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Abstract—This article proposes a method to suppress
the torque ripple caused by misalignment of the gearbox.
Misalignment is a common fault caused by the manufac-
turing tolerances, and generates torque ripple. Therefore,
even if a constant electromagnetic torque is transmitted
from the motor to the gearbox, a large torque ripple may
be transmitted to the load because of misalignment. In the
proposed method, a harmonic current injection method, in
which harmonic current is injected into the armature cur-
rent, is used to suppress the torque ripple produced by mis-
alignment. The amplitude and phase of the harmonic cur-
rent are calculated using the misalignment torque ripple,
and a method for estimating the misalignment torque rip-
ple, which does not require a torque sensor, has been pre-
sented. Using the estimation method and harmonic current
injection method, the misalignment torque ripple can be
suppressed effectively. The phenomenon of torque ripple
production by misalignment is analyzed, and a current con-
trol algorithm based on harmonic current injection method
is proposed. The effectiveness of the proposed method is
verified through experiments at various load torque. Us-
ing this method, a high degree of torque control can be
achieved with even a low-quality gearbox.

Index Terms—Harmonic current injection method, mis-
alignment, robotics actuator, torque control, torque ripple
suppression.

I. INTRODUCTION

THE LOW TORQUE ripple of a surface-mounted perma-
nent magnet synchronous motor (SPMSM) is an outstand-

ing solution for achieving high-precision control without using
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expensive sensors or controllers [1]. Therefore, the SPMSMs
are widely used in mechatronic systems, such as multiaxis
industrial robots or wearable robots [2], [3]. The main goal of a
mechatronic system is to control the load precisely according to
user requirements. In general, mechatronic systems consist of a
controller, an actuator, and the load. The actuator comprises a
gearbox, SPMSM, and position sensor. The SPMSM is designed
to have a sinusoidal back electromotive force (back EMF) to
generate electromagnetic torque with low torque ripple. Nev-
ertheless, high torque ripple is often generated and transmitted
to the load because of various irregularities arising from the
manufacturing tolerances of components in the gearbox. Among
such reasons, shaft misalignment is the most common cause of
failure in rotating machinery, and it causes high torque ripple
and reduces the lifetimes of the bearings [4], [5]. As torque
control is mainly used in robot manipulation, torque ripple due to
misalignments often degrade the performance of the robots [6].
Therefore, it is necessary to eliminate such torque ripples to
improve the performance of torque control.

Methods to reduce the torque ripple caused by misalignments
can be broadly classified into two types. The first type controls
the manufacturing tolerances of the gearbox. However, these
methods incur high cost and require much effort, for exam-
ple, expensive machining tools or highly experienced engineers
may be necessary. Therefore, more efficient methods to reduce
the torque ripple are necessary. The second type controls the
SPMSM instead of controlling the manufacturing tolerances.
In this article, a harmonic current injection method is adopted
to suppress the torque ripple. Fig. 1 shows the strategy for the
proposed method. Using the proposed method, the misalignment
torque ripple can be suppressed by injecting an electromagnetic
torque ripple into the SPMSM, wherein the injected phase is
opposite to that of the misalignment torque ripple.

The harmonic current injection method has been widely
used in power converter applications because it is useful for
eliminating specific harmonic components in the torque ripple.
In [7]–[9], the torque ripples of various motors, such as the per-
manent magnet synchronous motor and variable flux reluctance
motor, were reduced using this method. As the inductances and
flux-linkages vary with the extent of the magnetic saturation,
the amplitudes and phases of the injected harmonic currents
are determined by considering these parameter variations [10].
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Fig. 1. Strategy for the proposed method.

Fig. 2. Configuration of the actuator for wearable robot.

However, the aforementioned studies used the harmonic current
injection method to reduce the electromagnetic torque ripple
and did not consider the torque ripple in mechatronic systems.
Kim et al. and Godler et al. proposed methods to compensate
the torque ripple caused by the gearbox [11], [12]. However,
these methods were based on torque sensors embedded in the
mechatronic systems, such methods were inefficient as they
required high cost and maintenance. It is more advantageous to
suppress misalignment torque than suppressing electromagnetic
torque as the control performance can be improved without using
an additional torque sensor.

