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ABSTRACT The permanent magnet synchronous machines system includes various harmonics caused
by asymmetric impedance, current measurement errors, spatial harmonics, and inverter nonlinearity. The
asymmetric impedance and the current measurement scaling error cause an asymmetry among three-phase
currents, which produces a negative-sequence fundamental current. The controller cannot distinguish
between their effects and reduce asymmetric currents. Therefore, a novel modulation-based current har-
monic control strategy is proposed in this paper. The complex-vector system model accounting for these
harmonics is established to illustrate the modulation effects of motor saliency, the asymmetric impedance,
and the current measurement scaling error. According to modulation principles, the actual negative-sequence
fundamental current is reconstructed to suppress the harmonic current caused by the asymmetric impedance.
Meanwhile, the measured negative-sequence fundamental current is employed to compensate for the scaling
error, and the DC component of current measurements is employed to compensate for the offset. The
harmonic current controller also suppresses other harmonic currents. The harmonic current controller and
the current measurement compensator based on the complex vector control are designed. Experiments verify
the correctness and feasibility of the proposed control strategy.

INDEX TERMS Permanent magnet synchronous machine (PMSM), current harmonic, asymmetric
impedance, current measurement error.

I. INTRODUCTION
Permanent magnet synchronous machines (PMSMs) are
applied to various industrial applications due to the advan-
tages of high torque density, high power density, and high
efficiency [1], [2]. In control systems of PMSMs, both the
spatial harmonics from the machine side and the nonlinearity
from the inverter side contribute to voltage disturbances of
harmonic frequencies [3], [4]. In addition, the asymmetric
impedance among three phases and the current measurement
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errors, i.e., offset and scaling errors, introduce impedance dis-
turbances [5] andmeasurement disturbances [6], respectively.
Since all these disturbances can generate related current har-
monics and torque ripples, different control approaches are
employed to suppress or inject the current harmonics caused
by different disturbance sources. The harmonic control fur-
ther achieves better control performance, such as reduced
harmonic losses, reduced torque ripples, and boosted average
torque [4], [7].

In terms of the voltage harmonics due to the machine
and inverter, there are various proposals about how to com-
pensate for the effect of those harmonics. The basic control
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principle is to inject related voltage harmonics and coun-
terbalance the voltage harmonics. Reference [8] proposes
multiple proportional-integral (PI) regulators in multiple syn-
chronous frames (MSFs) to regulate current harmonics and
track the optimized current harmonic references to reduce
the torque ripples. To avoid the interference among different
frequencies, current harmonics should usually be extracted
by using digital low-pass filter (LPF) techniques in MSFs.
To improve the performance of current harmonic extraction,
compared to the conventional digital LPFs, many papers pro-
posed more advanced filtering methods under the framework
of MSFs. A high-precision close-loop detection system is
proposed in [9] to extract the selective current harmonic with
a reduced delay effect, but the order of the system increases as
well. Reference [10] employs an adaptive filter based on the
least mean square to extract the current harmonics. Because
the adaptive filter provides adaptive attenuation on the current
components in other frequencies, the filter bandwidth does
not need to change with the motor speed, unlike the con-
ventional LPFs. Reference [11] reports a virtual multiphase
system to extract the current harmonics. The phase shifting
operation is employed to establish the virtual multiphase cur-
rents, based on which the vector space decomposition tech-
nique is then utilized to separate all the current harmonics.
Since no digital filter is used in the current harmonic extrac-
tion, the delay effect is significantly reduced, which improves
dynamic performance and system stability. Although these
MSF-based methods above provide reasonable solutions to
the suppression and injection of current harmonics in PMSM
systems, the controller design and parameter tuning persist
in the conventional ways of PI regulators, which limits the
control performance on current harmonics and restricts the
applicability of the MSF-based methods.

Reference [12] extended the PI regulators in MSF to the
proportional-resonant (PR) regulator in a stationary frame,
and [13] compensated the gain of the discrete regulator near
the resonant frequency by using zero pole correction, which
makes the PR regulator widely utilized in the current har-
monic regulation of electrical machine [14], [15]. Compared
to the PI regulator in MSFs, the PR regulator shows less
computation burden but more complicated parameter tuning
due to the interferences among different frequencies [14].
Except for the two basic regulators above, other methods also
exhibit good performance on current harmonic control, such
as the repetitive controller proposed in [16], the adaptive filter
for dead-time compensation in [17], and the adaptive linear
neuron studied in [18].

In terms of the current measurement disturbance, off-line
correction can reduce the effect of the current measurement
errors. However, due to temperature and operating condition
variations, the current measurement errors are still required to
be compensated online. Reference [19] proposed a novel cur-
rent measurement topology, based on which multiple current
sampling in one PWM cycle can be used to correct the offset
and scaling errors. However, this method requires hardware
modification, which will increase the cost of a control system.

Since the current measurement errors will generate current
harmonics in the control system, the errors can be compen-
sated by extracting the related current harmonics [20], [21].
Reference [22] extracts the related voltage harmonics from
the output voltage to compensate for the current measure-
ment errors. Reference [23] injects high-frequency voltage
and extracts the related current harmonics to compensate for
current measurement errors.

