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Abstract—Permanent magnet synchronous motors (PMSMs)
are widely used because of their high efficiency and lower
energy consumption. However, the motor noise and the vibration
caused by the torque ripple is a well-known problem because of
an imperfect sinusoidal flux distribution. To reduce the torque
ripple, the current controller based on the perfect tracking
control (PTC) is reported. Although it has improved the tracking
performance of a current reference compared to the proportional-
integral (PI) feedback control and the suppression effect, there
is still room for improvement of the current control by reference
value oversampling. Thus, we have proposed the pulse merging
method that samples a reference value twice more than the
conventional method to improve the current control and applied
it to the torque ripple suppression at the high-speed range. The
proposed method could suppress the torque ripple more than the
PTC from the simulation results.

Index Terms—permanent magnet synchronous motor (PMSM),
current control, perfect tracking control, torque ripple

I. INTRODUCTION

Permanent magnet synchronous motors (PMSMs) are
widely used for industrial applications. It is because PMSMs
can be driven at high efficiency and by lower energy con-
sumption. Especially interior permanent magnet synchronous
motors (IPMSMs) are suitable for the use that demands high-
efficiency and high-speed drive. However, the torque ripple
is a well-known problem to emit the motor noise and the
vibration. They can affect the other systems, so the torque
ripple should be suppressed. There are two approaches to
reduce the torque ripple. One is the mechanical approach.
Especially the skew is the well-known method [1]. There are
disadvantages in the processing cost and the reduction of the
torque output though it is a simple way to reduce the torque
ripple. On the other hand, control approaches have no such
disadvantages because additional processing is not necessary.
Therefore, a control approach is applied to reduce the torque
ripple in this study. The proportional-integral (PI) feedback
control is commonly used as a current control for motors.
Several papers have reported that the torque ripple is reduced
with the PI control [2]–[4]. It is also reported that the torque
ripple has been suppressed by the feedforward controller based
on the perfect tracking control (PTC) [5], [6]. A problem
with the PI control is that when the reference value is steeply
changed, the output current can not follow it. Therefore, the
current controller to reduce the torque ripple is designed with a

feedforward controller because it is necessary to guarantee the
tracking performance of the reference value to drive motors
at high speeds. Although the PTC has improved the tracking
performance, there is still room for improvement. It is reported
that the tracking performance has improved by the quasi
multirate feedforward control whose sampling period of the
reference value is twice more than the conventional method at
the high-bandwidth [7] by the use of the PTC and the quasi
multirate deadbeat control [8]. This method has improved
under the condition of the same carrier frequency. Thus, we
propose the new feedforward current controller that samples
a reference value twice more than the PTC without changing
the carrier frequency. The proposed method is designed in
a single-rate system to guarantee the reference value tracking
performance at a high-speed range. We also verified the torque
ripple reduction effect in high-speed range with the use of the
proposed method by the simulation.
In this study, the authors aim to reduce the torque ripple of

the IPMSM by the PTC and PWM pulse merging methods.
This paper is organized as follows: First, the control method
is explained in Section Ⅱ; the setup of the simulation and its
result are discussed in Section Ⅲ; finally, the conclusion is
presented in Section Ⅳ.

II. CONTROL METHOD

A. Perfect Tracking Control (PTC)

The control system based on the PTC can follow a reference
trajectory without errors at every sampling point [9], [10].
It has been reported that this effect was achieved with a
multirate controller [11]. This control system is two degrees of
freedom control composed of a feedforward and a feedback
controller. Disturbances and modeling errors are suppressed
by a feedback controller in this control system. With using
the time t in the continuous-time, there are two samplers for
a reference r(t) and an output signal y(t), and one holder
for an input u(t), in a digital control system. Then, sampling
parameters of sampling periods of r(t), y(t), and u(t) are
notated as Tr, Ty , and Tu, respectively.