This article is organized as follows. In Section II, the effect of
the shaft misalignment on the torque ripple has been analyzed. In
Section III, the harmonic current injection method and the strat-
egy to implement the method for suppressing the misalignment
torque ripple have been proposed. In Section IV, the estimation
method of the misalignment torque ripple without torque sensor
have been presented. The experimental verification of the pro-
posed method has been described in Section V. Finally, Section
VI concludes this article.

II. TORQUE RIPPLE CAUSED BY THE MISALIGNMENT

IN GEARBOX

A. Torque Ripple Generated in Actuator
Fig. 2 shows the exploded view of the actuator. The actuator

has two-stage gearbox whose overall gear ratio is 16.44:1,
SPMSM that has 16 poles, 18 slots, and position sensors for

TABLE I
SPECIFICATIONS OF THE ACTUATOR FOR WEARABLE ROBOT

TABLE II
CAUSES OF THE TORQUE RIPPLE INCLUDED IN ACTUATOR

feedback. Table I presents the specifications of each component
in the actuator for wearable robot.

Table II lists causes of the torque ripple in the actuator. The
causes are divided into the electromagnetic and mechanical
phenomena. The torque ripple by electromagnetic phenomena
is classified into the cogging torque and electromagnetic torque
ripple. Since the manufacturing tolerances inevitably occur, the
16th and 18th multiples referred in the frequency of the motor
shaft, which are concerned with the number of poles and slots,
can be generated [13]. The cogging torque of the 144th order
basically occurs in 16 poles and 18 slots SPMSM. In addition, the
torque ripple of 6th multiples referred in the electrical frequency
can be loaded on the electromagnetic torque because of the
interaction between the flux-linkage and armature current. Then,
the electromagnetic torque can be expressed as the sum of
averaged torque and torque ripple

Te = T̄ e +
∑
n

Te,n cos (nNgθout + φe,n) (1)

where Te is the electromagnetic torque, T̄ e and Te,n are the av-
eraged torque and amplitude for the nth electromagnetic torque,
respectively, n and Ng are the harmonic orders referred in the
output shaft and gear ratio, and θout and φe,n are the position
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Fig. 3. Types of shaft misalignment.

of the output shaft and phase offset for the nth electromagnetic
torque, respectively.

The torque ripples caused by mechanical phenomena can
be classified into torque ripples caused by misalignments and
those caused by the gear meshing. Misalignments are common
problems caused by manufacturing tolerances. Fig. 3 shows the
types of misalignments. Misalignments in gearboxes generally
occur when the shafts are connected with parallel or angular
offsets. As the manufacturing of the gearbox involves several
processes such as forming, machining, and finishing, manufac-
turing tolerances variations may occur inevitably. In addition,
it is difficult to align the shafts in the target actuator because
the actuator comprises several shafts. Thus, such misalignments
cause torque ripples at multiples (1st, 2nd, 3rd, etc.) and at the
sidebands referred in the frequency of the output shaft [14], [15].
The torque ripple caused by the gear meshing can be observed
at multiples of the gear meshing frequency, which is defined as
the product of the number of teeth and the rotating speed. These
torque ripples can be expressed as the friction torque because
they are caused by the friction generated in the bearing because
of misalignment and that generated in the gearbox because of
the gear meshing [16], [17]. Then, the friction torque can be
expressed as

Tf = Bω̄out +B
∑
n

ωout,n cos (nθout + φf,n) (2)

where Tf and B are the friction torque and friction coefficient,
respectively, ω̄out is the averaged rotating speed of output shaft,
ωout,n andφf,n are the amplitude for nth rotating speed of output
shaft and phase offset for nth friction torque, respectively.

B. Rotor Dynamics by the Torque Ripple in Actuator

Since the rotating machinery is driven by the output torque,
which is the electromagnetic torque amplified by the gearbox,
the output torque can be reduced by the friction and load torque.
Then, the acceleration in output shaft can be determined by
following equation of motion:

dωout

dt
=

1

Jeq
(TeNg − Tf − Tl) (3)

where Tl and Jeq are the load torque and equivalent moment of
inertia referred in output shaft, respectively. When the averaged
rotating speed is in a steady state, the averaged output torque is
equal to the sum of averaged friction torque, and load torque.

