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Abstract—Torque ripple reduction based on harmonic current
injection has been widely applied to surface-mounted permanent-
magnet synchronous machine (SPMSM) drive systems. However,
additional voltages are typically required for harmonic injection,
and the dc-link voltage limit should be considered in practical
drive systems. This article proposes a novel harmonic control for
SPMSMs in which the torque ripple reduction and high dc-link
voltage utilization can be achieved simultaneously. The influence of
harmonic injection on voltage utilization is investigated in detail. In
addition to injecting the appropriate q-axis harmonic currents to
suppress torque ripple, the d-axis harmonics are also optimized and
injected. The geometric principle is applied to obtain the analytical
expression for the optimal d-axis harmonic voltage, which can
minimize the maximum magnitude of the stator voltage vector.
Since the reference harmonic voltage is directly calculated in accor-
dance with the analytical solution, the implementation complexity
of harmonic voltage regulation is relatively low. Moreover, a virtual
dual three-phase system with auxiliary currents is developed to de-
compose the fundamental and harmonic currents without low-pass
filters, thus avoiding additional delay in the control loop. Finally,
the experimental results are provided to verify the validity of the
proposed method.

Index Terms—Geometric principle, harmonic current injection,
surface-mounted permanent-magnet synchronous machine
(SPMSM), torque ripple reduction, voltage utilization.

I. INTRODUCTION

P ERMANENT-MAGNET (PM) machines have been widely
used in electric vehicles, wind power generation, and other

industrial applications for their high efficiency and high power
density [1], [2], [3], [4], [5], of which the surface-mounted PM
synchronous machine (SPMSM) is an important type with sim-
ple construction and excellent performance. The torque ripple
is one of the significant issues of machine drive system, which
can induce undesirable mechanical vibration and acoustic noise
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[6], [7], [8]. Hence, torque ripple reduction has drawn increased
attention in both academic and industrial research.

Typically, techniques for reducing torque ripple can be divided
into two categories: methods based on machine design and meth-
ods based on machine control [9]. The first one mainly involves
the optimization of design parameters. In [10], [11], [12], and
[13], several approaches, such as magnet shifting, rotor/stator
skewing, and magnet shaping, were investigated to lessen the
torque ripple by reducing the cogging torque and harmonics
in PM flux linkage. However, these strategies may also reduce
the average torque or increase manufacturing complexity. In
practical PM machines, it is inevitable that harmonics exist in
the PM flux linkage and back-electromotive force (EMF) due
to design tradeoffs and manufacturing tolerances [14]. Hence,
torque ripple reduction from the machine control perspective is
usually required, which is also the focus of this article.

Due to the limited ac signal tracking capability, the commonly
used proportional–integral (PI) regulator cannot well eliminate
current distortions in the d–q frame. To reduce the torque ripple,
several works about harmonic current suppression have been
carried out with the target of sinusoidal current excitation. In [15]
and [16], the (6n±1)th harmonics in the stator currents caused
by inverter nonlinearity were analyzed and compensated. The
current distortions caused by error between the reference voltage
and the actual output voltage can be effectively suppressed. Ad-
ditionally, harmonic suppression based on PM flux-linkage har-
monics identification and PI–resonant regulator was proposed
in [17] to deal with the disturbance caused by machine side, that
is, nonsinusoidal back EMFs. In [18], the fundamental and har-
monic currents were separated by multiple synchronous rotating
frame (MSRF) transformations and controlled by conventional
PI regulators, respectively. The methods mentioned above are
valid and contribute to attenuating the harmonic currents. How-
ever, as mentioned above, harmonics will unavoidably be present
in the back-EMFs of practical machines. Hence, in some cases,
sinusoidal current excitation cannot ensure the minimum torque
ripple, and optimal harmonic current injection is meaningful.

To suppress the intrinsic torque ripple, the injected harmonic
currents can be designed properly to produce additional har-
monic torque with the same magnitude but opposite in phase
of the existing harmonic torque. The approaches for determin-
ing the amplitude and phase of reference harmonic currents
can be classified into two categories: methods based on the
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torque model [19], [20], [21] and methods based on speed
feedback [22], [23], [24]. In [19], the q-axis harmonic current
reference was generated by a lookup table of back EMF and
regulated by the repetitive controller. Furthermore, to counteract
the fundamental and second-order harmonic components of the
cogging torque for a flux-switching PM machine, a series of
harmonics were injected in the q-axis reference current [20]. In
addition to compensating for the influence of PM flux-linkage
harmonics and cogging torque, the reference harmonic current
calculation can also take the stator copper losses into account
[21]. Also, there are several methods using the speed feedback
to obtain the reference value of harmonic currents, which can
omit the offline measurements of machine parameters. In [22],
PI–resonant regulators were employed in both speed control
loop and current control loop to reject periodic torque ripples.
Moreover, the magnitude and phase of the speed harmonic were
extracted in [23], which makes it possible to determine the ref-
erence harmonic using the conventional PI controller. Also, the
optimization algorithms, such as gradient descent optimization,
can also be used to obtain the reference harmonic currents [24].