In terms of the impedance due to asymmetry among the
three phases, the basic control principle is also to inject
related voltage harmonics and counterbalance the impedance
disturbances. The asymmetric impedance causes an asym-
metry among the existing current to produce more voltage
and current harmonics. MSF-based method [24] and PR reg-
ulator [25] are also employed to suppress the harmonic cur-
rent generated by the asymmetric impedance. Furthermore,
the asymmetric resistances are estimated by recursive least
squares to compensate for the asymmetric voltages in [5].

There are different harmonics in the motor system. The
harmonic control can suppress the harmonic currents caused
by different sources. Due to the asymmetric impedance,
the fundamental current becomes asymmetrical, which pro-
duces a negative-sequence fundamental current. Control of
this harmonic current can reduce the asymmetrical voltage.
The offset and scaling errors of the current measurement
also introduce corresponding harmonic currents through the
controller. These harmonic currents are also employed to
compensate for the current measurement errors. However, the
asymmetric impedance and the scaling error both result in an
asymmetry of the fundamental current, which produces the
same negative-sequence fundamental current. The controller
cannot distinguish between the two sources. This harmonic
cannot be employed to handle the asymmetric impedance and
compensate for the scaling error at the same time. Therefore,
a novel modulation-based current harmonic control strategy
is proposed in this paper. When the saliency of motor exists
(magnetic saturation can also have the saliency effect), the
negative-sequence fundamental current will be modulated
into a positive-sequence third harmonic current. The asym-
metric impedance can be handled by using the positive-
sequence third harmonic current. Meanwhile, the measured
negative-sequence fundamental current is employed to com-
pensate for the scaling error. The offset is compensated by
the measured DC component. In addition, other harmonic
currents are suppressed by the harmonic current controller.
When the steady state is reached, the asymmetric impedance
is handled, the current measurement errors are compensated,
and the harmonic currents are suppressed.

The structure of this paper is organized as follows.
In Section II, the system model considering spatial harmon-
ics, the inverter nonlinearity, impedance asymmetry, and cur-
rent measurement errors is established based on the complex
vector method. Section III analyses the modulation principles
of the asymmetry, motor saliency, and scaling error. The
harmonic current controller and the measurement error com-
pensator are designed based on the complex vector control.
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Experiments in Section IV verify the effectiveness of the
controller. Finally, Section V concludes the paper.

II. MOTOR SYSTEM MODEL
The vector and complex vector methods are equivalent in the
motor system model [26]. In order to analyze the relationship
between positive and negative sequence harmonics caused
by the modulation, the mathematical model in this paper
is developed by the complex vector method. The complex-
vector 3-to-2 transformation is

F =
2
3

(
e−jθFA + e

−j
(
θ− 2

3π
)
FB + e

−j
(
θ+ 2

3π
)
FC

)
(1)

where θ is an angular, F is the voltage, current, or flux
linkage, and the subscripts ‘‘A,’’ ‘‘B,’’ and ‘‘C’’ indicate the
phase axis. The bold F indicates the complex vector.
According to the complex vector transformation, we estab-

lish the motor systemmodel, which includes various harmon-
ics caused by the motor, inverter, and current measurement.
Flux harmonics and asymmetric impedance can generate har-
monics in the motor. The inverter also introduces voltage
harmonics. The current measurement errors include offset
and scaling errors, which can also produce harmonics. The
motor system diagram is shown in Fig. 1, and the models are
described in the following parts.

FIGURE 1. The motor system diagram.

A. MOTOR MODEL
The traditional complex vector motor model in a synchronous
reference frame can be derived as

udq = r idq + pψdq + jωeψdq

ψdq = Lpidq + Lsi∗dq + ψ f

Te =
3
4
jP
(
ψdqi

∗
dq − ψ

∗
dqidq

)
(2)

where udq, idq, ψdq, and ψf are complex vectors of voltage,
current, flux linkage, and permanent magnet (PM) flux link-
age in the synchronous frame, respectively; r is the stator
resistance; Te is the electromagnetic torque; P is pole pairs;
ωe is the electric angular velocity; p denotes a differential
operator; the superscript ∗ indicates the conjugate of the
complex vector; Ld is the d-axis inductance, and Lq is the
q-axis inductance. Then the positive-sequence inductance Lp
and the saliency inductance Ls can be expressed as

Lp = =
1
2

(
Ld + Lq

)
Ls =

1
2

(
Ld − Lq

)
(3)

B. FLUX HARMONICS
Flux harmonics are mainly caused by motor spatial har-
monics. Due to the influence of design, manufacture, and
magnetic saturation, the air-gap flux density generated by
the permanent magnets has the characteristics of the non-
sinusoidal distribution. Thus the three-phase PM flux linkage
can be expressed as

 ψfAψfB
ψfC

 =∑ψf (2n−1)


cos (2N − 1) θe

cos (2N − 1)
(
θe −

2π
3

)
cos (2N − 1)

(
θe +

2π
3

)


(4)

where N is a positive integer; ψf (2N -1) is the magnitude of
fundamental and harmonic components; θe is the electric
angular.