Then, the output shaft is accelerated by the torque ripple of each
component as

dωout

dt
=

1

Jeq

{
Ng

∑
n
Te,n cos (nNgθout + φe,n)

− B
∑

n
ωout,n cos (nθout + φf,n)

}
. (4)

Since the acceleration is a time derivative of the rotating speed,
the rotating speed contains the same harmonic components with
the acceleration. The misalignment torque ripple is defined as the
sum of electromagnetic torque ripple and friction torque ripple as

Tmis = Ng

∑
n

Te,n cos (nNgθout + φe,n)

−B
∑
n

ωout,n cos (nθout + φf,n) (5)

where Tmis is the misalignment torque ripple. As the misalign-
ment torque ripple is difficult to be reduced by manufacturing
the gearbox without any misalignment, it is efficient to use the
control method for suppressing the torque ripple.

III. TORQUE RIPPLE SUPPRESSION USING HARMONIC

CURRENT INJECTION METHOD

A. Electromagnetic Torque With Harmonic
Current Injection

The ideal electromagnetic torque is generated by the interac-
tion of sinusoidal three-phase flux-linkage and armature current.
The flux-linkage and armature current can be expressed based
on the d- and q-axis, and the performance of the SPMSM can be
calculated by using the d- and q-axis voltage equations. In the
voltage equations, the eddy current loss in permanent magnets is
omitted because it can be negligible in the SPMSM, which has
16 poles and 18 slots [18]. The d- and q-axis voltage equations
can be expressed as[
vd

vq

]
= Ra

[
iod

ioq

]
+

(
1 +

Ra

Rc

)[
vod

voq

]
+ p

[
Ld 0

0 Lq

][
iod

ioq

]

(6)[
vod

voq

]
=

[
0 −ωeLq

ωeLd 0

][
iod

ioq

]
+

[
0

ωeψa

]
(7)

Rc =
ω2
e

(
v2
od + v2

oq

)
Wi

(8)

icd = −vod
Rc
, icq =

voq

Rc
(9)

where the subscripts of d and q are the d- and q-axis, respectively,
p is the differential operator as d/dt, vd and vq are the terminal
voltages, vod and voq are the induced voltages, iod and ioq are
the magnetization currents, Ra is the phase resistance, Ld and
Lq are the d- and q-axis inductances, respectively, ψa is the
flux-linkage by permanent magnets, ωe is the electrical rotating
speed, Wi is the iron loss, Rc is the iron loss resistance, and the
icd and icq are the iron loss currents. Then, the d- and q-axis
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Fig. 4. Waveform and harmonic analysis of three-phase armature
current (a) without and (b) with harmonic current injection.

currents can be calculated as

id = iod + icd, iq = ioq + icq (10)

where id and iq are the d- and q-axis currents, respectively. Since
the electromagnetic torque is only generated by the magnetizing
currents, the electromagnetic torque can be expressed as

Te = 1.5Pr {ψaioq + (Ld − Lq) iodioq} (11)

where Pr is the pole-pair. Since the reluctance torque cannot be
expected in the SPMSM, current vector control method of “id =
0” is adopted. When the SPMSM is controlled with the current
vector control method of “id = 0,” iod can be generated to cancel
icd. Since iod cannot be measured in motor drive, id is controlled
to be zero instead of controlling iod. Since the reluctance torque
that is generated by iod is much smaller than the magnetic torque,
the electromagnetic torque can be expressed as

Te = 1.5Prψaioq. (12)

Thus, the electromagnetic torque has no torque ripple when
the three-phase back EMF and armature current are completely
sinusoidal.