It should be noted that, whether through harmonic current
suppression or optimized harmonic current injection, a certain
harmonic voltage must be generated to regulate harmonic cur-
rent, which can increase the magnitude of the output voltage
vector. Nevertheless, in practice, the maximum possible voltage
vector is limited by the dc-link voltage. To produce the optimal
harmonic voltage, the amplitude of the maximum achievable
fundamental voltage will be decreased, which will result in the
reduction of the maximum operation speed and maximum output
torque of machine. However, in the previous literature, reducing
torque ripple with the consideration of dc-link voltage utilization
is rarely investigated except [25] and requires further research.
In [25], several low-pass filters (LPFs) and one bandpass filter
(BPF) were used to extract harmonic components in stator
current and voltage, which can bring a significant delay in the
control loop.

The harmonic detection also plays an important role in torque
ripple reduction. Limited by only two degrees of control free-
doms for the three-phase machine with a common neutral point,
the fundamental and harmonic currents are coupled together
and difficult to separate. Hence, LPFs are usually needed in
MSRF-based harmonic control [18], [23], [24]. Note that the
delay resulting from LPFs can degrade the dynamic performance
as well as the stability margin of the control system. It is
worth mentioning that the dual three-phase machine has more
degrees of control freedom and more decoupled dimensions.
By using vector space decomposition (VSD) [26], per-phase
variables, such as the current, the voltage, and the flux, can be
directly mapped into different orthogonal subspaces, allowing
the separation of harmonics with different orders. On this basis,
a novel decomposition transformation combined with auxiliary
currents was proposed for dual three-phase PMSM [27], which
can further increase decoupled dimensions. However, current
harmonics detection in the standard three-phase PMSM without
using digital filters has not been well discussed so far; espe-
cially when considering voltage limit, the detection of harmonic
voltages also requires the adoption of such filters.

In light of the above discussions, this article proposes a novel
harmonic current control scheme for torque ripple reduction of
SPMSM, by which the high dc-link voltage utilization can be
realized. In addition to injecting appropriate q-axis harmonic
current to suppress torque ripple, the d-axis harmonic is also op-
timized to minimize the maximum magnitude of the stator volt-
age vector. The analysis of the voltage utilization considering
harmonic injection is derived in detail. A geometric principle-
based method is proposed to demonstrate the analytical solution
for the reference d-axis harmonic voltage. Moreover, harmonic
decomposition based on a virtual dual three-phase system is
proposed to decompose the fundamental and harmonic currents.
The proposed scheme does not involve complex optimization
strategies and any digital filters, so it is computationally effi-
cient and can work well under both steady-state and dynamic
conditions. Finally, comparative experimental results are pre-
sented to verify the improved performance compared with the
conventional methods.

II. MODELING AND HARMONIC ANALYSIS OF SPMSM

Assuming that the machine windings are balanced, the voltage
equation of the PM machine can be expressed as⎡
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where p is the derivative operator, Rs is the stator resistance,
L and M are the self and mutual winding inductances, and
ua,b,c, ia,b,c, and ea,b,c are the three-phase stator voltages,
phase currents, and back-EMFs, respectively. The conventional
field-oriented control (FOC) is conducted in a synchronous
rotating frame (d–q frame), where (1) can be rewritten as[
ud
uq

]
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[
id
iq

]
+

[
pLd −ωeLq

ωeLd pLq

] [
id
iq

]
+ ωe

[−ψfq

ψfd

]
(2)

where ωe is the angular velocity of rotor, ud, uq and id, iq are
the stator voltages and currents in the d–q frame, Ld and Lq are
the d- and q-axis inductances, and Rs is the stator resistance.
Additionally, ψfd and ψfq represent the PM flux linkages in d–q
frame, while ωeψfq and ωeψfd denote the back EMFs in d–q
frame. The electromagnetic torque can be expressed as

