppression strategy.

(a) (b)

Figure 7. The measured and simulated phase current waveforms of Strategy 1 under 600 rpm and
i∗da = i∗dx = −0.5 p.u., i∗qa = i∗qx = 0.5 p.u. (1 p.u. = 282.8 A peak, note that simulated phase currents
are close to measured phase currents.): (a) measured phase current; (b) simulated phase current.

Table 2. The fundamental current magnitudes of simulated and measured ia, ib, ix, and iy, under
600 rpm and i∗da = i∗dx = −0.5 p.u., i∗qa = i∗qx = 0.5 p.u. (100% = 282.8 A, note that the simulated
magnitudes are close to measured magnitudes.).

Ia,1 (%) Ib,1 (%) Ix,1 (%) Iy,1 (%) Iabxy,1 (%)
Average

Iabxy,1 (%)
Max-Min

Measured 72.25 67.58 67.58 69.57 69.25 4.67

Simulated 72.12 68.14 68.15 71.82 70.06 3.98

Table 3. The 3rd current harmonic magnitudes of simulated and measured ia, ib, ix, and iy, under
600 rpm and i∗da = i∗dx = −0.5 p.u., i∗qa = i∗qx = 0.5 p.u. (100% = 282.8 A, note that the simulated
magnitudes are close to measured magnitudes.).

Ia,3 (%) Ib,3 (%) Ix,3 (%) Iy,3 (%) Iabxy,3 (%)
Average

Iabxy,3 (%)
Max-Min

Measured 2.13 0.96 0.67 1.07 1.21 1.46

Simulated 1.38 1.31 1.09 1.57 1.34 0.48

Table 4. The 5th current harmonic magnitudes of simulated and measured ia, ib, ix and iy, under
600 rpm and i∗da = i∗dx = −0.5 p.u., i∗qa = i∗qx = 0.5 p.u. (100% = 282.8 A, note that the simulated
magnitudes are close to the measured magnitudes.).

Ia,5 (%) Ib,5 (%) Ix,5 (%) Iy,5 (%) Iabxy,5 (%)
Average

Iabxy,5 (%)
Max-Min

Measured 13.06 12.41 11.47 14.3 12.81 2.83

Simulated 11.77 11.83 10.24 12.55 11.60 2.31

Figure 8 illustrates the simulated phase current differences between Strategy 2 and
Strategy 3. The magnitudes of the fundamental, third, and fifth phase current harmonics
for both simulated and measured phase currents are listed in Tables 5, 6 and 7, respectively.
Compared to Strategy 1, The Max-Min magnitudes of the fundamental current, third,
and fifth phase current harmonics are reduced in Strategy 3, from 3.98%, 0.48%, 2.31% to
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0.29%, 0.22%, 0.08%, respectively, indicating effective suppression of imbalance current
harmonics. The Average magnitudes of the third and fifth phase current harmonics are
also reduced in Strategy 3, from 1.34%, 11.6% to 0.16%, 0.15%, respectively. As expected,
the Average and the Max-Min magnitudes show that Strategy 2 significantly reduces the
fifth phase current harmonics but has limited impact on the fundamental and third phase
current harmonics. Compared to Strategy 1, the Average magnitudes of the third and
fifth harmonics are reduced from 1.34%, 11.6% to 0.89%, 1.78%, respectively, while the
Max-Min magnitudes of the fundamental, third, and fifth current harmonics change from
3.98%, 0.48%, 2.31% to 4.24%, 0.59%, 0.16%, respectively. In fact, Strategy 2 can suppress
the positive-sequence seventh and negative-sequence fifth current harmonics, but not the
positive-sequence fifth harmonic. In contrast, Strategy 3 is capable of suppressing both the
positive- and negative-sequence fifth harmonics. This explains why the Average magnitude
of the fifth current harmonics is reduced from 1.78% in (Strategy 2) to 0.15% in (Strategy 3).