As the electromagnetic torque is controlled by the iq , not ioq ,
the harmonic current injected iq can be expressed as

iq = īq +
∑
n

iq,n cos (nθout + φq,n) (13)

where īq is the averaged q-axis current, and φq,n is the phase
offset for the nth q-axis current. Fig. 4(a) and (b) shows the

waveform of three-phase armature current and d- and q-axis
current with/without harmonic current injection. When the har-
monic current that has frequency near in output rotating speed is
injected into the q-axis current, the phase current is modulated
by the amplitude of the injected harmonic current. Since the iron
loss is generated in the SPMSM, the electromagnetic torque is
only generated by the q-axis magnetization current, which is
reduced by the q-axis iron loss current from the q-axis current.
Thus, the harmonic current injected ioq can be expressed as

ioq = iq − icq

= īoq +
∑
n

ioq,n cos (nθout + φoq,n) (14)

where īoq is the averaged q-axis magnetization current, and ioq,n,
φoq,n are the amplitude and phase for the nth q-axis harmonic
magnetization current. Since the iron loss is affected by the mag-
netic flux density and frequency, icq can be varied with iq and
rotating speed. Then, the electromagnetic torque with harmonic
currents can be obtained by substituting (14) into (12) as

Te = 1.5Prψa

{
īoq +

∑
n
ioq,n cos (nθout + φoq,n)

}
. (15)

Therefore, the electromagnetic torque ripple can be produced
intentionally by injecting harmonic currents into the q-axis
current.

The harmonic current generates additional copper and iron
losses, and decreases the efficiency. The additional copper loss
is affected by the amplitude of the injected harmonic current,
and the iron loss is affected by the amplitude and frequency of
the injected harmonic current. As the frequency of the injected
phase current is close to the fundamental frequency of phase
current, as shown in Fig. 4(b), the additional iron loss depends
on the amplitude of the injected q-axis current. Consequently,
the decrease in efficiency is dependent on the amplitude of the
injected q-axis current. However, the decrease in the efficiency
may not be significant when the amplitude of the injected q-axis
current is small.

B. Scheme of the Proposed Method

Fig. 5 shows the process for suppressing the misalignment
torque ripple. As the performance of the proposed method
depends on the injected harmonic current, it is important to
determine the amplitude and phase of the harmonic current.
The amplitude and phase are determined via the compensation
torque, which is calculated from the misalignment torque ripple.
The detailed process is shown as follows:

1) Step 1: The misalignment torque ripple is estimated to cal-
culate the compensation torque when the rotating speed
is in the steady state. The steady state can be achieved
by controlling the q-axis current and load constantly. The
estimation method for the misalignment torque ripple is
described in Section IV.

2) Step 2: After the estimation of the misalignment torque
ripple, the harmonic analysis is conducted. Because the
compensation torque is determined by the sum of the var-
ious torque ripple components, the misalignment torque
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Fig. 5. Flowchart for implementing the proposed method.

ripple must be separated to determine the amplitude and
phase of each harmonic component. The compensation
torque can be expressed as

Tcomp =
∑
n

Tcomp,n cos (nθout + φcomp,n) (16)

where Tcomp is the compensation torque, Tcomp,n and
φcomp,n are the amplitude and phase of compensation
torque for the nth harmonic order, respectively.

3) Step 3: The harmonic orders of the compensation torque
with components whose amplitudes of the misalignment
torque ripple are greater than 20% of the maximum value
are determined.

4) Step 4: The amplitude of the compensation torque is
determined to be equal to the amplitude of each mis-
alignment torque ripple. In addition, the phase of the
compensation torque is determined to be opposite to that
of the misalignment torque ripple. Then, the amplitude
and phase of the compensation torque can be expressed as

Tcomp,n = Tmis,n, φcomp,n = φmis,n + π (17)

where Tmis,n and φmis,n are the amplitude and phase of
the misalignment torque ripple for the nth harmonic order.