Te = 1.5np [(ψfd + Ldid) iq − (ψfq + Lqiq) id] (3)

where np is the number of pole pairs. Ideally, as long as id and
iq are dc components, the torque ripple can be well suppressed.
However, as aforementioned, the back EMFs in practical PM
machines are usually not ideal sinusoidal, which can affect the
output torque. The measured phase back EMF waveforms of a
12-slot/10-pole prototype machine at 500 r/min are presented in
Fig. 1(a), and the harmonic spectrum of phase-a back EMF is
shown in Fig. 1(b). The back EMF mainly includes the third-,
fifth-, and seventh-order harmonics with amplitudes of 5.2%,
5.4%, and 1.5% of the fundamental component, respectively.
The triplen harmonics are zero-sequence components, which do
not exist in line back EMFs of a balanced Y-connected three-
phase circuit. Therefore, the fifth- and seventh-order harmonics
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Fig. 1. Measured back EMF waveforms and spectrum. (a) Three-phase back
EMFs. (b) Harmonic spectrum.

are dominant harmonics that can affect the operation of the
investigated PMSM. The three-phase back-EMFs considering
the main harmonics can be expressed as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

ea = −ωeψ1 sin(ωet)− 5ωeψ5 sin(5ωet+ θ5)

−7ωeψ7 sin(7ωet+ θ7)

eb=−ωeψ1 sin(ωet− 2π/3)−5ωeψ5 sin(5ωet+2π/3+θ5)

−7ωeψ7 sin(7ωet− 2π/31 + θ7)

ec=−ωeψ1 sin(ωet+ 2π/3)−5ωeψ5 sin(5ωet−2π/3+θ5)

−7ωeψ7 sin(7ωet+ 2π/3 + θ7)
(4)

where ψ1, ψ5, and ψ7 are the harmonic amplitudes of the
fundamental, fifth- and seventh-order PM flux linkages, re-
spectively, and θ5 and θ7 are the initial phase angles of two
harmonic components. In a–b–c frame, the fifth-order harmonic
is with negative sequence and the seventh-order harmonic is with
positive sequence. Then, the PM flux linkages in the d–q frame
can be rewritten as[
ψfd

ψfq

]
=

[
ψ1 − ψ5 cos(6ωet+ θ5) + ψ7 cos(6ωet+ θ7)
ψ5 sin(6ωet+ θ5) + ψ7 sin(6ωet+ θ7)

]
.

(5)
As can be seen, the PM flux linkages in d–q frame contain the

sixth-order harmonics, which can cause current distortion and
torque ripple. Note that the number of pole pairs for fifth-order
harmonics equals 5np and the number of pole pairs for seventh-
order harmonics equals 7np. For SPMSM, where the inductance
on the d-axis is approximately equal to the inductance on the q-
axis, id = 0 current control is usually applied. Then, considering
the harmonics of stator currents and PM flux linkages, (3) can
be rewritten as

Te = 1.5np

×

⎡
⎢⎣
ψ1iqf + ψ1iqh

+(−5ψ5 cos(6ωet+ θ5) + 7ψ7 cos(6ωet+ θ7)) iqf

+(−5ψ5 cos(6ωet+ θ5) + 7ψ7 cos(6ωet+ θ7)) iqh

⎤
⎥⎦
(6)

where iqf and iqh represent the fundamental current and harmonic
current of the q-axis, respectively. Note that only harmonic com-
ponents in stator currents and PM flux are considered because
the magnitudes of inductance harmonics are relatively small.
The torque in (6) can be seen as a combination of four items: the
interaction between fundamental current and fundamental flux
linkage, the interaction between harmonic current and funda-
mental flux linkage, the interaction between fundamental current
and harmonic flux linkage, and the interaction between harmonic
current and harmonic flux linkage. The first item represents the
main average torque and the second and third terms represent the
torque ripple. The product of the harmonic current and harmonic
flux linkage can be neglected because of its low amplitude
and high frequency [21]. To attenuate the sixth-order torque,
harmonic current can be injected to make the sum of the second
and third items equal to 0. Hence, the reference of injected
harmonic current should satisfy

i∗qh =
iqf
ψ1

[5ψ5 cos(6ωet+ θ5)− 7ψ7 cos(6ωet+ θ7)] . (7)

III. ANALYSIS OF DC-LINK VOLTAGE UTILIZATION

A. Voltage Utilization Considering Harmonics

Whether for current harmonic suppression or current har-
monic injection, the optimal harmonic voltages should be added
to the output voltage. Considering the fifth- and seventh-order
harmonics of a–b–c frame, the dq-axes reference voltages can
be expressed as⎧⎪⎪⎪⎨

⎪⎪⎪⎩

ud = udf + udh = udf + U5 cos(−6ωet+ ϕ5)

+U7 cos(6ωet+ ϕ7)

uq = uqf + uqh = uqf + U5 sin(−6ωet+ ϕ5)

+U7 sin(6ωet+ ϕ7)

(8)

where udf and uqf represent the fundamental components of the
dq axes stator voltages, U5 and U7 are the amplitudes of the
fifth- and seventh-harmonic voltages, and ϕ5 and ϕ7 are the
initial phase angles of the fifth- and seventh-harmonic voltages.
With the harmonic voltage injection, the total voltage vector
is the combination of the fundamental voltage vector and the
harmonic voltage vectors, which can be expressed as

�us = �uf + �u5 + �u7 (9)

where �uf represents the fundamental voltage vector, and �u5
and �u7 represent the fifth- and seventh-order harmonic voltage
vector, respectively.