(a) (b)

Figure 8. The simulated phase current waveforms of Strategy 2 and Strategy 3 under 600 rpm and
i∗da = i∗dx = −0.5 p.u., i∗qa = i∗qx = 0.5 p.u. (1 p.u. = 282.8 A peak. Note that the difference of
magnitudes in Strategy 2 is larger than Strategy 3.): (a) Strategy 2, the conventional balanced current
harmonics suppression strategy; (b) Strategy 3, and the proposed imbalance current harmonics
suppression strategy.

Table 5. The fundamental current magnitudes of simulated ia, ib, ix, and iy, under different strategies,
600 rpm and i∗da = i∗dx = −0.5 p.u., i∗qa = i∗qx = 0.5 p.u., 100% = 282.8 A.

Ia,1 (%) Ib,1 (%) Ix,1 (%) Iy,1 (%) Iabxy,1 (%)
Average

Iabxy,1 (%)
Max-Min

Strategy 1 72.12 68.14 68.15 71.82 70.06 3.98

Strategy 2 72.28 68.04 68.06 71.71 70.02 4.24

Strategy 3 70.83 70.54 70.54 70.63 70.64 0.29

Table 6. The 3rd current harmonic magnitudes of simulated ia, ib, ix, and iy, under different strategies,
600 rpm and i∗da = i∗dx = −0.5 p.u., i∗qa = i∗qx = 0.5 p.u., 100% = 282.8 A.

Ia,3 (%) Ib,3 (%) Ix,3 (%) Iy,3 (%) Iabxy,3 (%)
Average

Iabxy,3 (%)
Max-Min

Strategy 1 1.38 1.31 1.09 1.57 1.34 0.48

Strategy 2 0.76 1.17 0.58 1.05 0.89 0.59

Strategy 3 0.14 0.21 0.26 0.04 0.16 0.22
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Table 7. The 5th current harmonic magnitudes of simulated ia, ib, ix, and iy, under different strategies,
600 rpm and i∗da = i∗dx = −0.5 p.u., i∗qa = i∗qx = 0.5 p.u., 100% = 282.8 A.

Ia,5 (%) Ib,5 (%) Ix,5 (%) Iy,5 (%) Iabxy,5 (%)
Average

Iabxy,5 (%)
Max-Min

Strategy 1 11.77 11.83 10.24 12.55 11.60 2.31

Strategy 2 1.84 1.68 1.77 1.84 1.78 0.16

Strategy 3 0.16 0.15 0.19 0.11 0.15 0.08

4.2. Experimental Test

The simulation results validate the effectiveness of the proposed imbalance phase
current harmonic suppression strategy. This section presents the experimental results
obtained at rotor speeds of 300, 600, 900, and 1200 rpm. The current references are fixed
at i∗da = i∗dx = −0.5 p.u., i∗qa = i∗qx = 0.5 p.u. For comparison, Figure 9 shows the
experimental phase current waveforms for Strategy 2 and Strategy 3 at a rotor speed of
600 rpm, demonstrating good agreement with the simulation results shown in Figure 8.
The magnitudes of the fundamental, third and fifth phase current harmonics for Strategy 1,
Strategy 2 and Strategy 3 at 300 rpm are presented in Tables 8, 9 and 10, respectively.
Similarly, the corresponding magnitudes at 600 rpm are provided in Tables 11–13; at
900 rpm in Tables 14–16; and at 1200 rpm in Tables 17–19. From the tabulated data of
Strategy 1, several noteworthy trends can be observed:

1. As shown in Tables 8, 11, 14 and 17, the Max-Min magnitude of the fundamental
current increases with rotor speed, rising from 2.27% at 300 rpm to 8.87% at 1200 rpm.

2. According to Tables 9, 12, 15 and 18, the Average magnitude of the third current
harmonic increases slightly from 1.28% (300 rpm) to 1.56% (1200 rpm), while the
Max-Min magnitude increases from 1.09% to 2.26% over the same speed range.

3. From Tables 10, 13, 16 and 19, the Average magnitude of the fifth current harmonic
increases significantly from 6.23% (300 rpm) to 20.87% (1200 rpm), and the Max-Min
magnitude rises from 1.04% to 8.24%.