Due to the symmetry of the air gap magnetic density dis-
tribution, the three-phase PM flux linkage includes odd-order
harmonics flux linkage. According to the complex vector
transformation, the PMflux linkage of the synchronous frame
can be obtained as

ψ f = ψf 1 +
∑

ψf (6N−1)e−j6Nθe +
∑

ψf (6N+1)ej6Nθe

(5)

The PM flux linkage with orders of 3N in the three-phase
system is the zero-sequence flux linkage. Through the trans-
formation, there are only the fundamental PM flux linkage
and the positive and negative sequence harmonic PM flux
linkage with orders of 6N in the synchronous frame.

C. ASYMMETRIC IMPEDANCE
Motor manufacturing inevitably leads to an asymmetry
among the three phases. As studied in [5], even a small
asymmetric resistance can produce specific torque pulsation.
Considering the asymmetry of resistance and taking phase C
as the reference, the three-phase resistance is

RABC =

 r 0 0
0 r 0
0 0 r

+
 r1 0 0

0 r2 0
0 0 0

 (6)

where r1 and r2 are asymmetric resistances of phases A and
B.

Similarly, considering the inductance asymmetry and tak-
ing phase C as the reference, the three-phase inductance is

LABC =

 LA MAB MAC
MAB LB MBC
MAC MBC LC


+

 L1 M12 M13
M12 L2 M23
M13 M23 0

 (7)

where L andM are self and mutual inductances; the subscript
{ABC} indicates the three-phase normal condition, and the
subscript {123} indicates the asymmetric condition.
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Then the voltage and flux equations of the synchronous
reference frame are deduced as

pψdq = udq − rpidq − e−j2θerni∗dq
ψdq = lpidq + Lsi∗dq + e

−j2θe lni∗dq + ψ f (8)

where rp and rn are the asymmetric positive-sequence
resistance and the asymmetric negative-sequence resistance,
respectively; lp and ln are the asymmetric positive-sequence
inductance and the asymmetric negative-sequence induc-
tance, respectively. These parameters can be expressed as

rp = r +
1
3
(r1 + r2)

rn =
1
3

(
r1 + r2e−j

2
3π
)

(9)

lp = Lp +
1
3
(L1 + L2 −M12 −M13 −M23)

ln =
1
3

(
L1 + L2e−j

2
3π + 2M12ej

2
3π

+ 2M13e−j
2
3π + 2M23

)
(10)

In the model of asymmetric impedance, the negative-
sequence resistance and inductance can produce the negative-
sequence fundamental current in the stationary frame through
the conjugate of the complex vector fundamental current.

D. VOLTAGE HARMONICS OF INVERTER
The inverter nonlinearity introduces voltage harmonics.
These harmonics are caused by the dead-time effect and
voltage drops in power devices, which are equivalent to the
square wave voltage related to the fundamental current. This
voltage of phase A can be expressed as

uAi=Visgn (iA)=
4Vi

π

∑ 1
2N−1

sin (2N−1) θe (11)

where Vi is the voltage amplitude and sgn is the sign function.
The nonlinear voltage is composed of the harmonic volt-

ages with odd orders of 2N -1. The harmonic voltage of the
synchronous frame can be obtained as

ui=
4jVi

π

(
−1+

∑ 1
6N−1

e−j6Nθe−
∑ 1

6N+1
ej6Nθe

)
(12)

Similar to the PM flux linkage, there are the fundamental
voltage and the positive and negative sequence harmonic
voltages with orders of 6N in the synchronous frame.

E. CURRENT MEASUREMENT ERRORS
The current measurement errors include offset errors and
scaling errors. Generally, the three-phase current is detected
by two current sensors (Currents of phase A and B are mea-
sured). Then the measured three-phase current is

iAm = (1+ kA1) iA + iAdc
iBm = (1+ kB1) iB + iBdc
iCm = −iAm − iBm (13)

where kA1 and kB1 are scaling errors of phase A and B,
respectively; iAdc and iBdc are current offset errors of phase
A and B, respectively; k1 = kA1-kB1 is the difference of
scaling errors.

According to the complex vector transformation, the mea-
sured current in the synchronous frame is derived as

idqm = kpidq + e
−j2θekni∗dq + e

−jθe iαβdc (14)

where iαβdc, kp, and kn are the current offset error of the
stationary αβ-reference frame, the positive-sequence scaling
gain, and the negative-sequence scaling gain, respectively.
These parameters can be expressed as

iαβdc =
2
3

(
(1−e−j

2
3π )iAdc+(ej

2
3π − e−j

2
3π )iBdc

)
kp = 1+

1
6

(
kA1 + kB1+(ej

2
3π − e−j

2
3π )k1

)
kn =

1
3

(
(1−e−j

2
3π )k1

)
(15)

In the stationary frame, the current offset error can pro-
duce the direct current, and the negative-sequence scaling
gain can produce the negative-sequence fundamental current
in the current measurement. Then corresponding harmonic
currents in the motor are generated by the controller. Gener-
ally, the offset error and the negative-sequence scaling gain
can be compensated by the corresponding harmonic current
[22], [23]. The scaling error of the current measurement in
the real system is not too large. Thus the error of the positive-
sequence scaling gain is often treated as a parameter variation
of the control system.