Fig. 2 shows the voltage vector trajectory with harmonic injec-
tion. According to the linear modulation range for space vector
pulsewidth modulation (SVPWM), the maximum amplitude of
the voltage vector is udc/

√
3. The system voltage constraint

equation is given as

|�us| =
√
u2d + u2q ≤ udc√

3
(10)

where udc is the dc-link voltage. Obviously, when the harmonic
voltages are injected, the amplitude of the voltage vector will
increase and may even exceed the voltage limit. Note that the
trajectory out of the boundary is not feasible due to the voltage
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Fig. 2. Voltage vector trajectory with harmonic injection.

limit of the inverter. As for the inverter operating with SVPWM,
the dc-link voltage utilization, i.e., the ratio of the maximum
amplitude of the fundamental line–line voltage to the dc voltage,
is equal to 1 when there is no harmonic injection. However,
when the harmonic voltages are injected, the proportion of
fundamental voltage will become smaller when the total voltage
trajectory reaches the boundary. The voltage utilization consid-
ering harmonic injection can be expressed as

m =
|�uf |
|�us| =

|�uf |
|�uf + �u5 + �u7| . (11)

In other words, the harmonic injection can lead to the de-
crease of the dc-link voltage utilization and maximum output
fundamental voltage. The amplitude of the fundamental voltage
will affect the maximum operation speed and maximum output
torque of the PMSM. Hence, the harmonic injection may degrade
the system performance when the voltage limit is considered.

It is noteworthy that both the fifth- and seventh-order har-
monics under the a–b–c frame are transformed to the harmonics
with six times the electrical frequency in the d–q frame. By
synthesizing the projection of the reference vectors on the d-axis
and the q-axis, the harmonic voltage vectors can be regarded as
the combination of two orthogonal vectors �ud6 and �uq6. These
two vectors are, respectively, along the direction of the d-axis
and the q-axis. The amplitude of two vectors can be expressed as{|�ud6| = Ud6 cos(6ωet+ ϕd6)

|�uq6| = Uq6 cos(6ωet+ ϕq6)
(12)

where Ud6 and Uq6 represent the amplitudes and ϕd6 and
ϕq6 represent the initial phase angles. As shown in Fig. 2,
the amplitude of the total voltage vector can be regulated by
adjusting �ud6 and �uq6, which will be discussed in Section III-B.

B. Optimal D-Axis Harmonic Injection for Improving
DC-Link Voltage Utilization

According to (7), injecting optimal q-axis harmonic cur-
rent can suppress the torque ripple. Hence, the optimal q-axis
harmonic voltage can be determined according to the objec-
tive of better torque performance. It is worth noting that, as

for SPMSMs, the d-axis harmonic current typically does not
generate a large torque ripple. Therefore, the d-axis harmonic
voltage can be regulated to reduce the maximum amplitude of
the stator voltage vector as much as possible, thus improving the
dc-link voltage utilization.

Fig. 3 shows the voltage vector trajectories with different
Ud6 and ϕd6. It should be noted that a smaller maximum
distance from the voltage trajectory to the origin is expected.
The relation between the voltage vector trajectory and ϕd6 is
shown in Fig. 3(a). Generally, the trajectory is an ellipse in
which the fundamental voltage vector determines the center of
the ellipse, and the harmonic voltage vector determines the size
and shape of the ellipse. The shape of the voltage trajectory
changes with the increase of ϕd6, but it will always be inscribed
with the rectangle determined by Ud6 and Uq6. According to the
geometric relationship, it can be concluded that in the current
situation (i.e., the second quadrant), only ifϕd6 =ϕq6, as shown
by the cyan line in Fig. 3(a), the maximum distance from the
voltage trajectory to the origin can be the smallest.