5) Step 5: The compensation current, which is the sum of
the harmonic currents calculated from the compensation
torque, is evaluated using the harmonic current regulator.
The harmonic current regulator is operated using the com-
pensation torque, which is calculated using the estimated
misalignment torque ripple, as shown in Fig. 6(a). The
harmonic current regulator calculates the compensation

Fig. 6. Scheme of the proposed method. (a) Overall current control
scheme with harmonic current injection method and (b) the harmonic
current regulator.

current using the relationship between the q-axis current
and electromagnetic torque, as shown in Fig. 6(b). Then,
the compensation current can be expressed as

iq,comp =
∑
n

Tcomp,n

1.5NgPrψa
cos (nθout + φcomp,n) (18)

where iq,comp is the compensation current.
6) Step 6: Hence, the compensation current is injected into

the q-axis current command and the q-axis current refer-
ence can be expressed as follows:

iq,ref = i∗q + iq,comp (19)

where iq,ref and i∗q are the q-axis current reference and
constant q-axis current command, respectively. Finally,
the q-axis current reference is transferred to the q-axis
current controller, and the misalignment torque ripple
is suppressed. As the friction torque and iron loss are
affected by driving conditions such as load torque and
rotating speed, the compensation current can be varied
according to the driving conditions. Therefore, the pro-
cedure for designing the compensation current should be
repeated at constant intervals.
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Fig. 7. Flowchart of calculating iron loss.

IV. ESTIMATION OF MISALIGNMENT TORQUE RIPPLE

The proposed harmonic current injection method can be im-
plemented by adopting the appropriate amplitude and phase of
the harmonic current. Therefore, the misalignment torque ripple
should be measured to utilize the proposed method effectively.
The misalignment torque ripple can be measured directly using
the torque sensor; however, it is inefficient to use the torque
sensor because it requires additional cost and maintenance.
Thus, an indirect method for estimating the misalignment torque
ripple is presented in this section. As the misalignment torque
ripple is modeled as (5), the electromagnetic torque and fric-
tion coefficient must be estimated. However, the rotating speed
fluctuates according to the friction torque ripple, and the fluc-
tuation of the speed generates a fluctuation in the q-axis iron
loss current. Therefore, an additional electromagnetic torque
ripple is generated by the fluctuations in the iron loss. As the
SPMSM is designed to have a low cogging torque and sinusoidal
flux-linkage, only the electromagnetic torque ripple due to iron
loss fluctuation is considered in this article.

A. Calculation of Iron Loss

The iron loss is calculated using the electromagnetic finite-
element analysis (FEA) because it cannot be measured di-
rectly. The procedure for calculating the iron loss is shown in
Fig. 7 [19]. First, the nonlinear FEA is performed to calculate the
magnetic flux density at each mesh under certain q-axis currents
and rotating speeds. Then, a harmonic analysis of the magnetic
flux density is conducted to determine the amplitude at each
frequency. From the iron loss data of the material, the iron loss
corresponding to the magnetic flux density and frequency of
each harmonic component is calculated. Then, the iron loss for
each mesh is calculated by summing the iron losses of all the
associated harmonic components. Consequently, the total iron
loss is calculated by summing the iron losses for all the meshes.
Similarly, the iron losses for each q-axis current and rotating
speed are calculated repeatedly. The calculated iron loss map of

Fig. 8. Calculated iron loss according to the q-axis current and motor
speed.

the SPMSM is shown in Fig. 8. The map shows that the iron loss
increases at high speeds and at high q-axis currents. Using the
iron loss map, icq can be calculated according to iq and rotating
speed.

B. Estimation of Friction Coefficient

When the rotating speed is in the steady-state with constant
q-axis current and constant load torque, the output torque is equal
to the sum of the averaged friction torque, and load torque. Then,
the friction coefficient can be calculated as

B =
1.5Prψa (iq − īcq)− Tl

ω̄out
(20)

where īcq is the averaged q-axis iron loss current. The procedure
for obtaining the friction coefficient is shown in Fig. 9. When the
rotating speed is in the steady state, the speed can be increased by
increasing the q-axis current. As the rotating speed increases, the
friction and iron loss also increase, and the rotating speed enters
the steady state again. Similarly, the averaged rotating speed and
q-axis current are measured from the experiments as the q-axis
current increases. In addition, the iron loss current is obtained
from the calculated iron loss at the corresponding rotating speed
and q-axis current. As the friction torque is divided into viscous
friction torque proportional to the speed and constant Coulomb
friction torque, the friction coefficient can be calculated by fitting
the friction torque in accordance with the averaged rotating
speed. As a result, the calculated friction coefficient is 0.03654
Nm·s/rad. Then, the friction torque ripple can be obtained from
the estimated friction coefficient.