F. SYSTEM MODEL
When we consider flux harmonics, asymmetric impedance,
harmonic voltages, and current measurement errors, the com-
plex vector system model in the synchronous reference frame
can be derived as

pψdq = udq + ui − rpidq − e−j2θerni∗dq − jωeψdq

ψdq = lpidq + Lsi∗dq + e
−j2θe lni∗dq + ψ f

idqm = kpidq + e
−j2θekni∗dq + e

−jθe iαβdc (16)

In summary, flux harmonics, the asymmetric impedance,
voltage harmonics of the inverter, and current measurement
errors can lead to many harmonics in the motor. Parameters
related to the electrical angular and the conjugate of the com-
plex vector both represent the modulation effect. Therefore,
we will analyze the modulation of harmonics in the next
section.

III. PROPOSED CONTROL STRATEGY
This paper proposes a novel modulation-based current har-
monic control strategy. The modulation of harmonics is
analyzed by the harmonic balance method. Because the
impedance asymmetry and the current measurement scaling
error have the samemodulation effect, it is difficult to identify
the source of current harmonics. Usually, we cannot deal with
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them at the same time. However, based on the modulation
of motor saliency, the actual negative-sequence fundamental
current can be reconstructed by the positive-sequence third
harmonic current to reduce the effect of the impedance asym-
metry. Meanwhile, flux harmonics and voltage harmonics of
the inverter are suppressed by the harmonic current controller.
In addition, the direct current and the measured negative
sequence fundamental current are employed to compensate
for the current measurement errors.

A. MODULATION OF HARMONICS
The principle of modulation effects is still unclear in the
systemmodel due to parameters related to the electrical angle.
In the arbitrary frame, we can simplify the form of the model.
The complex-vector transformation of the arbitrary frame is

FH = ej(1−H )θeFdq (17)

where the subscript H denotes the arbitrary frame with the
stationary frame as a reference.

Then the complex vector model of the arbitrary frame can
be derived as

pψH = uH + uHi − rpiH − rni∗−H − jHωeψh

ψH = lpiH + Lsi∗2−H + lni
∗
−H + e

j(1−H )θeψ f

iHm = kpiH + kni
∗
−H + iHdc (18)

where the relationship of parameters can be expressed as

iHdc = e−jHθe iαβdc
uHi = ej(1−H )θeui (19)

This model explains the modulation effects of motor
saliency, impedance asymmetry, and current measurement
scaling errors, especially the interaction mechanism of each
harmonic. The impedance asymmetry and the scaling error
have the same modulation effect. Due to the negative-
sequence scaling gain, inductance, and resistance, the har-
monic component in the (−H )th frame can influence the
harmonic component in theH th frame. Considering the mod-
ulation effects of the saliency, the harmonic component in the
(2− H )th frame can influence the harmonic component in
the H th frame due to the saliency inductance. According to
the model of the arbitrary frame, the relationship between
harmonic components is analyzed by the harmonic balance
method. Then, it is assumed that the positive and negative
sequence current and voltage in the stationary frame are

Iαβ =
∑

Ihejhθe

Uαβ =
∑

Uhejhθe (20)

where the subscript h represents the harmonic order (the
stationary frame is used as a reference), and the sign of
h indicates the positive (>0) or negative (<0) sequence.
Substituting equation (20) into equation (18), the hth-order

harmonic model is obtained as

Uh + Uhd = ZhpIh + ZhnI∗−h + ZhsI
∗

2−h (21)

where the subscripts p, n, and s represent the positive
sequence, negative sequence, and saliency, respectively.
Uhd is the hth-order voltage harmonic, and the hth-order
harmonic impedance can be expressed as

Zhp = rp + plp + jhωelp
Zhn = rn + pln + jhωeln
Zhs = pLs + jhωeLs (22)

Voltage harmonics are caused by motor spatial harmonics
and the inverter nonlinearity. The characteristic harmonic
voltages can be obtained as (other harmonic voltages are zero
and N is a positive integer)

U1d = −
4jV1
π
+ jωeψψf 1

U (1−6N)d =
4jVi

π

1
6N − 1

− j(6N − 1) ωeψ f (6N−1)

U (6N+1)d = −
4jVi

π

1
6N + 1

+ j(6N + 1) ωeψ f (6N+1)

(23)

Similarly, the measured harmonic current caused by cur-
rent measurement errors can be obtained as

Ihm = kpIh + knI∗−h + Ihdc (24)

where Ihdc exists only when h = 0, which can be expressed as

I0dc = iαβdc (25)

