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Abstract—This paper presents a model predictive control (MPC)
based harmonic current injection method (HCIM) to suppress the
torque ripple caused by misalignment in gearbox. As it is inefficient
to determine the amplitude and phase of harmonic currents manu-
ally, the MPC is used to search the appropriate harmonic currents
to implement HCIM efficiently. A cost function for MPC is designed
to minimize a resultant torque ripple which is calculated by sum-
ming the misalignment torque ripple and compensation torque.
The compensation torque is an input variable of the predictive
model. In order to predict the resultant torque ripple accurately, an
estimation method of the misalignment torque ripple with torque
sensor is also proposed. The calculated compensation torque is
converted into harmonic currents and the harmonic currents can be
injected into a g-axis current. As a result, the misalignment torque
ripple can be suppressed. Experimental results demonstrate veri-
fication for estimation method of misalignment torque ripple, and
effectiveness of the HCIM. In addition, the proposed MPC-HCIM
is also verified by experiments, and the misalignment torque ripple
is effectively suppressed by using the proposed method. By using
the proposed method, high degree of precision in torque control
can be achieved with low quality gearbox which has misalignment.

Index Terms—Gearbox, harmonic current injection method,
misalignment, model predictive control, torque ripple.

1. INTRODUCTION

HE surface-mounted permanent magnet synchronous mo-
T tor (SPMSM) is widely used in industrial applications such
as multi-axis robot because of its convenience in control, low
torque ripple, and high power density [1]. Since the control
scheme of field-oriented control (FOC) is adopted for SPMSM,
the electromagnetic torque of the SPMSM can be controlled
linearly by using g-axis current [2]. Because of its sinusoidal
flux-linkage, the SPMSM can produce electromagnetic torque
with low torque ripple. Therefore, the industrial applications
adopts the SPMSM for its low electromagnetic torque ripple.
Generally, the electromagnetic torque is transferred to the
load through the gearbox because the industrial applications
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consist of the SPMSM and gearbox. Although the SPMSM
generates low electromagnetic torque ripple, large torque ripple
is transmitted to the load because of the torque ripple caused by
the gearbox. It is necessary to reduce the torque ripple because
it degrades the precision of the torque control, and it is a source
of torsional vibration [3]. The main factor of the torque ripple
is shaft misalignment caused by manufacturing tolerances, and
the misalignment produces the preload forces which affects to
the friction torque and torque ripple. Thus, the friction torque
can be increased with fluctuating torque ripple because of the
misalignment. The misalignment can be reduced by controlling
the manufacturing tolerances. However, it requires high costs to
control the manufacturing tolerances. Therefore, it is efficient to
suppress the torque ripple by using control methods.

The misalignment torque ripple, which is caused by the shaft
misalignment, acts as a nonlinear element in actuator control.
A number of methods for model-based friction torque compen-
sation have been proposed such as LuGre model-based meth-
ods [5], [6]. On the other hand, the reduction of electromagnetic
torque ripple has been studied by the design method of the mo-
tor [7], [8] and the compensation control method [9]. However,
these methods only considered the averaged friction torque and
electromagnetic torque ripple, but the friction and torque ripple
caused by the gearbox have not been considered. To consider
the misalignment torque ripple, compensation methods using
a torque sensor have been proposed [10], [11]. The methods
enables high accuracy control but the torque sensor requires
high cost and maintenance.

In this view, we propose a control method for suppressing
the misalignment torque ripple without any torque sensor. To
suppress the misalignment torque ripple, a harmonic current
injection method (HCIM) is adopted in this paper. The HCIM has
been widely used as a method for suppressing electromagnetic
torque ripple by injecting harmonic current into the armature
current [14]-[16]. HCIM is effective to eliminate electromag-
netic torque ripple, but the aforementioned studies have not
considered misalignment torque ripple. A method for reducing
misalignment torque ripple using HCIM has been proposed [17].
The method enables to suppress the misalignment torque ripple
by injecting the harmonic currents into the g-axis current to
generate the compensation torque which has opposite phase with
the misalignment torque ripple. However, the method is difficult
to use universally because there is no controller for determining
the amplitude and phase of harmonic current.
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Generally, the control method of PI control is used to deter-
mine the amplitude and phase of the harmonic currents. Thanks
to the flexibility of cost function in model predictive control
(MPC), MPC is efficient because it can calculate the amplitude
and phase of each harmonic components simultaneously by
designing the cost function. However, the PI controller must
be designed separately for each harmonic order, so that it is in-
efficient as the number of harmonic components increases [18].
In addition, the PI gain needs to be tuned according to the load
torque and rotating speed while the model predictive control
(MPC) needs no tuning process [19]. Therefore, the MPC is
used to implement the HCIM in this paper.