B. PWM Hold Model

The model is considered as a single-phase inverter system
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Fig. 2. Output of single phase inverter

shown in Fig. 1 to simplify the derivation of the holding model.
The output from this inverter is either 0 V or ±E V as shown
in Fig. 2. The discretization methods are shown in Fig. 3.
In general, a zero-order hold (ZOH) is applied to discretize
a control system. k is defined as sampling points at every
carrier period. The control input u[k] discretized by the ZOH
is V [k] at a sampling point k. However, it can be a more
exact plant model compared to the ZOH to treat the pulse
width as a control input. A pulse width modulation (PWM)
hold is introduced in [12]. A control input u[k] is obtained
by discretizing a control system with an ON time ∆T [k]. The
state-space model (1) and (2) can be described by the PWM
hold as follows:

x[k + 1] = Asx[k] + bs∆T [k], (1)
y[k] = csx[k], (2)

where As = eAcTu , bs = eAcTu/2bcE, cs = cc and if
∆T < 0, then the output voltage will be −E. This model
is considered as a single-phase model, so if this model is
applied to the three-phase model, it is necessary to convert
to the three-phase model with the use of the method in [13].

C. Pulse Merging Method

The method to merge two adjacent PWM pulses is described
in this subsection. Although a new control input can be
described by simply adding PWM pulses as same as the
quasi multirate feedforward control method [7], the method
to merge PWM pulses into one pulse by the mathematical
strict model is applied in this paper. An IPMSM plant model
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Fig. 3. DC voltage waveform discretized by ZOH and PWM hold

without considering the back EMF feedback loop 1/(Ls+R)
is controlled and therefore the control system is designed as
a single-rate system. The mathematical strict model to move
a PWM pulse is described by the equation below [14]:

x[k + 1] = eAcTux[k] +

∫ p+
k

p−
k

eAc(Tu−τ)bcEdτ. (3)

Here, p±k = (Tu + 2hk ± ∆T )/2 and hk is the offset from
a center between sampling points (k + 1/2)Tu to a center of
a PWM pulse. Fig. 4 and Fig. 5 show the PWM pulses after
moving to the right end and the left end, respectively. The
proposed method samples twice more than the conventional
method and therefore a new pulse corresponds to the carrier
frequency can be made by merging pulses. With using (3),
the new control inputs are described based on the PTC [11]
as below, respectively.

uR[k] = B−1
R (1− z−1

s AR)xd[k + 1/2], (4)

uL[k] = B−1
L (1− z−1

s AL)xd[k + 1/2]. (5)

Here, AR = AL = eAcTu/2, BR = bcE, BL = eAcTu/2bcE
and zs = esTu/2. xd is a sampled reference value at every
Tu/2. In case of uR[k], p+k and p−k are Tu and Tu − ∆T ,
respectively. In case of uL[k], p+k and p−k are ∆T and 0,
respectively. Considering the oversampling, the feedforward
input calculation is held every half of the carrier period Tu/2.
From (4) and (5), a new control input u[k] is described as the
addition of the two pulses to generate one pulse.

u[k] = uR[k] + uL[k + 1/2]. (6)

Thus, a new pulse is generated by merging two pulses as
shown in Fig. 6. uR[k] is not the as same value uL[k + 1/2]
and therefore the center of a PWM pulse generated by a new
control input u[k] does not come to the center of the sample
points of a reference (k+1/2)Tu. Then, Tshift[k] is introduced
to treat the offset. The definition of Tshift[k] is shown in Fig.
7 and is described below:

Tshift[k] =
1

2
(uR[k]− uL[k + 1/2]). (7)

If Tshift[k] > 0, then an output pulse moves to the left. If
Tshift[k] < 0, then an output pulse moves to the right. The
direction of a merged pulse is always calculated by (7) in
this study. Thus, the control is performed by ON time that is
moved to the right or left from the center of a PWM pulse. This
effect in the current control is shown in Fig. 8. The current
reference in this example simulation is the amplitude 1A and



𝑘𝑇! 𝑘 + 1/2 𝑇!

Δ𝑇[𝑘]

𝐸

ℎ"

(𝑘 + 1/4)𝑇!

Fig. 4. PWM pulse moved to right end

𝑘𝑇! 𝑘 + 1/2 𝑇!