In the harmonic model, the harmonic current is determined
by the harmonic voltage source from the controller and the
motor system. This harmonic voltage source introduces nor-
mal and modulated voltage harmonics of different harmonic
impedances. Normal voltage harmonics are caused by spa-
tial harmonics and the inverter nonlinearity, and modulated
voltage harmonics are caused by the impedance asymme-
try and the saliency. Due to the saliency impedance, the
(2 − h)th-order harmonic current is modulated to produce
the hth-order harmonic voltage, which can influence the
hth-order harmonic current. Similarly, due to the negative
sequence impedance, the (−h)th-order harmonic current is
modulated to produce the hth-order harmonic voltage, which
can influence the hth-order harmonic current. In the current
measurement, the (−h)th-order harmonic current is also mod-
ulated due to the negative-sequence scaling gain, which can
influence the hth-order measured harmonic current. Mean-
while, the current measurement offset errors can introduce the
direct current through the controller, resulting in many even-
order harmonic currents modulated by harmonic impedances.
Therefore, there are many harmonic currents in the controller
and the motor system. The main orders of these harmonic
current sources are 0, 1, −1, (1 − 6N ), and (6N + 1) in
the stationary frame. Due to modulation effects, the direct
current (DC) source (the order of harmonic is 0) produces
the even-order harmonic currents, and other harmonic current
sources produce the odd-order harmonic currents. The nega-
tive sequence and saliency impedances are small, and these
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harmonic currents are smaller than the fundamental current.
Thus, the amplitude of harmonic currents is reduced with
the increase of the harmonic order after the modulation. The
diagram of the harmonic distribution in the stationary frame
is shown in Fig. 2.

FIGURE 2. The diagram of the harmonic distribution in the stationary
frame.

B. HARMONIC CURRENT RECONSTRUCTION
The fundamental current in the motor is the main component,
modulated into various harmonics. It is challenging to use
only the negative-sequence fundamental current to handle
both the impedance asymmetry and the current measure-
ment scaling error. Due to the modulation effect of motor
saliency, the actual negative-sequence fundamental current is
modulated into a positive-sequence third harmonic current.
Then the actual negative-sequence fundamental current can
be reconstructed by the positive-sequence third harmonic cur-
rent. Therefore, this paper can handle the impedance asym-
metry and the measurement scaling error separately. The
impedance relationship of the related harmonics based on the
harmonic model is obtained as

U−1 = Z−1pI−1 + Z−1nI∗1 + Z−1sI
∗

3

U3 = Z3pI3 + Z3nI∗−3 + Z3sI
∗

−1

U−3 = Z−3pI−3 + Z−3nI∗3 + Z−3sI
∗

5

· · · (26)

The relationship between the negative-sequence funda-
mental current and the positive-sequence third harmonic cur-
rent is

I∗
−1 =

1
Z3s

(
U3 − Z3pI3 − Z3nI∗−3

)
=

U3

Z3s
−
Z3p
Z3s

I3 −
Z3n
Z3s

I∗
−3 (27)

Since harmonics decrease rapidly with increasing order
after modulations, the negative-sequence third harmonic cur-
rent and the positive-sequence third harmonic voltage are
usually ignored. These neglected parameters are regarded as
the parameter errors of the harmonic current control. The
robustness of the controller reduces their influence. Thus, the
simplified relationship can be obtained as

I−1 ≈
(

rp
−sLs + j3ωeLs

−
lp
Ls

)
I∗3

≈ −
Lp
Ls
I∗3 (28)

The effect of the impedance asymmetry is reduced by
controlling the actual negative-sequence fundamental current
reconstructed by the positive-sequence third harmonic cur-
rent. Meanwhile, the measured negative-sequence fundamen-
tal current is employed to compensate for the measurement
scaling error. Finally, the related harmonics caused by the
impedance asymmetry and the current measurement error are
suppressed in the motor.

C. HARMONIC CURRENT CONTROL
The complex vector design is a classical method of the fun-
damental current control [27]. The complex vector harmonic
model established in this paper benefits the design of complex
vector controllers, and the complex vector design can be
extended to the harmonic current control. The PI regulators
in MSF and PR regulators are similar and can be converted
to each other. However, the complex vector model’s design
methods based on the PI regulators in MSF are clear. There-
fore, the complex vector design of the PI regulators in MSF
is adopted in the paper.

Firstly, the harmonic current controller is designed for the
(1− 6N )th and (6N + 1)th order harmonic currents caused by
spatial harmonics and the inverter nonlinearity. According to
the harmonic impedances, the positive sequence impedance
is the main component, and other impedances are ignored.
Thus, the transfer function of the harmonic current controller
is designed as

Uhc = ωhc
rp + slp + jhωelp

s
ehc (29)

where ehc and Uhc are the harmonic current error and har-
monic voltage of the hth-order harmonic controller, respec-
tively; s is the Laplace operator; || means absolute value;
αhc is the bandwidth factor of the hth-order harmonic con-
troller, and the bandwidth can be obtained as (it should be
careful about bandwidth limits)

ωhc = αhc |ωe| (30)

Considering the multiple PR regulators, the harmonic cur-
rent is extracted from the error of the fundamental controller,
which reduces the influence of the fundamental current.
Moreover, the harmonic extraction can be removed. In order
to conform to a conventional situation, a low-pass filter is
adopted to extract the harmonic current in the paper. When
the cut-off frequency is high, the filter can be ignored for the
DC signal. The harmonic extraction is

Ihc = −
βhc |ωe|

s+ βhc |ωe|

(
e−j(h−1)θeedq

)
(31)

where edq is the fundamental current error; Ihc and βhc are
the harmonic current and the filter coefficient of the hth-order
harmonic extraction, respectively.