The MPC is a method of controlling the variables by deter-
mining the input variables to minimize the cost function. The
cost function is evaluated according to the predicted control
variables which is calculated by using predictive model and
input variables. Therefore, it is important to design the predictive
model accurately to use the MPC effectively. The MPC has been
widely used for controlling variables such as current, voltage, or
speed of electro-mechanical applications. Among them, Kouro
et al. and Aguilera et al. have been used the MPC to eliminate
specific harmonic voltages in power converter applications [21],
[22]. They designed the cost function by using the amplitude of
each harmonic voltage to reduce the specific harmonic compo-
nent. Likewise, the harmonic components of the misalignment
torque ripple can be selectively suppressed by designing the
cost function using sum of the misalignment torque ripple and
compensation torque rather than voltage harmonics in this paper.
Since the bandwidth of the mechanical system is relatively low
compared to the power converter applications, this paper pro-
poses a process to predict misalignment torque ripple instead of
using the torque sensor. Therefore, the proposed combined MPC
based HCIM (MPC-HCIM) method is suitable for suppressing
the misalignment torque ripple because the cost function can be
designed flexibly by using various harmonic components.

In this contribution, the misalignment torque ripple is sup-
pressed by using MPC-HCIM. In order to implement the MPC-
HCIM, the amplitude and phase of the misalignment torque
ripple have to be estimated first. Thus, the estimation method
of the misalignment torque ripple without any torque sensor
is presented in this paper. Then, the misalignment torque ripple
can be suppressed by injecting the harmonic currents which have
appropriate amplitude and phase. Using the proposed method,
a high degree of precision in torque control can be achieved
despite the use of gearbox with the misalignment.

II. THE EFFECT OF MISALIGNMENT ON TORQUE RIPPLE
A. Rotor Dynamics by the Misalignment Torque Ripple

The shaft misalignment is a common problem in manufactur-
ing process of rotating machinery. Fig. 1(a) and Fig. 1(b) show
the configuration of the actuator that is used in this study. The
actuator consists of the SPMSM, gearbox, and position sensors,
and the gearbox consists of planetary gear and helical gear. Since
the gearbox is composed of several shafts, the manufacturing
tolerances of each shaft accumulate, resulting in misalignment
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Fig. 1. Configuration of the actuator. (a) Schematic diagram of the actuator,
and (b) exploded view of the actuator.

of the gearbox. Thus, the misalignment torque ripple inevitably
occurs in the gearbox.

The load is driven by the output torque, which is the elec-
tromagnetic torque amplified by the gearbox. Since the electro-
magnetic torque includes torque ripple due to electromagnetic
phenomena, it can be modeled as the sum of averaged torque
and torque ripple as

T, = TP + Z Te,n COS (nNgoout + (rbe,n) (1)

where T, is the electromagnetic torque, T. and T, are the
averaged torque and amplitude for the n-th electromagnetic
torque, respectively, n and IV, are the harmonic orders referred in
the output shaft and gear ratio, and 6,,,; and ¢, ,, are the position
of the output shaft and phase offset for the n-th electromagnetic
torque, respectively.

When the output torque overcomes the load torque and the
rotating machinery is accelerated, friction torque is generated by
friction in bearing, fluid friction between air in the air-gap and
rotor, and the gears constituting the gearbox. The friction torque
can be affected by the shaft misalignment because it causes the
preload forces which are divided into static and dynamic force.
The static force can be converted into the friction force, and the
dynamic force can be converted into the torque ripple which
fluctuate periodically as the shaft rotates [4]. Thus, the friction
torque is increased and additional torque ripple is generated
when the shaft misalignment occurs as shown in Fig. 2(a) and
Fig. 2(b). Despite of using the SPMSM with low electromagnetic
torque ripple, a large torque ripple is transmitted to the load due
to the friction torque ripple. The harmonic orders of the friction
torque ripple are equivalent to the multiples and its sideband
of the fundamental component of output shaft speed [23], [24].
Then, the friction torque can be expressed as