Δ𝑇[𝑘]

𝐸

ℎ"

(𝑘 + 1/4)𝑇!

Fig. 5. PWM pulse moved to left end

2.5 kHz sine wave. From Fig. 8, the output PWM pulses
of the proposed current controller do not match the center
point between the sampling point of the reference value. The
reference value tracking performance of the proposed method
can be improved compared to the conventional single-rate PTC
by oversampling of a reference and the degrees of freedom to
shift the center position of a PWM pulse.

III. SIMULATION

A. Controller Design

Fig. 9 and Fig. 10 show the block diagrams in the simulation.
S and H denote the sampler and the holder. respectively. Table
I shows the parameters of the simulation. To reduce the torque
ripple at a high-speed range, the pulse merging method is
applied as the proposed feedforward controller in Fig. 10.
Sampling periods of a reference value are noted as Tr in the
conventional method and T ′

r = Tr/2 in the proposed method.
In this study, IPMSM is the controlled system, and its dq
coordinate model is shown in Fig. 12. The d-axis current
is determined based on the Maximum Torque Per Ampere
(MTPA) control as below [15]:

id =
Ke

2(Lq − Ld)
−

√
K2

e

4(Lq − Ld)2
+ i2q. (8)

From the calculation using the test motor parameters, the refer-
ence value id to drive at the maximum torque is approximately
set to be 0A because Ke

2(Lq−Ld)
≫ iq in Table I.

The conventional feedforward controller is the PTC [11] and
designed as follows. To simplify the analysis of the effect of
the proposed method, the controllers designed by the dq-axis
model. Since the transfer function from the voltage input to
the current output does not consider the feedback loop due
to the effect of the back EMF, the transfer function of the
assumed plant model to design the feedforward controller is
as below.
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Fig. 6. Pulse merging method
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i

v
=

1

Ls+R
. (9)

The state space model of this model is described as follows
with the state variable x(t):

ẋ(t) = acx(t) + bcu(t), (10)

where ac = −R
L and bc = 1

L . Furthermore, the conventional
feedforward controller is described by the transfer function of
the plant (9) and then is substituted for (1)–(2) to determine
the parameters in the discrete-time by the PWM hold. Finally,
the control input u[k] is described as follows by considering
the stable inverse model of the plant model (9) to achieve PTC.

u[k] = b−1(1− z−1a)xd[k + 1], (11)

where a = e−
R
LTu , b = e−

R
L

Tu
2

1
LE and z = esTr . This

guarantees the perfect tracking of the nominal plant at every
period of Tr. In the same way, aR, bR, aL, bL matrices of the
proposed method are determined by (4)–(5). With consider-
ing oversampling, the discretization period is half of carrier
frequency Tu/2. Here, aR = aL = e−

R
L

Tu
2 , bR = 1

LE,
bL = e−

R
L

Tu
2

1
LE. P [z] in Fig. 9 and Fig. 10 is described by the

PWM hold model of the plant. The current feedback controller
CPI is designed as a PI controller. The transfer function of the
PI feedback controller is designed as follows.

CPI =
Ls+R

τs
. (12)

The controllers in the simulation are designed in discrete time
using the Tustin transform by the sampling period Tu.
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Fig. 8. Current control simulation

B. Torque Ripple Reduction

Fig. 13 shows the plant model in Fig. 9 and 10. The
torque output considered with the ripple caused by the space
harmonic is described below at dq-axis [16]:

τ = P (ϕdiq − ϕqid) (13)
= P (Krtidiq +Keiq) + Trh, (14)

Krt = (Ld − Lq), (15)
Trh = P (Khdiqcos(6θe)−Khqidsin(6θe)). (16)

Trh is defined as a 6th order torque ripple caused by the space
harmonic. The back EMF component caused by the space
harmonic Khd and Khq is described below:

Khd = Ke5 +Ke7, (17)
Khq = −Ke5 +Ke7. (18)

Table. I
SIMULATION PARAMETERS OF TEST BENCH (FIG. 11)