C. Estimation of Misalignment Torque Ripple

The misalignment torque ripple can be estimated by substi-
tuting the electromagnetic torque ripple, which is caused by iron
loss fluctuations and friction torque ripple, into (5). To verify the
estimation method, the estimated misalignment torque ripple
was compared with the torque ripple measured by the torque
sensor, as shown in Fig. 10. The estimated torque ripple had the
same order as the measured result; however, it contained errors
occurred in the measurement process and while calculating the
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Fig. 9. Flowchart of estimating friction coefficient.

Fig. 10. Comparison of measured and estimated misalignment torque
ripple.

iron loss. However, the error of 0.38th torque ripple, which
has the largest amplitude, is 4.8%, thus, so that the proposed
estimation method is sufficient to replace the torque sensor.

V. EXPERIMENTAL VERIFICATION

A. Experimental Setup

In order to use the proposed method, the SPMSM must
generate low torque ripple because the torque ripple by harmonic
currents should not be affected by the torque ripple of the
SPMSM itself. The total harmonic distortion (THD) in back
EMF can be used to analyze the harmonic components of the
flux-linkage, which are responsible for causing the torque ripple.
The back EMF is verified through electromagnetic FEA and
experiments. In addition, the torque ripple is analyzed through
electromagnetic FEA because the torque ripple of the SPMSM
cannot be tested directly because of the mechanical structure of
the actuator.

Fig. 11. Back EMF of the SPMSM. (a) Three-phase back EMF ac-
cording to the electrical angle. (b) Harmonic analysis results of the back
EMF.

Fig. 11(a) shows the back EMF obtained by conducting no-
load electromagnetic FEA and experiments. The no-load FEA
is conducted at a rotating speed of 1000 rpm. The experiment
is conducted by driving the SPMSM at 1000 rpm using another
servomotor. Fig. 11(b) shows the harmonic analysis results of
the simulated and measured back EMF. As the stator and rotor
are designed to make the back EMF sinusoidal, the SPMSM
contains small harmonic components in its back EMF. The
THDs of the simulated back EMF were 0.50% and 0.78%,
respectively.

Fig. 12(a) shows the electromagnetic torque of the SPMSM
when the sinusoidal rated current is excited, and the electro-
magnetic torque ripple is 2.05%. Fig. 12(b) shows the harmonic
analysis results of the electromagnetic torque. As the THD of
the back EMF is low, the electromagnetic torque ripple also
contains low harmonic components. Therefore, the electromag-
netic torque with low torque ripple can be transmitted to the
gearbox.

Fig. 13 shows the experimental setup for implementing the
proposed method. The actuator, torque sensor, and powder brake
for load excitation are connected in series. The torque sensor
is used to conduct the experiments at various load torques.
The SPMSM is driven using a motor drive with an embed-
ded digital signal processor of Texas Instrument Incorporated
TMS320F28379D, and the current control loop is operated at
10 kHz. To estimate the misalignment torque ripple, the q-axis
current and rotating speed are transferred from the motor drive
to the PC through serial communication. As the misalignment
torque ripple is calculated from the rotating speed, data should
be measured over a sufficient time duration at constant sampling
frequency. As the harmonic analysis is conducted using fast
Fourier transform (FFT), the frequency resolution of the FFT
can be determined in terms of the sampling frequency and size
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Fig. 12. Simulated electromagnetic torque of the SPMSM. (a) Electro-
magnetic torque according to the electrical angle. (b) Harmonic analysis
result of the electromagnetic torque.

Fig. 13. Experimental setup for suppressing the misalignment torque
ripple.

of FFT as

Δf =
fs

NFFT
(21)

where Δf is the frequency resolution of FFT, and fs andNFFT

are the sampling frequency and size of the FFT, respectively. As
the frequency of the misalignment torque ripple is close to the
output rotating speed, the frequency of the compensation current
is close to the frequency of the output rotating speed. As the
frequency of the harmonic current is sufficiently low compared
to the current control frequency of 10 kHz, the experimental
setup is sufficient for generating the compensation current.