Tt = Biout + B Z Wout,n €08 (NBout + O n) 2
n

where T’y is the friction torque, B is the friction coefficient, iy,
and wey¢,, are the averaged rotating speed and rotating speed
for n-th harmonic order of output shaft, respectively, and ¢ ,,
is the phase offset of the friction torque for n-th harmonic order.
Then, the dynamic motion of the actuator system referred in the
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Fig.2. Effect of the shaft misalignment on friction torque. (a) Friction torque
with ideally aligned shaft, and (b) increased friction torque and friction torque
ripple with misaligned shaft.

output shaft can be expressed as

dwout
TeNg = JeqT"_Tf +TL (3)

where J., is the equivalent moment of inertia referred to the
output shaft, w,,, is the rotating speed of output shaft, and 77, is
the load torque. Therefore, the acceleration of the rotating shaft
can be determined by the friction torque ripple and electromag-
netic torque ripple when the averaged electromagnetic torque
and load torque are constantly controlled.

B. Estimation of the Misalignment Torque Ripple Without
Torque Sensor

It is necessary to measure the misalignment torque ripple
because the proposed MPC-HCIM starts with measuring the
torque ripple. The torque ripple can be measured accurately
by using a torque sensor, but it is not efficient that the torque
sensor requires extra cost and maintenance. Thus, the method
for estimating the misalignment torque ripple without torque
sensor is proposed in this paper.

Since the SPMSM is controlled by the FOC algorithm, the
SPMSM can be modeled based on the d, g-axis and the electro-
magnetic torque can be expressed as

Te = 1.5P, {tatoq + (La — Ly) todiog 4)

where the subscripts of d and ¢ are the d, g-axis, P, is the
pole-pair, 7,4 and i,, are the magnetization currents, Lq and L,
are the inductances. Since the FOC control method of ‘14 = 0’
is adopted, the electromagnetic torque can be written as

T, = 1.5P,9qi0q (5)

However, the current controller controls the d, g-axis current,
not the magnetization current because the magnetization current
cannot be measured directly. As the d, g-axis currents are the
sum of magnetization current and iron loss current, the d, g-axis
current can be expressed as

Z.d = Z'od + icdy Z.q = Z.oq + icq (6)
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Fig. 3.  Effect of the shaft misalignment on electromagnetic torque when the
g-axis current is constantly controlled. Electromagnetic torque and g-axis current
without shaft misalignment and (b) with shaft misalignment.

where i, and ¢, are the d, g-axis currents, and ¢.q and i., are
the d, g-axis iron loss currents. Then, the electromagnetic torque
can be determined by the g-axis current and iron loss current as

T, = 1.5P, g (ig — ieq) (7)

If the shaft is ideally aligned, there will be no fluctuation in
rotating speed. Then, the g-axis magnetization and iron loss
currents are constant because the iron loss is dependent on the
frequency of the magnetic flux density as shown in Fig. 3(a).
However, the iron loss current may be changed when the rotating
speed contains harmonic component due to the shaft misalign-
ment even if the g-axis current is controlled constantly. As the
fluctuated rotating speed causes the variation in iron loss, the
electromagnetic torque contains torque ripple also because of the
variation in g-axis magnetization current as shown in Fig. 3(b).
If the averaged rotating speed is in a steady-state, the averaged
output torque and the sum of the averaged friction and load
torque are identical. Then, the acceleration is fluctuated by the
electromagnetic torque ripple and friction torque ripple as

dwout 1

At Jeg

N, Z Te.n, cos (NNgOout + Ge.n)

- B Z Wout,n COS (ngout + d)f,n) (8)

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

Tmis = Ng Z Te,n COs (neout + ¢e,n)

—-B Z Wout,n COS (neout + (bf,n) (9)

Then, the misalignment torque ripple can be rewritten as

Tmis = Z Tmis,n COS (naout + ¢mis,n)

n

(10)

where T},,;s and T},,;5 ,, are the misalignment torque ripple and
the torque ripple for n-th harmonic order, and the ¢, is the
phase offset of the misalignment torque ripple for n-th harmonic
order. Since the misalignment torque ripple is composed of
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Fig. 4. Process for estimating misalignment torque ripple.

friction and misalignment torque ripple due to the speed fluctu-
ation, it is calculated as zero in normal operation without shaft
misalignment. In order to predict the misalignment torque ripple,
the iron loss according to the rotating speed should be calculated.
As the iron loss is determined by the frequency and magnitude
of the magnetic flux density, the misalignment torque ripple can
be determined by the rotating speed and g-axis current.