Parameter Value

Resistance R [mΩ] 85.6
Inductance at d-axis Ld [mH] 0.613
Inductance at q-axis Lq [mH] 1.21

Pairs of poles P 6
Induced voltage constant Ke [V・s/rad] 0.0447

5th induced voltage constantKe5 [V・s/rad] 0.0041
7th induced voltage constantKe7 [mV・s/rad] 0.696

Torque constant Kt [N・m/A] 0.2679
Carrier frequency fc [kHz] 10

Sampling period of reference Tr [µs] 100
Sampling period of output Ty [µs] 100

Control period Tu [µs] 100
DC input voltage of Inverter E [V] 150

Fundamental current reference i∗q0 [A] 7

Here, Ke5 is the 5th induced voltage constant, and Ke7 is
the 5th induced voltage constant. The back EMF considered
with the 6th order space harmonic is also defined with these
parameters as below [16]:

eq = ωe(Ke +Khdcos(6θe)). (19)

In the simulation, the torque ripple component Trh described
in the above is added at the torque output as shown in Fig.
13. The simulation is assumed that the decoupling control is
perfectly achieved. Furthermore, it is assumed that the rotation
speed is ideally controlled by the load motor. To suppress the
torque ripple, the compensation component corresponds to the
6th harmonic is added to the reference current input iref in Fig.
9 and Fig. 10. The current reference iref is generated as below:

iref = i∗q0 + Â6sin(6θe + φ̂6). (20)

Â6 is the amplitude of the 6th torque ripple component
obtained by the FFT analysis and φ̂6 is adjusted to be the
inverse phase of the torque ripple.

C. Result
Simulation results are shown in Fig. 14, Fig. 15, and Table

II. Fig. 14 and Fig. 15 show the torque waveform. The rotation
speeds ω is set at 2000 rpm and 4167 rpm to become the
6th harmonic at 1200Hz and 2500Hz, respectively. 4167 rpm
is the speed that the 6th harmonic comes to half of the
Nyquist frequency determined by the carrier frequency. The
performance of the proposed PTC with the pulse merging is
compared to one of the single-rate PTC. From Fig. 14 and 15,
The torque ripple is notably observed without compensation
because it cannot follow beyond the PI control band. Both
methods can reduce the torque ripple from the results in
Fig. 14 and 15. The proposed method demonstrated a better
reduction effect than the conventional method as the amplitude
is less than the conventional method from Fig. 14 (a) and Fig.
15 (a). Furthermore, results of Fig. 14 (b) (c) and Fig. 15
(b) (c) show the FFT calculation results. From Table II, both
methods can successfully reduce the torque ripple generated
by the 6th harmonic and the proposed method demonstrated a
better reduction effect than the conventional method. Thus, it
can be predicted from the simulation results that the proposed
method can be used for a method to reduce the torque ripple.
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IV. CONCLUSION

This paper proposes the torque ripple reduction method
by the use of the PTC with the oversampling and the pulse
merging at a high-speed range. The proposed method has
been applied to the conventional feedforward control with
the reference value oversampling and merging pulses in the
single-rate system. Furthermore, The proposed method has the
degree of freedom to shift a merged pulse from the center of
sampling periods. The proposed method has demonstrated the
torque ripple reduction effect compared to the conventional
PTC by the simulation. However, this method is not verified
by the experiment. Therefore, the future work will be 1) the
experiential verification of the proposed method by our test
bench shown in Fig. 11, and 2) the theoretical consideration
and the optimization of Tshift that is simply calculated (7) in
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Fig. 14. Simulation results of 6th harmonic torque ripple suppression (ω = 2000 rpm)
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Fig. 15. Simulation results of 6th harmonic torque ripple suppression (ω = 4167 rpm)

Table. II
6TH HARMONIC OF TORQUE RIPPLE

Rotation speed [rpm] Method 6th harmonic of torque ripple [N · m]

w/o compensation 0.288
2000 PTC 0.0199

Merge 0.0176
w/o compensation 0.324

4167 PTC 0.172
Merge 0.171
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