The design objective for the d-axis harmonic injection is to
improve the voltage utilization, that is, to minimize the maxi-
mum magnitude of the voltage vector, which can be expressed
as

min
Ud6,ϕd6

rmax s.t. |�uf + �ud6 + �uq6| ≤ udc√
3
, ϕd6 = ϕq6. (13)

The relation between the voltage vector trajectory and Ud6 is
shown in Fig. 3(b) and (c). Noted that ϕd6 = ϕq6 is satisfied
so that the trajectory is a line segment. It can be seen that, with
the change of Ud6, the midpoint of the line segment remains
unchanged, while the two endpoints move in the opposite di-
rection. Hence, the maximum amplitude of the voltage vector
depends on the maximum distance between the two endpoints
of the line segment and the origin, which can be denoted as

|�us|max = rmax = max{r1, r2} (14)

where r1 and r2 represent the distances between the endpoints
and the origin, and rmax represents the maximum of the two.
In Fig. 3(b), according to the presented geometric relationship,
only when the harmonic voltage trajectory is perpendicular to
the fundamental voltage vector (as shown by the purple dashed
line), rmax is minimum and can be expressed as

min
Ud6,ϕd6

rmax = r1 = r2 =
√
u2qf + u2df + U2

q6 + U2
d6 (15)

where Ud6 is the optimal amplitude of harmonic voltage. Ac-
cording to the property of the similar triangles, the optimized
Ud6 can be expressed as

Ud6 = −uqfUq6

udf
,

(
udf < 0 and udf <

uqfUq6

udf

)
. (16)

It is noted that, as for the case shown in Fig. 3(c), when the
harmonic voltage trajectory passes through point (0, uqf+Uq6)
(as shown by the purple dashed line), rmax is the minimum and
can be expressed as

min
Ud6,ϕd6

rmax = r1 = uqf + Uq6. (17)
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Fig. 3. Voltage vector trajectories with different Ud6 and ϕd6. (a) Case I. (b) Case II. (c) Case III.

In this case, the optimal amplitude of harmonic voltage Ud6

is equal to the amplitude of udf, which can be expressed as

Ud6 = −udf ,
(
udf < 0 and udf ≥ uqfUq6

udf

)
. (18)

The above analysis is carried out for conditions with udf <
0. Meanwhile, for the conditions with udf = 0 and udf > 0,
the proposed method based on geometric principle can also be
used to optimize the d-axis harmonic voltage. The amplitude and
phase angle of d-axis harmonic voltage, which can minimize the
maximum stator voltage amplitude, are, respectively, expressed
as follows:{

Ud6 = min
{
|udf | ,

∣∣∣uqfUq6

udf

∣∣∣} , (udf �= 0)

Ud6 = 0, (udf = 0)
(19)

{
ϕd6 = ϕq6, (udf ≤ 0)

ϕd6 = ϕq6 + π, (udf > 0).
(20)

It should be noted that although the presented analysis is
about sixth-order torque ripple and voltage fluctuation, it is
also applicable to harmonic regulation with other frequencies.
For instance, the 12th-order torque ripple might be dominant
for PMSM with other slot/pole combinations. Similar to the
6th-order torque ripple reduction, the 11th- and 13th-order har-
monic currents can be injected in phase currents to suppress
the 12th-order torque ripple. There will correspondingly be
12th-order fluctuations in stator voltage amplitude. Then, using
the presented geometric principle, the amplitudes Ud12 and
initial phase angle ϕd12 of the d-axis harmonic voltage can
be optimized to reduce the maximum amplitude of the stator
voltage.

IV. PROPOSED CONTROL METHOD

In this section, a novel active harmonic current injection
scheme is proposed. There are two aims expected, namely, to
suppress the torque ripple by injecting q-axis harmonic current
and to reduce the voltage fluctuations by adjusting the d-axis
harmonic voltage. The proposed scheme consists of three parts:

Fig. 4. Harmonic mapping of PMSMs. (a) Single three-phase machine.
(b) Dual three-phase machines.

1) harmonic decomposition based on a virtual dual three-
phase system;

2) q-axis harmonic current control and its amplitude calcu-
lation;

3) d-axis harmonic voltage regulation based on the presented
geometric principle.

A. Harmonic Current Decomposition Based on Virtual Dual
Three-Phase System

Fig. 4 presents the harmonic mapping of single three-phase
machine and asymmetrical dual three-phase machines. As
shown in Fig. 4(a), for standard three-phase PMSMs, all com-
ponents are mapped to the αβ space after applying the Clark
transformation. Therefore, the current harmonics cannot be
extracted directly. The conventional approaches of harmonic
current detection are typically based on LPFs, which can cause
a significant delay and affect the dynamic performance of the
system.
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Fig. 5. Harmonic current detection based on virtual dual three-phase systems.