Fig. 4 shows the process of estimating the misalignment
torque ripple. As the electromagnetic torque ripple of the
SPMSM can be negligible, the electromagnetic torque ripple
caused by the iron loss is only considered. The iron loss is cal-
culated by using electromagnetic finite element analysis (FEA).
Then, the electromagnetic torque ripple can be estimated by
using the calculated iron loss and measured rotating speed. In
addition, the friction torque ripple can be estimated by using the
friction coefficient and measured rotating speed. Consequently,
the misalignment torque ripple can be estimated by using (9)
without any torque sensor.

III. TORQUE RIPPLE SUPPRESSION BASED ON MODEL
PREDICTIVE CONTROL

A. Proposed MPC Based HCIM

The block diagram of the classical control scheme is shown
in Fig. 5. The feedback variables such as three-phase currents,
and rotor position are interfaced to the digital signal processor
(DSP) through analog-to-digital (ADC) channels. The classical
control scheme of FOC algorithm is adopted for calculating the
voltage vector to control the switching device. The measured
three-phase currents are converted into the d, g-axis currents by
using d, g-axis transform and transferred to the current controller.
The current controller calculates the d, g-axis reference voltage
by using PI controller with the reference and measured currents.
Then, the armature current flows through the stator windings as
the switching device is operated by the reference voltages. As a
result, the electromagnetic torque is generated by the interaction
between the stator currents and field flux.

Fig. 6 shows the overall control scheme of the proposed
method for suppressing the misalignment torque ripple. In
addition to the classical control scheme, the MPC-HCIM for
suppressing the misalignment torque ripple is implemented.
The output variable of the MPC-HCIM is compensation current
which is defined as sum of the harmonic currents. The detailed
procedure of the HCIM and MPC are presented in following
subsections.
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Fig. 6. Proposed model predictive control based harmonic current injection
method for suppressing the misalignment torque ripple.

B. Model Predictive Control for Controlling
Harmonic Current

Generally, MPC strategy is operated based on discrete time
model with sampling frequency. The process of measurement,
prediction, and cost minimization should be completed in a sin-
gle periodic cycle. Therefore, a high bandwidth MPC controller
is required for power converter applications [21], [22]. However,
the MPC-HCIM depends on the frequency resolution of fast
Fourier transform (FFT) because the proposed method is based
on the HCIM with FFT. The frequency resolution is determined
by the sampling frequency and the data size for FFT [25], and
the frequency resolution can be expressed as

Aot

Nrrr

(1)

where Af is the frequency resolution, f; is the sampling fre-
quency, and the Nppr is the size of the FFT. In this paper, the
frequency resolution is set to 0.01 Hz to consider the harmonic
order of torque ripple in detail, and the sampling frequency is
set to 20 Hz because the frequency of the misalignment torque
ripple is very low. After the frequency resolution and sampling
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frequency are set to be constant, the size of FFT and total
sampling time are determined by using (14). Since the frequency
of misalignment torque ripple is low compared to current control
period, the effect of current control delay can be negligible.
The three steps for MPC-HCIM are as follows: measurements,
prediction, and cost minimization.

1) Measurements : The first step for MPC-HCIM is to measure
the misalignment torque ripple. Since the misalignment torque
ripple can be estimated by using output rotating speed, iron
loss, and (9), the output rotating speed and iron loss have to be
measured. However, the iron loss cannot be measured directly,
so that the iron loss is calculated by using electromagnetic
FEA. Since the iron loss depends on the g-axis current and
rotating speed, the g-axis current and rotating speed should
be measured. The measurement procedure is equivalent to the
process of measuring variables using ADC channel in classical
control scheme. Then, the measured variables are transmitted
to the predictive model, and the resultant torque ripple which
is calculated by summing the misalignment torque ripple and
compensation torque can be predicted for cost minimization.