The results of Strategy 1 indicate the presence of imbalances in the fundamental flux
linkage, as well as in the third and fifth flux linkage harmonics. Among these, the effect of
the third flux linkage harmonic is relatively minor compared to the fundamental and fifth
harmonics. Strategy 2 is only capable of suppressing the fifth and seventh balanced current
harmonics. The trends observed in the tabulated data of Strategy 2, in comparison with
Strategy 1, are as follows:

1. Fundamental current imbalance: According to Tables 8, 11, 14 and 17, the Max-
Min magnitudes of the fundamental current decrease from 2.27% (300 rpm), 4.67%
(600 rpm), 7.25% (900 rpm), and 8.87% (1200 rpm) to 1.86%, 4.66%, 7.20%, and 8.61%,
respectively. The impact of Strategy 2 on the fundamental current is limited and can
be considered negligible.

2. Third harmonic current: As shown in Tables 9, 12, 15 and 18, the Average magnitude
of the third current harmonic changes from 1.28%, 1.21%, 1.44%, and 1.56% to 0.57%,
1.28%, 1.58%, and 1.78%, respectively. Similarly, the Max-Min magnitudes decrease
from 1.09%, 1.46%, 2.02%, and 2.26% to 0.74%, 1.41%, 1.96%, and 2.88%. These results
indicate that the impact of Strategy 2 on the third current harmonic is also limited.

3. Fifth harmonic current: Based on Tables 10, 13, 16 and 19, the Average magnitude of
the fifth current harmonic is significantly reduced from 6.23%, 12.81%, 17.39%, and
20.87% to 0.73%, 1.36%, 1.88%, and 2.70%, respectively. The Max-Min magnitudes
also drop from 1.04%, 2.83%, 5.48%, and 8.24% to 0.86%, 1.32%, 2.22%, and 2.94%.
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These findings confirm that Strategy 2 has a significant effect on suppressing the fifth
current harmonic, as expected.

The results of Strategy 2 illustrate that the conventional balanced current harmonic
suppression strategy is ineffective on the fundamental and third current harmonics, high-
lighting a key insight: each HSRF-CC targets a specific positive- or negative-sequence
current harmonic. Strategy 3 is capable of suppressing the imbalanced fundamental, third,
and fifth current harmonics. A detailed comparison with Strategy 1 is omitted here. The
trends observed in the tabulated data of Strategy 3, in comparison with Strategy 2, are
as follows:

1. Fundamental current: From Tables 8, 11, 14, and 17, the Max-Min magnitudes of
the fundamental current decrease from 1.86% (300 rpm), 4.66% (600 rpm), 7.20%
(900 rpm), and 8.61% (1200 rpm) to 1.76%, 0.83%, 1.01%, and 1.19%, respectively. The
impact of Strategy 3 on the fundamental current is evident.

2. Third harmonic current: According to Tables 9, 12, 15, and 18, the Average magnitudes
of the third current harmonic change from 0.57%, 1.28%, 1.58%, and 1.78% to 1.16%,
0.68%, 0.81%, and 1.25%, respectively. The Max-Min magnitudes also decrease from
0.74%, 1.41%, 1.96%, and 2.88% to 0.55%, 0.72%, 0.56%, and 1.02%. Due to the
relatively small magnitude of the third flux linkage harmonic, the effect of Strategy 3
becomes more evident at higher speeds.

3. Fifth harmonic current: As seen in Tables 10, 13, 16, and 19, the Average magnitude
of the fifth current harmonic changes from 0.73% (300 rpm), 1.36% (600 rpm), 1.88%
(900 rpm), and 2.70% (1200 rpm) to 0.37%, 0.79%, 1.58%, and 2.83%, respectively.
Meanwhile, the Max-Min magnitudes decrease from 0.86%, 1.32%, 2.22%, and 2.94%
to 0.53%, 0.57%, 0.56%, and 0.50%. The impact of Strategy 3 on the Average magnitude
of the fifth current harmonic is slightly more significant than that of Strategy 2, and its
effectiveness is more pronounced with regard to reducing the Max-Min magnitude.

The analysis above demonstrates that Strategy 3 effectively suppresses the imbalance
in the fundamental current and associated current harmonics. This underscores the su-
periority of the proposed imbalance current harmonic suppression strategy, not only in
reducing harmonic content but also in promoting more uniform copper loss across the
windings. Consequently, it contributes to improved thermal distribution and enhances the
overall longevity of the motor.