B. Experimental Verification of the Proposed Method

In this section, experiments were conducted to verify the
effectiveness of the proposed method under various load condi-
tions, as shown in Table III. The experiments were conducted
under load torque of 0.125 and 0.250 p.u. where 1 p.u. is equal
to the rated torque of 8 Nm, and motor speed of 0.63 p.u., where
1 p.u. is equal to the maximum motor speed of 1100 rpm. The

TABLE III
EXPERIMENTAL CONDITIONS: LOAD TORQUES AND ROTATING SPEEDS

Fig. 14. Experiment 1: Waveform and FFT results of the q-axis current,
rotating speed of input shaft, and misalignment torque ripple with/without
proposed method.

experiments were conducted by the following procedure. The
SPMSM is controlled with a constant q-axis current to generate
a constant output torque, and the powder brake is controlled with
the constant load torque. Then, the rotating speed of the output
shaft is fluctuated by the misalignment torque ripple based on
the averaged rotating speed. The experiments were conducted
after rotating the actuator for 30 min to minimize the effect of
the temperature change in the bearing and lubrication of the
gearbox.

Fig. 14 compares the experimental results with/without using
the proposed method. The experiment was conducted under the
conditions of experiment 1 in Table III. The results show that
the fluctuation of the rotating speed and misalignment torque
ripple were suppressed by using the proposed method. The
largest amplitude of misalignment torque ripple was measured
in 0.38th harmonic order and the harmonic orders of the com-
pensation torque were determined based on the amplitude of
0.38th harmonic order. Thus, the compensation torque includes
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Fig. 15. Experiment 2: Waveform and FFT results of the q-axis current,
rotating speed of input shaft, and misalignment torque ripple with/without
proposed method.

the harmonic orders of 0.38th, 0.61th, 1st, 2nd, and 4.11th
and the compensation current also includes the same harmonic
orders. As a result of using the proposed method, the esti-
mated misalignment torque ripple was effectively suppressed
in each harmonic orders. However, it can be seen that only
misalignment torque ripple of 4.11th order was selectively sup-
pressed, this is because the misalignment torque ripple of 4.11th
order is composed of several harmonic orders near in 4.11th
order.

Fig. 15 show the same experimental results under the con-
ditions of experiment 2 in Table III. It can be seen that the
amplitudes of the misalignment torque ripple in each harmonic
order are higher than the results of experiment 1. Since the
rotating speed in experiment 2 was same as that of experiment 1,
the averaged friction torque was also same for both experiments.
However, the fluctuation of the iron loss current was increased
as the input current increased. This causes the fluctuation of
the output torque and it results to increase in the fluctuation of
the rotating speed. Since the misalignment torque of experiment
2 is larger than the results of experiment 1, the amplitude of
compensation current in experiment 2 is also larger than that of
experiment 1. However, the estimated misalignment torque rip-
ple were not completely suppressed because the compensation
torque was calculated by using the estimation method that has
error with the measured results using torque sensor.

VI. CONCLUSION

In this article, we proposed a method to suppress the torque
ripples caused by misalignments of gearbox. The proposed
method adopted the harmonic current injection method to sup-
press the misalignment torque ripple. In order to use the pro-
posed method effectively, a method to estimate the misalignment
torque ripple that is required to calculating the compensation
torque was presented. As the misalignment torque ripple is
affected by the iron loss and friction torque, the detailed process
of calculating the iron loss and friction coefficient was described.
The estimated misalignment torque ripple was compared with
measured results obtained using a torque sensor, and the es-
timation method was verified to be suitable for calculating the
compensation torque. Using the proposed method, the misalign-
ment torque ripple was suppressed effectively under various load
torque.

This article analyzed the feasibility of the proposed method.
Based on the research results, further research on predicting the
compensation currents in response to changes in driving points
will be conducted.
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