Significantly, the components of the multi-three-phase PMSM
can be decoupled into several orthogonal subspaces by using
the VSD method [26]. As for asymmetric dual three-phase
machines, where two sets of windings (A, B, C) and (X, Y, Z) are
spatially shifted 30 electrical degrees with two neutral points,
the transformation can be expressed as[

Fα Fβ Fz1 Fz2

]T
= [TVSD]

[
FA FX FB FY FC FZ

]T
(21)

where variable F can denote voltage, current, or flux linkage,
[TVSD] represents the transformation matrix, subscripts α and β
represent the subspace comprising the fundamental components,
and subscripts z1 and z2 represent the subspace comprising the
harmonic components. [TVSD] can be expressed as follows:

[TVSD] =
1

3⎡
⎢⎢⎢⎣
1 cos(α) cos(4α) cos(5α) cos(8α) cos(9α)

0 sin(α) sin(4α) sin(5α) sin(8α) sin(9α)

1 cos(5α) cos(8α) cos(α) cos(4α) cos(9α)

0 sin(5α) sin(8α) sin(α) sin(4α) sin(9α)

⎤
⎥⎥⎥⎦
(22)

where α = π/6. The harmonic mapping of dual three-phase
machines is presented in Fig. 4(b), in which the fundamental and
harmonic components in the order of 12n±1 (n = 1, 2, 3, …) are
mapped into the αβ subspace, and the harmonic components in
the order of 12n±5 (n = 0, 1, 2, …) are mapped into the z1z2
subspace. Note that the zero-sequence harmonics in the order
of 3n (n = 1, 3, 5, …) are not considered due to the isolated
neutral point winding structure. As can be seen, the fifth- and
seventh-order harmonic components are decomposed from the
fundamental component.

In this article, the harmonic current detection based on the
virtual dual three-phase systems is proposed to separate funda-
mental current and main harmonics without using LPFs. The
diagram is shown in Fig. 5. It consists of two parts, i.e., a stan-
dard three-phase PMSM system and a virtual dual three-phase
PMSM system. Specifically, through conventional coordinate
transformation, the dq-axes currents combined with fundamen-
tal and harmonic components are obtained. Meanwhile, the
stator current reconstruction using the phase-shifting strategy
is carried out, in which the original physical currents are rotated

Fig. 6. Diagram of the q-axis harmonic current control.

by 30° to obtain additional virtual three-phase currents. The
phase-shifting operation is implemented based on a lookup table
with respect to the rotor position. Moreover, the physical three-
phase currents and virtual three-phase currents constitute the
six-phase currents of a dual three-phase machine. Thanks to the
harmonic decomposition characteristics of the dual three-phase
PMSMs, idqf, which represents the dq-axes current components
without the sixth-order harmonics, can be obtained through
VSD transformation. The dq-axes harmonic currents idq6 can
be obtained by subtracting idqf from the output of the standard
three-phase system.

B. Harmonic Current Regulation Scheme

In the proposed scheme, the harmonics of the d-axis and q-axis
are regulated, respectively. Specifically, the q-axis harmonic
current is regulated by the control loop, as shown in Fig. 6.
According to the torque model-based method [19], the q-axis
harmonic current reference was generated by a lookup table of
back EMF to reduce the sixth-order torque ripple. It should be
noted that the proposed scheme can also be extended to the drive
system using the speed feedback to obtain the q-axis harmonic
current reference. A quasi-resonant (QR) controller with the
resonant frequency set to six times the fundamental frequency is
employed to regulate the q-axis harmonic current. The harmonic
voltage output by the controller is represented as u∗q6. Then, a
simple method based on a phase-shift operator is used to obtain
the amplitude Uq6, which will be utilized for the calculation
of d-axis harmonic voltage based on the geometric principle.
Specifically, the output of the QR controller is approximately a
sinusoidal signal with a frequency of six times the fundamental
frequency. Since sin2α + cos2α = 1, when constructing an
auxiliary signal with a phase difference of 90° from the original
signal, the amplitude of this sine signal can be calculated using
the trigonometric function.

Fig. 7 shows the overall control structure of the proposed
harmonic current regulation scheme. First, the fundamental and
harmonic currents in the dq-frame are separated by the proposed
harmonic detection method. Then, the fundamental currents are
controlled as the conventional FOC. The separated q-axis har-
monic current is regulated to suppress the torque ripple. Mean-
while, the injected d-axis harmonic voltage for reducing voltage
fluctuations is directly calculated by the voltage relationship
derived from the geometric principle, which can contribute to
minimizing the maximum magnitude of the stator voltage vector.
Specifically, (19) and (20) are used to determine the amplitude
and phase of the d-axis harmonic voltage, respectively. Noted
that voltage regulation here is based on the analytical solution
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Fig. 7. Diagram of the proposed current control scheme.

Fig. 8. Schematic diagram of the experimental setup.

TABLE I
PARAMETERS OF THE EXPERIMENTAL PLANT

from the geometric principle, which avoids closed-loop control
and can effectively reduce the computational burden. Overall,
the proposed control scheme can reduce the torque ripple with
high dc-link voltage utilization.