(a) (b)

Figure 9. The measured phase current waveforms of Strategy 2 and Strategy 3 under 600 rpm and
i∗da = i∗dx = −0.5 p.u., i∗qa = i∗qx = 0.5 p.u. (1 p.u. = 282.8 A peak, the difference of magnitudes in
Strategy 2 is larger than Strategy 3.): (a) Strategy 2, the conventional balanced current harmonics
suppression strategy; (b) Strategy 3, the proposed imbalance current harmonics suppression strategy.
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Table 8. The fundamental current magnitudes of measured ia, ib, ix, and iy, under different strategies,
300 rpm and i∗da = i∗dx = −0.5 p.u., i∗qa = i∗qx = 0.5 p.u., 100% = 282.8 A.

Ia,1 (%) Ib,1 (%) Ix,1 (%) Iy,1 (%) Iabxy,1 (%)
Average

Iabxy,1 (%)
Max-Min

Strategy 1 70.87 68.88 70.27 68.6 69.66 2.27

Strategy 2 71.39 69.53 69.6 69.75 70.07 1.86

Strategy 3 69.86 69.68 70.73 68.97 69.81 1.76

Table 9. The 3rd current harmonic magnitudes of measured ia, ib, ix, and iy, under different strategies,
300 rpm and i∗da = i∗dx = −0.5 p.u., i∗qa = i∗qx = 0.5 p.u., 100% = 282.8 A.

Ia,3 (%) Ib,3 (%) Ix,3 (%) Iy,3 (%) Iabxy,3 (%)
Average

Iabxy,3 (%)
Max-Min

Strategy 1 2.02 1.14 1.03 0.93 1.28 1.09

Strategy 2 1.03 0.37 0.6 0.29 0.57 0.74

Strategy 3 1.41 0.86 0.96 1.39 1.16 0.55

Table 10. The 5th current harmonic magnitudes of measured ia, ib, ix, and iy, under different strategies,
300 rpm and i∗da = i∗dx = −0.5 p.u., i∗qa = i∗qx = 0.5 p.u., 100% = 282.8 A.

Ia,5 (%) Ib,5 (%) Ix,5 (%) Iy,5 (%) Iabxy,5 (%)
Average

Iabxy,5 (%)
Max-Min

Strategy 1 6.44 5.71 6.01 6.75 6.23 1.04

Strategy 2 0.61 0.67 0.38 1.24 0.73 0.86

Strategy 3 0.33 0.17 0.26 0.7 0.37 0.53

Table 11. The fundamental current magnitudes of measured ia, ib, ix, and iy, under different strategies,
600 rpm and i∗da = i∗dx = −0.5 p.u., i∗qa = i∗qx = 0.5 p.u., 100% = 282.8 A.

Ia,1 (%) Ib,1 (%) Ix,1 (%) Iy,1 (%) Iabxy,1 (%)
Average

Iabxy,1 (%)
Max-Min

Strategy 1 72.25 67.58 67.58 69.57 69.25 4.67

Strategy 2 72.04 67.47 67.38 69.85 69.19 4.66

Strategy 3 69.94 70.02 69.97 69.19 69.78 0.83

Table 12. The 3rd current harmonic magnitudes of measured ia, ib, ix, and iy, under different strategies,
600 rpm and i∗da = i∗dx = −0.5 p.u., i∗qa = i∗qx = 0.5 p.u., 100% = 282.8 A.

Ia,3 (%) Ib,3 (%) Ix,3 (%) Iy,3 (%) Iabxy,3 (%)
Average

Iabxy,3 (%)
Max-Min

Strategy 1 2.13 0.96 0.67 1.07 1.21 1.46

Strategy 2 2.25 1.03 0.84 0.98 1.28 1.41

Strategy 3 0.97 0.25 0.6 0.88 0.68 0.72

The total harmonic distortions (THDs) of ia, ib, ix, and iy under different rotor speeds
for Strategy 1, Strategy 2, and Strategy 3 are presented in Tables 20–22. Strategy 1 shows a
clear trend of increasing THD with rotor speed, confirming the presence of flux linkage
harmonics and their growing impact on current distortion at higher speeds. In contrast, both
Strategy 2 and Strategy 3 benefit from the current harmonic suppression capability of the
HSRF-CC. While Strategy 2 exhibits modest reductions with some variation across phases
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and speeds, Strategy 3 consistently achieves lower and more uniform THDs, highlighting
its superior and more balanced suppression of current harmonics.