Due to the increase in the harmonic order, the delay has
a greater impact on the harmonic controller. Then the delay
compensation is as follows

Uhdq = ej(h−1)(θe+φh)Uhc (32)
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where Uhdq is the hth-order harmonic voltage injected into
the fundamental controller; Tc is the control period of the
controller, and the compensation angle of the hth-order har-
monic is

φh = 1.5Tc(h− 1)ωe (33)

Thus, the harmonic current controller based on the com-
plex vector design is shown in Fig. 3, which is a model-based
parametric controller.

FIGURE 3. The diagram of the harmonic current controller.

Then, the harmonic current controller is designed for the
actual negative-sequence fundamental current caused by the
impedance asymmetry. Similarly, this harmonic current con-
troller of the impedance asymmetry is designed as

U−1c = ω−1c
rp + slp − jωelp

s
e−1c

I3c = −
β3c |ωe|

s+ β3c |ωe|

(
e−j2θeedq

)
U−1dq = e−j2(θe+φ−1)U−1c

e−1c = 0− I−1 = 0+
Lp
Ls
I∗3c (34)

where e−1c and I−1 are the −1st-order harmonic current
error and the reconstructed −1st-order harmonic current,
respectively; I3c and U−1c are the 3rd-order harmonic current
and harmonic voltage of the −1st-order harmonic controller,
respectively; β3c is the filter coefficient of the 3rd-order har-
monic extraction; U−1dq is the −1st-order harmonic voltage
injected into the fundamental controller; α−1c is a bandwidth
factor of the -1st-order harmonic controller and the bandwidth
is ω−1c = α−1c|ωe|. The compensation angle of this har-
monic is φ−1 = −1.5Tc2ωe.
Therefore, the harmonic current controller of the

impedance asymmetry is shown in Fig. 3.

FIGURE 4. The diagram of the harmonic current controller considering the
impedance asymmetry.

The harmonic current controller can effectively control the
(1 − 6N )th and (6N + 1)th order harmonic currents and the
−1st-order harmonic current. When the steady state is
achieved, many harmonics generated by the saliency and

impedance asymmetry converge to zero, which can be
expressed as

I1− = 0, I3 = 0, I3− = 0, · · · (35)

When the (1−6N )th and (6N+1)th order harmonic currents
are injected, the related modulated harmonic currents are
compensated by similar harmonic current controllers of the
impedance asymmetry. However, the main purpose of this
paper is to suppress current harmonics. Therefore, the con-
troller only needs to compensate for the−1st-order harmonic
voltage caused by the impedance asymmetry.

D. MEASUREMENT ERROR COMPENSATION
Related current harmonics of current measurement errors are
generated by the controller, which leads to many current
harmonics by modulation effects in the motor. In analogy to
the design of the harmonic current controller, the complex
vector method is adopted to design current measurement
error compensators in the paper. For current offset errors, the
integral compensator and the direct current extraction in the
measurement are designed as

I0mc =
ω0m

s
e0m

I0c = −
β0c |ωe|

s+ β0c |ωe|

(
ejθeedq

)
(36)

where e0m and I0mc are the direct current error and the com-
pensated direct current, respectively; I0c and β0c are the direct
current and the filter coefficient of the direct current extrac-
tion, respectively; α0m is the bandwidth factor of the current
offset compensator, and the bandwidth is ω0m = α0m|ωe|.

The direct current is compensated in three-phase currents.

IAmc =
1
2

(
I0mc + I∗0mc

)
IBmc =

1
2

(
e
j
(
θ− 2

3π
)
I0mc + e

−j
(
θ− 2

3π
)
I∗0mc

)
(37)

Therefore, the offset compensator is shown in Fig. 5. The
direct current in the measurement is extracted by the error of
the fundamental current controller, and then offset errors of
phase A and B are compensated.

FIGURE 5. The diagram of the current offset compensator.

The current measurement scaling error is handled simi-
larly, and the scaling error compensator is designed as

kc =
ω−1m

2s
e−1m

I−1c = −
β−1c |ωe|

s+ β−1c |ωe|

(
ej2θeedq

)
(38)
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where e−1m and kc are the error of the scaling error compen-
sator and the compensated scaling gain, respectively; I−1c
and β−1c are the −1st order harmonic current and the filter
coefficient of the harmonic extraction, respectively; α−1m is
the bandwidth factor of the scaling gain compensator and the
bandwidth is ω−1m = α−1m|ωe|.

The relationship between the error of the compensator and
the difference of scaling errors can be calculated as

e−1m =
1

I2rs + ε

(
1− ej

2
3π
)
I∗rdqI−1c ≈ kA1 − kB1 (39)

where Irdq and Irs are the reference and the amplitude of
the fundamental current control, respectively; ε is a small
constant to avoid dividing by zero.

The scaling gain is compensated in three phases as

kAm = 1− kc
kBm = 1+ kc (40)

Therefore, the scaling error compensator is shown in
Fig. 6. The negative-sequence 1st harmonic current is
extracted by the error of the fundamental current controller.
Then the negative-sequence scaling error of phase A and B is
compensated.