2) Prediction : The resultant torque ripple is predicted by using
the predictive model for evaluating the cost according to the
input variables. Since the resultant torque ripple is determined
by the compensation torque, the amplitude and phase of the
compensation torque for each harmonic component are selected
as input variables. The compensation torque can be expressed
as

Tcomp = Z Tcomp,n COs (neout + ¢comp,n) (12)
n
where T, is the compensation torque, Ty, s the ampli-
tude for n-th harmonic order, and ¢comp,n is the phase offset for
n-th harmonic order. When the compensation torque is injected,
the dynamic motion of the actuator can be expressed as
T N + Tcomp - Jeq

LTy 4T (13)

dt

As it is assumed that the output torque and the sum of the
averaged loss torque and load torque are identical, the moment
of inertia is accelerated by the sum of the misalignment torque
and compensation torque as

dwout

Jeq Z{TCOmp n COS (neout + ¢Comp, )

- Tmis,n COS (neout + (bmis,n)} (14)

Then, the predicted resultant torque ripple is calculated as

Z TE, cos (nbout + drn) (15)
where
= { comp,n + T?“Qn’LS n
- 2,-Tcornp.,nT‘mis,n COS (¢comp,n - ¢r,n)}77 (16)

where TP is predicted resultant torque ripple for n-th harmonic
order, qbr,n is the phase offset of each predicted resultant torque
ripple for n-th harmonic order.
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Fig. 7. Principle of the harmonic current injection method.

3) Cost minimization : As a final step of MPC-HCIM, the cost
should be minimized for suppressing the misalignment torque
ripple. The cost is design as the sum of absolute differences
between the reference resultant torque ripple and predicted
resultant torque ripple for each harmonic order as

g = Z ‘Tr,n - TP

where g and Tr,n are the cost and reference resultant torque
ripple for n-th harmonic order. The reference resultant torque
ripple for each harmonic component is set to be zero because
the purpose of the proposed method is suppressing misalignment
torque ripple completely. Then, the cost of each harmonic com-
ponent can be minimized when the predicted resultant torque
ripple is calculated as zero. As a result, the optimized compen-
sation torque of each harmonic order is determined to have the
same amplitude and opposite phase to the misalignment torque
ripple. Then, MPC is accomplished by delivering the optimal
amplitude and phase of compensation torque to HCIM block.

7)

C. Harmonic Current Injection Method for Suppressing
Misalignment Torque Ripple

The HCIM is the method for suppressing torque ripple by
injecting harmonic currents to generate harmonic torque which
have opposite phase with the torque ripple. Generally, this
method has been used to reduce the electromagnetic torque
ripple due to the harmonic components in flux-linkage. In this
paper, the HCIM is used for suppressing misalignment torque
ripple instead of the electromagnetic torque ripple.

Fig. 7 shows the principle of HCIM. Since the electromagnetic
torque is proportional to the g-axis magnetization current, a
torque ripple with specific frequency can be generated when the
harmonic current which has the frequency is injected into the
g-axis magnetization current. Likewise, a complex waveform of
torque ripple can be intentionally generated by injecting several
harmonic currents simultaneously into the g-axis magnetization
current. However, the harmonic currents have to be injected
into the g-axis current because the g-axis magnetization current
cannot be controlled directly.

The harmonic current regulator for HCIM is shown in Fig. 8.
The compensation current is calculated by using the harmonic
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current regulator. The amplitude and phase of compensation
torque are transferred from the results of MPC, and the com-
pensation harmonic currents are calculated by using the rela-
tionship between g-axis current and electromagnetic torque of
(5). Then, the compensation current is calculated as the sum of
compensation harmonic currents as

Teom
. p,n
lq,comp = § ————C0S (neout + ¢comp,n)

15D, (18)

n
where ig comp 1S the compensation current. Then, the g-axis
current reference which is the input of the g-axis PI controller
can be calculated from the constant g-axis current command and
compensation current as

19)

. PP
lgref = g T Uq,comp

where i, is the g-axis current command. As the compensation
current is injected into the g-axis current, the compensation
torque includes the torque ripple for suppressing the misalign-
ment torque ripple.