Table 13. The 5th current harmonic magnitudes of measured ia, ib, ix, and iy, under different strategies,
600 rpm and i∗da = i∗dx = −0.5 p.u., i∗qa = i∗qx = 0.5 p.u., 100% = 282.8 A.

Ia,5 (%) Ib,5 (%) Ix,5 (%) Iy,5 (%) Iabxy,5 (%)
Average

Iabxy,5 (%)
Max-Min

Strategy 1 13.06 12.41 11.47 14.3 12.81 2.83

Strategy 2 0.93 1.8 0.7 2.02 1.36 1.32

Strategy 3 0.77 0.56 0.68 1.13 0.79 0.57

Table 14. The fundamental current magnitudes of measured ia, ib, ix, and iy, under different strategies,
900 rpm and i∗da = i∗dx = −0.5 p.u., i∗qa = i∗qx = 0.5 p.u., 100% = 282.8 A.

Ia,1 (%) Ib,1 (%) Ix,1 (%) Iy,1 (%) Iabxy,1 (%)
Average

Iabxy,1 (%)
Max-Min

Strategy 1 72.73 65.71 65.48 70.82 68.69 7.25

Strategy 2 72.5 65.56 65.3 71.17 68.63 7.2

Strategy 3 69.95 70.09 69.73 69.08 69.71 1.01

Table 15. The 3rd current harmonic magnitudes of measured ia, ib, ix, and iy, under different strategies,
900 rpm and i∗da = i∗dx = −0.5 p.u., i∗qa = i∗qx = 0.5 p.u., 100% = 282.8 A.

Ia,3 (%) Ib,3 (%) Ix,3 (%) Iy,3 (%) Iabxy,3 (%)
Average

Iabxy,3 (%)
Max-Min

Strategy 1 2.47 1.22 0.45 1.6 1.44 2.02

Strategy 2 2.73 1.33 0.77 1.5 1.58 1.96

Strategy 3 0.99 0.46 0.78 1.02 0.81 0.56

Table 16. The 5th current harmonic magnitudes of measured ia, ib, ix, and iy, under different strategies,
900 rpm and i∗da = i∗dx = −0.5 p.u., i∗qa = i∗qx = 0.5 p.u., 100% = 282.8 A.

Ia,5 (%) Ib,5 (%) Ix,5 (%) Iy,5 (%) Iabxy,5 (%)
Average

Iabxy,5 (%)
Max-Min

Strategy 1 17.28 17.51 14.64 20.12 17.39 5.48

Strategy 2 0.69 2.91 1.45 2.47 1.88 2.22

Strategy 3 1.53 1.46 1.38 1.94 1.58 0.56

Table 17. The fundamental current magnitudes of measured ia, ib, ix, and iy, under different strategies,
1200 rpm and i∗da = i∗dx = −0.5 p.u., i∗qa = i∗qx = 0.5 p.u., 100% = 282.8 A.

Ia,1 (%) Ib,1 (%) Ix,1 (%) Iy,1 (%) Iabxy,1 (%)
Average

Iabxy,1 (%)
Max-Min

Strategy 1 72.96 64.09 64.25 72.32 68.41 8.87

Strategy 2 72.34 64.57 64.31 72.92 68.54 8.61

Strategy 3 70.15 70.19 70 69 69.84 1.19
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Table 18. The 3rd current harmonic magnitudes of measured ia, ib, ix, and iy, under different strategies,
1200 rpm and i∗da = i∗dx = −0.5 p.u., i∗qa = i∗qx = 0.5 p.u., 100% = 282.8 A.