FIGURE 6. The diagram of the scaling error compensator.

E. OVERALL CONTROL STRATEGY
In order to reduce the influence of the fundamental control
on the harmonic current extraction, a two-degree-of-freedom
(2DOF) fundamental current controller is designed based on
the complex vector model. Firstly, the fundamental current
error is

edq = Irdq − Idq (41)

where Idq is the current in the synchronous frame.
Secondly, the reference transfer function is defined as

Gr =
Irdq
Ir1
=

ωcr

s+ ωcr
(42)

where Ir1 is the actual reference in the synchronous frame;
ωcr is the bandwidth of the reference response.

Then, the input-output relationship of disturbance is
defined as

U1dq = Gc1edq + Gc2e∗dq

= ωc
rp + slp + jωelp

s
e
dq

+ωc
sLs + jωeLs

s
e∗dq (43)

where Gc1 and Gc2 are the positives sequence controller and
the saliency controller, respectively; ωc is the bandwidth of
the disturbance response.

This fundamental current controller is a multiple input
and multiple output (MIMO) controller considering motor
saliency, and it is equivalent to converting the complex vector
form into the vector form. Finally, the reference feedforward
is defined as

Urdq = (rp + slp + jωelp)Irdq
+ (sLs + jωeLs)I∗rdq (44)

The closed-loop response of the reference is different
from that of the disturbance, and this fundamental current
controller is a 2DOF controller [15]. When the reference
bandwidth is consistent with the disturbance bandwidth, the
fundamental current controller can be simplified to the clas-
sical complex vector controller.

Therefore, the overall scheme of the modulation-based
current harmonic controller is shown in Fig. 7, which consists
of the current measurement error compensator, the harmonic
current controller, and the fundamental current controller.
In order to verify the effect of current measurement errors,
the measurement errors are also included in the controller.

These controllers and compensators are parametric in
design, where the selection of parameters is relatively simple.
Higher bandwidth means faster response, but the system
robustness is reduced. In the fundamental controller, the ref-
erence bandwidth needs to be smaller than the disturbance
bandwidth. The bandwidth of the harmonic current con-
troller needs to be within the bandwidth of the fundamental
controller, and the filter bandwidth of the harmonic extrac-
tion is larger than the bandwidth of the harmonic current
control to avoid the oscillation caused by the filter delay.
When the harmonic frequency is close to the fundamental
frequency, the controllers or compensators can be affected
by the fundamental controller, and the bandwidth needs to be
reduced. The measurement error usually varies slowly, hence
the bandwidth and the filter coefficient in the measurement
error compensator are smaller than the bandwidth of the
harmonic current controller. Generally, model inaccuracy and
time delays may cause instability and oscillation in the con-
trol system. Better robustness can be achieved with a small
bandwidth when performance requirements are satisfied.

IV. EXPERIMENTAL VALIDATION
The control strategy has been experimentally verified on
a laboratory platform which includes dSPACE (DS1103),
a three-phase inverter, a DC power supply, and a PMSM
in Fig. 8. Parameters of an interior permanent-magnet syn-
chronous machine (IPMSM) and the drive are shown in
Table 1. Since the phase resistance is small, an asymmetric
impedance is generated by the additional copper wire connec-
tion on phase C (the resistance of phase C is approximately
90 m�). In practice, the resistance of the connection may not
be equal. Thus this asymmetry can represent the effectiveness
of the control strategy proposed in the paper.
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FIGURE 7. The overall scheme of the modulation-based current harmonic
controller.

TABLE 1. Parameters of machine and drive.

FIGURE 8. Laboratory test platform. (a) Diagram of the platform.
(b) Pictures of the platform.

TABLE 2. Parameters of controller.

According to the design principle and experimental tests,
some parameters of the controller are shown in Table 2. Based
on the switching frequency and time delays, the fundamental
bandwidth is determined, and other bandwidths are reduced.
When motor parameters are known, we determine the param-
eters of the entire controller.

To verify the harmonic current controller, the speed is con-
trolled to 400 rpm, and the reference of the d-axis is −20 A.

FIGURE 9. The current response of the 7th order harmonic current.

FIGURE 10. The current response of the −1st-order harmonic current
controller considering the impedance asymmetry.

FIGURE 11. The current measurement error compensation. (a) The
current offset compensation. (b) The scaling error compensation.

FIGURE 12. Waveforms and spectra of measured current without the
harmonic current control. (a) Phase current. (b) Spectrum.

The harmonic current controller need to suppress the main
(1− 6N )th and (6N + 1)th order harmonic currents, and thus
these harmonic orders are −11, −5, 7, and 13. Parameters
of the controller are shown in Table 2. We take the 7th-order
harmonic current as an example, and other current harmonics
and errors are compensated. The harmonic current references
are I7rd and I7rq, and the harmonic current feedbacks are I7cd
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FIGURE 13. Waveforms and spectra of measured current with the
harmonic current control. (a) Phase current. (b) Spectrum.