IV. EXPERIMENTAL RESULTS

In this section, several experiments were conducted to verify
the proposed method. The descriptions about experiments are
shown in Fig. 9. Each experiment starts with conditions of con-
stant g-axis current and constant load torque. In Section IV.B,
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TABLE I
THE SPECIFICATIONS OF THE ACTUATOR

Item Unit Value
Number of poles - 16
Number of slots - 18
DC link voltage \Y 24
Max. power w 100
Rated torque (Output) Nm 8
Max. speed (Output) rpm 65
Overall gear ratio - 16.44:1
Equivalent moment of inertia kg-m? 0.00269
Phase resistance (Rg) Q 0.58
d-axis inductance (Lg) mH 1.44
g-axis inductance (Lg) mH 1.47
Flux-linkage (¢q) Wb 0.024
Friction coefficient Nm-s/rad 0.03654
Encoder resolution bit 12

a verification of estimation method for misalignment torque
ripple was described by comparing the measured and estimated
misalignment torque ripple. In Section IV.C, an effectiveness of
the HCIM was described. The resultant torque ripple according
to the amplitude and phase of injected harmonic current were
measured to verify the effectiveness of HCIM. Finally, the
proposed MPC-HCIM was verified in Section IV.D.

A. Experimental Setup

The experimental setup is shown in Fig. 10. The actuator,
torque sensor, and the brake load are connected in series. The
specifications of the actuator are shown in Table I. The SPMSM
is driven by feedback from a 12-bit incremental encoder which is
attached to the motor shaft. In addition, the SPMSM is controlled
by DSP of Texas Instrument (TI) TMS320F28377D and the
switching frequency of the inverter is set to 10 kHz.

Prior to examining the characteristics of the SPMSM, the
torque ripple component that affects the rotor dynamics of the ac-
tuator was analyzed using the frequency response of the actuator.
Fig. 11 shows the frequency response of the mechanical system
referred in the output shaft of the gearbox. As shown in the
bode plot, the bandwidth of the mechanical system is calculated
as 43.4 Hz. Since the bandwidth is defined as the frequency
range where the magnitude of the closed-loop gain does not
drop below —3 dB, the torque ripple with frequency above the
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Fig. 11.  Frequency response of mechanical system referred in output shaft of

the gearbox. Magnitude, bandwidth, and phase of the frequency response.

bandwidth has little effect on the speed ripple. Therefore, the
torque ripple caused by PWM harmonics does not affect to the
system dynamics because the switching frequency of inverter is
set to 10 kHz. The harmonic components in g-axis current can
be caused by the performance of the current controller, which
affects to the torque ripple. In order to exclude the influence
of the control gain on the torque ripple, the gain of the current
controller was well tuned to converge to the target value without
overshoot.

In order to test the proposed method, the SPMSM must have
appropriate characteristics. To test the proposed method effec-
tively, the electromagnetic torque ripple should be generated
only by the injected harmonic currents. Therefore, the SPMSM
in the actuator have to generate a small electromagnetic torque
ripple. The back-electromotive force (Back-EMF) and torque
ripple of SPMSM are used to verify the suitablity of the SPMSM.
The Back-EMF was verified through electromagnetic FEA and
experiment, but the torque ripple was verified only using FEA
because the SPMSM cannot be tested with dynamometer solely
due to the structure of the actuator. Fig. 12(a) and Fig. 12(b)
show the results of waveform and harmonic analysis of the
Back-EMF at 1000 rpm. Since the SPMSM was designed to
make the Back-EMF sinusoidal, the SPMSM includes small
harmonic components of the Back-EMF. The total harmonic
distortion (THD) of the simulated Back-EMF was 0.50%, and
the measured Back-EMF was 0.78%. Fig. 13 shows the electro-
magnetic torque of the SPMSM when the rated g-axis current is
excited. The averaged electromagnetic torque was 0.5 Nm and
the torque ripple was 1.71%. Therefore, the SPMSM used in the
actuator is suitable for testing the HCIM.