Ia,3 (%) Ib,3 (%) Ix,3 (%) Iy,3 (%) Iabxy,3 (%)
Average

Iabxy,3 (%)
Max-Min

Strategy 1 2.58 1.2 0.32 2.12 1.56 2.26

Strategy 2 3.26 1.66 0.38 1.82 1.78 2.88

Strategy 3 1.36 0.68 1.26 1.7 1.25 1.02

Table 19. The 5th current harmonic magnitudes of measured ia, ib, ix, and iy, under different strategies,
1200 rpm and i∗da = i∗dx = −0.5 p.u., i∗qa = i∗qx = 0.5 p.u., 100% = 282.8 A.

Ia,5 (%) Ib,5 (%) Ix,5 (%) Iy,5 (%) Iabxy,5 (%)
Average

Iabxy,5 (%)
Max-Min

Strategy 1 20.04 22.13 16.54 24.78 20.87 8.24

Strategy 2 0.87 3.81 3.41 2.72 2.70 2.94

Strategy 3 2.79 2.85 2.59 3.09 2.83 0.5

Table 20. Strategy 1 THDs of ia, ib, ix, and iy under different speed.

Speed
(rpm)

ia (%) ib (%) ix (%) iy (%) iabxy (%)
Average

iabxy (%)
Max-Min

300 10.81 10.26 9.86 11.5 10.61 1.64

600 19.98 20.92 19.04 22.7 20.66 3.66

900 26 30.2 24.91 31.2 28.08 6.29

1200 29.66 38.27 28.08 37.02 33.26 10.19

Table 21. Strategy 2 THDs of ia, ib, ix, and iy under different speed.

Speed
(rpm)

ia (%) ib (%) ix (%) iy (%) iabxy (%)
Average

iabxy (%)
Max-Min

300 2.01 1.71 1.51 2.19 1.86 0.68

600 3.84 3.77 2.07 3.84 3.38 1.77

900 4.3 5.4 2.96 4.73 4.35 2.44

1200 5.18 6.99 5.72 5.4 5.82 1.81

Table 22. Strategy 3 THDs of ia, ib, ix, and iy under different speed.

Speed
(rpm)

ia (%) ib (%) ix (%) iy (%) iabxy (%)
Average

iabxy (%)
Max-Min

300 2.39 1.86 1.73 2.54 2.13 0.81

600 2.61 2.49 1.71 3.06 2.47 1.35

900 3.32 3.29 2.6 4.23 3.36 1.63

1200 5.03 4.91 4.46 6.04 5.11 1.58

5. Conclusions
The imbalance phase currents in a six-phase PMSM can be decomposed into positive-

and negative-sequence fundamental and harmonic components. By applying 2n and −2n
rotor electrical angle HSRF-CCs in the rotor synchronous reference frame, the positive-
sequence (2n + 1)th and negative-sequence (2n − 1)th current harmonics can be effectively
suppressed. This controller architecture is structurally symmetrical and implementation-
friendly, making it suitable for real-time applications.
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Considering that the DM subspace exhibits significantly lower impedance than the
CM subspace, a DM-IHSRF-CC is proposed to suppress the imbalance in the fundamental,
third, and fifth current harmonics, as well as the positive-sequence seventh harmonic. To
accurately replicate the imbalance phase currents observed experimentally under conditions
without harmonic suppression, an imbalance flux linkage harmonic model is incorporated
into the six-phase PMSM dynamic model.

By integrating DM-IHSRF-CC into the six-phase PMSM current controller (PMSM-
CC), an advanced imbalance current harmonic suppression strategy is established. The
simulation results confirm that the proposed strategy yields more balanced fundamental
phase currents and significantly reduces harmonic content compared to the conventional
balanced harmonic suppression approach.

Experimental tests conducted at various rotor speeds further validate the simulation
results. The proposed strategy consistently achieves lower and more uniform total harmonic
distortion (THD) across all phase currents. Moreover, the improvement in current balance
reduces copper loss disparity among windings, promoting better thermal distribution and
enhancing the overall longevity of the motor.
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Appendix A

Table A1. Motor specifications and controller parameters.