V. EXPERIMENTAL VALIDATION

The proposed scheme is verified experimentally on a setup,
as shown in Fig. 8, in which the test SPMSM is loaded by a
magnetic brake. Table I presents the main parameters of the test
machine whose back-EMF waveforms are shown in Fig. 1. The
control scheme is implemented with a dSPACE DS1007 system.
The inverter is designed with silicon carbide power modules
and powered by a constant voltage source. The sampling and

Fig. 9. Experimental results of conventional FOC and the proposed harmonic
detection method. (a) Phase currents. (b) dq-axes currents. (c) Output torque.
(d) Detected DC components of dq-axes currents. (e) Detected harmonic com-
ponents of dq-axes currents.

switching frequency is 10 kHz. The experimental drive system
operates in speed control mode. All experimental results are
captured by the ControlDesk interfaced with the dSPACE sys-
tem. Since the bandwidth of the torque transducer is limited, the
torque waveforms are calculated by the captured phase currents
[21], [28]. Specifically, the electromagnetic torque is calculated
through Te = np(eaia+ebib+ecic)/ωe.

Fig. 9 shows the experimental results of conventional FOC
and the proposed harmonic detection method. It is noted that,
at this time, the harmonic detection method is adopted, but the
harmonic control method is not enabled. Obviously, there are
harmonics in the stator currents and dq-axes currents caused
by nonsinusoidal back EMFs, which lead to torque ripples.
Moreover, the obtained virtual currents ix, iy, and iz are also
shown in Fig. 9(a). Based on the virtual currents and the pro-
posed harmonic detection method, the fundamental and har-
monic components of the dq-axes currents are well separated,
as shown in Fig. 9(d) and (e). It should be noted that no LPFs
are used in the harmonic detection process, which guarantees
the system to operate with decent performance. Furthermore,
the detected d-axis and q-axis harmonics will be further reg-
ulated to achieve torque ripple suppression and high voltage
utilization.

Fig. 10 shows the experimental results of the steady-state per-
formance at 300 r/min with three different methods. The wave-
forms of three-phase currents, dq-axes currents, electromagnetic
torques, and amplitudes of the voltage vector are presented. Two
existing methods are selected for comparison with the proposed
method, namely Method I and Method II. The sinusoidal current
control scheme [17] is referred to as Method I. The optimized
q-axis current harmonic injection [19] is referred to as Method
II. The waveforms of phase currents, dq-axes currents, output
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Fig. 10. Experimental results under 300 r/min. (a) Method I. (b) Method II. (c) Proposed method.

Fig. 11. Comparison of voltage trajectories. (a) Method I. (b) Method II. (c) Proposed method.

torques, amplitudes of the voltage vector, and voltage trajectories
are given. As shown in Fig. 10(a), Method I can suppress the
harmonic currents to a quite low level. Additionally, the torque
ripple is also reduced to a certain extent, but there are still
obvious sixth-order fluctuations in the output torque. Then, it can
be seen from Fig. 10(b) that the optimal q-axis harmonic currents
injected can further reduce the torque ripple. Nevertheless, these
two methods will result in fluctuations of voltage amplitude
because of the increased harmonic voltages, which is consistent
with theoretical analysis. On the contrary, as shown in Fig. 10(c),
the proposed method can reduce torque ripple with hardly any
voltage fluctuation. It is assumed that the dc-link voltage is
limited, and Method I and Method II may not be feasible due
to the higher voltage amplitudes required. Comparatively, the
proposed method can reduce the torque ripple with high dc-link
voltage utilization, which contributes to work well under voltage
limits.

To reveal the effectiveness of the proposed method more
clearly, Fig. 11 shows the comparison of voltage trajectories,
which also indicates that the proposed method can well suppress

the sixth-order fluctuations of voltage amplitude. Meanwhile,
with the proposed method, the trajectory of the output voltage
vector is approximately circular, thereby reducing the maximum
value of voltage vector amplitude and improving voltage utiliza-
tion. The maximum voltage amplitudes for the three methods
are 25.69 V, 25.74 V, and 24.42 V, respectively. As discussed in
Fig. 2, the minimum dc-link voltage for implementing the above
three strategies is 44.50 V, 44.58 V, and 42.30 V, respectively. By
applying the proposed method, the dc-link voltage utilization can
be improved by approximately 5.4% compared with traditional
methods. The results are conducted on a small-scale test rig
for verification, and the proposed method can generate more
significant benefits in high-power applications, such as offshore
wind power generation.

In Fig. 12, fast Fourier transform (FFT) results of phase
current under the conventional FOC and three methods for
torque ripple reduction are compared. As can be seen, with the
sinusoidal current excitation as the control target, the fifth- and
seventh-order harmonics of the phase current under Method I
are relatively small. On the contrary, when employing Method
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Fig. 12. FFT spectrum of phase current under different methods.