FIGURE 14. Waveforms and time-frequency spectrum of measured
current when the harmonic current controller is enabled at 1s. (a) Phase
current. (b) Time-frequency spectrum.

and I7cq. Then I7rd steps to 1 A when the time is 0.5 s, and
the harmonic current response is shown in Fig. 9. The result
illustrates that currents take about 0.2 s to reach a steady state,
and the bandwidth is about 5 Hz. The design is basically
consistent with the test result, which shows the correctness
of the design method.

In the same case, the harmonic current controller of
the asymmetry is verified. The harmonic frequency of the
impedance asymmetry is close to the fundamental frequency.
Thus parameters of this controller are smaller, as shown in
Table 2. The harmonic current references are I−1rd and I−1rq,
and the harmonic current feedbacks are I−1d and I−1q. Then
I−1rd steps to 1 A when the time is 0.5 s, and the harmonic
current response is shown in Fig. 10. As a result, the currents
take about 1 s to reach a steady state, and the bandwidth is
about 1 Hz. The harmonic current controller can control the

FIGURE 15. Waveforms and time-frequency spectrum of measured
current when the reference of the d-axis steps at 1s. (a) Phase current
with the proposed strategy. (b) Time-frequency spectrum with the
proposed strategy. (c) Phase current without the proposed strategy.
(d) Time-frequency spectrum without the proposed strategy.

negative-sequence fundamental current by the reconstruction
of the 3rd-order harmonic current.
In the same case, we verify the current measurement error

compensation. The current measurement errors usually vary
slowly, and thus the parameters are smaller, as shown in
Table 2. The measurement errors in the controller step when
time is 0.5 s, and the responses are shown in Fig. 11. As a
result, the error compensation takes about 1s to reach a steady
state, and the bandwidth is about 1 Hz.

To verify the steady performance, the speed and the cur-
rent reference are the same as the previous case, and the
parameters are shown in Table 2. Then the actual three-
phase current and its spectrum before and after the harmonic
current control are compared, as shown in Fig. 12 and Fig. 13.
As illustrated in Fig. 12, when the system includes current
measurement errors and asymmetry, there are the (1− 6N )th

and (6N + 1)th order harmonic component, the DC com-
ponent, the −1st-order harmonic component, and modulated
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FIGURE 16. Waveforms, time-frequency spectrum of measured current,
and speed response when the speed steps at 1s. (a) Phase current.
(b) Time-frequency spectrum. (c) Speed response.

harmonic components. The −1st-order harmonic component
is 1.33 A, and the 3rd-order harmonic component modulated
by the saliency is 0.65 A. The DC component is 0.92 A and
the 2nd-order harmonic component modulated by the saliency
is 0.41 A. The maximum component among the (6N + 1)th-
order harmonics is the −11th-order component, which is
0.63 A. When the control strategy is applied, Fig. 13 shows
that the (1−6N )th and (6N+1)th order harmonic component,
the DC component, and the −1st-order harmonic component
in the motor are controlled to below 0.1 A. Then related
harmonics generated by the modulation also tend to zero.
Thus, the results show that the control strategy is effective
in suppressing harmonic currents.

To verify the dynamic performance, the conditions are the
same as the previous case. The harmonic current controller
is enabled at 1s. Then the time-frequency spectrum of the
actual current is analyzed by a short-time Fourier transform.
The actual current and its time-frequency spectrum are shown
in Fig. 14. As a result, the (1 − 6N )th and (6N + 1)th

order harmonic components can be suppressed to below
0.1 A within 0.5 s. Meanwhile, harmonic components of the
impedance asymmetry and current measurement errors can
be suppressed to below 0.1 A within 1 s. The result indicates
the effectiveness of the proposed control strategy.

In order to verify the effect of the fundamental current, the
speed is controlled to 400 rpm. The reference of the d-axis
steps from −20 A to −30 A at 1 s. The actual three-phase
current and its time-frequency spectrum are compared with

and without the proposed strategy, as shown in Fig. 15. As a
result, with the proposed strategy, the −1st-order harmonic
component and the 3rd-order harmonic component generated
by the asymmetric resistance can increase with the refer-
ence step. Then these current harmonics can be suppressed
after 1.5 s. Without the proposed strategy, these current har-
monics are always present at all times. The result indicates
the effectiveness of the control strategywhen the fundamental
current steps.

To verify the effect of the speed, the reference of the d-axis
is −20 A, and the bandwidth of the speed controller is 2 Hz.
Then the speed reference steps from 300 rpm to 500 rpm at 1s.
The actual three-phase current, its time-frequency spectrum,
and the speed response are shown in Fig. 16. As a result,
the harmonic components can be suppressed when the speed
steps. The result indicates the effectiveness of the control
strategy when the speed steps.

V. CONCLUSION
In this paper, a novel modulation-based current harmonic
control strategy is proposed. The impedance asymmetry
control employs the negative-sequence fundamental cur-
rent reconstructed by the saliency modulation. Meanwhile,
current measurement errors are compensated, and harmonic
currents generated by spatial harmonics and the inverter
nonlinearity are suppressed. The experiment shows that the
control strategy is effective in steady states and dynamics, and
various harmonics, as well as other modulated harmonics, are
suppressed.
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