Parameter Value

DC link voltage (V) 600

Rated Speed (rpm) 1200

Poles Np 12

Phase resistance Rs (mΩ) 23.14

d-axis self inductance Ld (µH) 309.9

q-axis self inductance Lq (µH) 743.2

d-axis mutual inductance Md (µH) 260.3

q-axis mutual inductance Mq (µH) 706.1

Flux linkage λ
′
m (Wb) 0.313

5th BEMFH
(Magnitude:%Fundamental/Phase:◦) 2.17%/174.7◦

7th BEMFH
(Magnitude:%Fundamental/Phase:◦) 1.92%/2.5◦

11th BEMFH
(Magnitude:%Fundamental/Phase:◦) 0.69%/−15.4◦

13th BEMFH
(Magnitude:%Fundamental/Phase:◦) 0.45%/175.1◦

Fundamental frequency current controller
bandwidth (rad/s) 2000

Table A2. Current controller gain settings.

Parameter Value

DM-IHSRF-CC PI gain (k−p,(2n): Ω/k−i,(2n)))
for n = 1, 2, 3

0.0116 Ω/533.79

DM-IHSRF-CC LPF time constant (τ−
LP,(2n):

msec) for n = 1, 2, 3
0.936

Appendix B

PI controller G(s) = kp(s+ki)
s = u∗

∆i , where ∆i is the current error and u∗ is the voltage
reference of the controller output.

Digital implementation of PI controller: u∗
k = kp∆ik + u∗

i(k), where the integrator out-
put u∗

i(k) = u∗
i(k−1) + τskikp∆i(k−1), τs is the sampling period.

Low-pass filter HLP(s) = 1
τLPs+1 = ī

î
, where î is the current feedback and ī is the

output of the low-pass filter.
Digital implementation of the low-pass filter: īk = īk−1 + τsτ−1

LP (îk − īk−1)
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Appendix C

Table A3. abc and xyz-set flux linkage harmonic parameters.

Parameter Value

abc-set positive-sequence third flux linkage harmonic
(magnitude λ

p
ia,3 : mWb/phase δ

p
ia,3 : ◦)

0/0◦

xyz-set positive-sequence third flux linkage harmonic
(magnitude λ

p
ix,3 : mWb/phase δ

p
ix,3 : ◦)

0/0◦

abc-set positive-sequence fifth flux linkage harmonic
(magnitude λ

p
ia,5 : mWb/phase δ

p
ia,5 : ◦)

1.313/37◦

xyz-set positive-sequence fifth flux linkage harmonic
(magnitude λ

p
ix,5 : mWb/phase δ

p
ix,5 : ◦)

1.313/−143◦

abc-set positive-sequence seventh flux linkage harmonic
(magnitude λ

p
ia,7 : mWb/phase δ

p
ia,7 : ◦)

4.337/−137◦

xyz-set positive-sequence seventh flux linkage
harmonic

(magnitude λ
p
ix,7 : mWb/phase δ

p
ix,7 : ◦)

4.337/43◦

abc-set negative-sequence fundamental flux linkage
harmonic

(magnitude λn
ia,1 : mWb/phase δn

ia,1 : ◦)
2.188/153◦

xyz-set negative-sequence fundamental flux linkage
harmonic

(magnitude λn
ix,1 : mWb/phase δn

ix,1 : ◦)
2.188/−27◦

abc-set negative-sequence third flux linkage harmonic
(magnitude λn

ia,3 : mWb/phase δn
ia,3 : ◦) 0.637/177◦

xyz-set negative-sequence third flux linkage harmonic
(magnitude λn

ix,3 : mWb/phase δn
ix,3 : ◦) 0.637/−3◦

abc-set negative-sequence fifth flux linkage harmonic
(magnitude λn

ia,5 : mWb/phase δn
ia,5 : ◦) 8.395/78◦

xyz-set negative-sequence fifth flux linkage harmonic
(magnitude λn

ix,5 : mWb/phase δn
ix,5 : ◦) 8.395/−102◦

Note that these flux linkage harmonic parameter values are only applicable to
i∗da = i∗dx = −0.5 p.u., i∗qa = i∗qx = 0.5 p.u. Other current reference values must be re-
tuned to accurately replicate the measured phase currents.
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