TABLE II
COMPARISON BETWEEN DIFFERENT METHODS

II or the proposed method, a few fifth- and seventh-order har-
monics are intentionally injected to further enhance the system
performance.

To fairly evaluate the cost of harmonic injection, the loss
analysis is carried out by which the fundamental and main har-
monic currents are considered. The copper loss PCu is calculated
through

PCu =
3

2

(
I21 + I25 + I27

)
Rs (23)

where I1, I5, and I7 represent the current amplitudes of the
fundamental, fifth, and seventh harmonic currents, respectively.
Then, the comparison between all the implemented methods in
terms of torque ripple, maximum voltage amplitude, and copper
loss is summarized in Table II. As can be seen, compared with
the conventional FOC, the proposed method can reduce torque
ripple by about 60% and achieve higher voltage utilization. It
should be noted that the proposed method results in a slight
increase in copper loss because of the higher amplitude of the
harmonic current injected. Specifically, the copper loss of the
proposed method is only 0.6% higher than that of the conven-
tional FOC, which is acceptable for cases where the temperature
margin is relatively large. Furthermore, to reduce torque ripple
with the low copper loss, the drive system can use Method II
under low-voltage (low-speed) operating conditions and would
change to the proposed method when approaching the voltage
limits.

Fig. 13 shows the experimental comparison results under
different speeds and load conditions. The peak-to-peak values of
torque ripple ΔTripple and voltage amplitude ripple Δ|�us|ripple
with different methods are presented. It can be seen that applying
Method I results in a certain torque ripple, which grows larger
as the load gets heavier. This is because the PM flux linkage
contains certain fifth and seventh harmonics. In contrast, when

Fig. 13. Experimental results under different speeds and load conditions.
(a) Torque ripple with method I. (b) Voltage ripple with method I. (c) Torque
ripple with method II. (d) Voltage ripple with method II. (e) Torque ripple with
the proposed method. (f) Voltage ripple with the proposed method.

using Method II or the proposed method, the torque ripple under
different operating conditions can be suppressed. Moreover, as
shown in Fig. 13(b) and (d), both Method I and Method II can
result in voltage amplitude ripple. When the speed and load
are both relatively high, the voltage fluctuation is very obvious.
On the contrary, as can be seen in Fig. 13(f), after using the
proposed method, the voltage fluctuation under all conditions
can be significantly suppressed.

It should be noted that the used digital filters, such as LPFs,
in harmonic regulation of the existing methods can cause sig-
nificant delay and degrade the transient response. To verify
the superiority of the proposed method, the comparison results
between the method presented in [25] and the proposed one
are given. In [25], several LPFs are used in current harmonic
extraction, and one BPF is used for harmonic voltage control.
Fig. 14 shows the waveforms of mechanical speed and stator
voltage amplitude during the speed accelerating process. The
test machine accelerates from 300 to 600 r/min, and the load
torque remains unchanged. With increasing mechanical speed,
both the stator voltage amplitude and fundamental frequency
increase. As shown in Fig. 14(a), when using the method in
[25], the stator voltage amplitude exhibits a certain overshoot
and transient oscillation. In contrast, as shown in Fig. 14(b),
with the proposed scheme, the convergence time of the voltage
amplitude control is short and there is almost no significant
transient oscillation. This is because the regulation of voltage
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Fig. 14. Experimental results during the speed accelerating process.
(a) Method presented in [25]. (b) Proposed method.

amplitude in the proposed scheme is not through closed-loop
control but based on the analytical solution from the geometric
principle, and no digital filter is used in the overall system.

To sum up, the proposed scheme can achieve decent perfor-
mance in both steady and transient states.

VI. CONCLUSION

This article proposes a novel harmonic current regulation
for torque ripple reduction of SPMSM drives. It is thoroughly
investigated that how harmonic injection affects dc-link voltage
utilization. Different from the previous methods, both q-axis
and d-axis harmonic currents are systematically optimized and
injected. The proposed method has the following advantages.

1) Torque ripple can be suppressed with hardly any voltage
fluctuation, which contributes to the high dc-link voltage
utilization.

2) The regulation for stator voltage amplitude is based on the
analytical solution from the geometric principle, which

has relatively low implementation complexity and is in-
dependent of machine parameters.

3) No digital filters, such as LPFs, are used in harmonic
detection, so there is almost no additional delay introduced
in the control loop.

Finally, the effectiveness and advantages of the proposed
scheme are verified by the experimental results.

The future work will focus on how the proposed scheme
can be extended to interior PMSMs and multiphase machines.
Moreover, the magnetic coenergy theory can also be employed to
obtain a more accurate torque expression, by which the harmonic
current reference can be further optimized, and the torque ripple
will be better suppressed accordingly.
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