B. Verification of Misalignment Torque Ripple Estimation

In order to use the estimation method of misalignment torque
ripple for predictive model, the verification have to be conducted
prior to test the proposed MPC-HCIM. The misalignment torque
ripple can be obtained from the estimation method of (9). Since
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Fig. 14. Calculated iron loss of SPMSM according to the g-axis current and

motor speed.

the rotating speed is fluctuated by the misalignment torque
ripple, iron loss of the SPMSM according to the g-axis current
and speed is necessary to use the estimation method. The iron
loss was calculated by using the electromagnetic FEA and it has
high accuracy compared with the experimental results because
it uses the measured iron loss data [26]. The calculated iron
loss is shown in Fig. 14. Then, the misalignment torque ripple
can be calculated considering the friction coefficient and iron
loss. The misalignment torque ripple obtained from the torque
sensor and estimation method are compared in Fig. 15(a) and
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Fig. 15(b). The fundamental component of misalignment torque
ripple is equivalent to the frequency of output shaft. As shown in
Fig. 15(a), the major harmonic components having an amplitude
above 10% compared to the harmonic component that has largest
amplitude was confirmed as the 0.38th, 0.61th, 1st, 2nd, 3.11th
and 4.11th orders. It can be observed that the major harmonic
components were well predicted by using the estimation method.
However, unexpected torque ripple may occur due to the mea-
surement error such as 1.18th harmonic order. The accuracy
of the predicted major harmonic components was evaluated
using NRMSE, and the estimation method was evaluated with
an accuracy of 6.2%.

C. Effectiveness of the Harmonic Current Injection Method

Before verifying the proposed MPC-HCIM, experiments
were conducted to verify the effectiveness of the HCIM. To
verify the effect of the HCIM, the trend of resultant torque ripple
was estimated according to the amplitude and phase of harmonic
current as shown in Fig. 16(a). The experiments were conducted
only for the 1st harmonic order referred in output shaft. It can
be observed that the 1st harmonic component of misalignment
torque ripple is completely cancelled by injecting the optimal
harmonic current. As a result of injecting the optimal 1st har-
monic current, the Ist resultant torque ripple was suppressed by
90.5% as shown in Fig. 16(b). Since it is inefficient to search
the appropriate amplitude and phase of the compensation torque
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Fig. 16. Resultant torque ripple with 1st harmonic current injection. (a) The
resultant torque according to the amplitude and phase of 1st harmonic current,
and (b) effectiveness of the HCIM for 1st harmonic component.

TABLE 11
EXPERIMENTAL CONDITIONS TO VERIFY THE EFFECTIVENESS OF MPC-HCIM

Experiment Load torque [Nm]

1 (12.5% of rated torque)
2 (25% of rated torque)

Motor speed [rpm]

700 (63% of max. speed)
700 (63% of max. speed)

Experiment 1
Experiment 2

for every harmonic orders manually, the MPC is used to search
those parameters for effective HCIM .

D. Verification of Proposed MPC-HCIM for Misalignment
Torque Ripple Suppression

In this section, experiments were conducted to verify the ef-
fectiveness of the proposed MPC-HCIM. The experiment results
show the g-axis current, waveform and harmonic analysis result
of misalignment torque before and after applying MPC-HCIM.
The experiments were conducted after rotating the actuator for
30 minutes to minimize the effect of the temperature change in
the permanent magnets, conductors, bearing and lubrication of
the gearbox.

The experiments were conducted to verify the effectiveness
of the proposed method under various load conditions, as shown
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Fig. 18. Experimental results with proposed MPC-HCIM according to the
conditions of experiment 1.

in Table II. The experiments were conducted under load torque
of 1 Nm and 2 Nm which are 12.5% and 25.0% of the rated
torque, respectively. The rotating speed of motor shaft was set
to be 700 rpm which is 63% of the maximum speed.

Fig. 17 shows the experiment results without MPC-HCIM
according to the conditions of experiment 1. Since the largest
amplitude of misalignment torque ripple was estimated in 0.38th
harmonic order, the harmonic orders of the compensation torque
were determined as the harmonic orders in which the amplitude
of the torque ripple was greater than 20% of the amplitude of the
0.38th harmonic order. Thus, the compensation torque includes
the harmonic orders of 0.38th, 0.61th, 1st, 2nd, and 4.11th and
the compensation current also includes same harmonic orders.
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conditions of experiment 2.

Fig. 18 shows the experiment results with MPC-HCIM. As a re-
sult of using the MPC-HCIM, the harmonic currents which have
same harmonic order with compensation torque were injected
into the g-axis current. Then, the misalignment torque ripple
was effectively suppressed in each harmonic order. The overall
resultant torque ripple was decreased from 7.7% to 5.5%, and
the fundamental component of misalignment torque ripple was
significantly reduced by 82%.

Fig. 19 shows the experiment results without MPC-HCIM
according to the conditions of experiment 2. As the load torque
was increased, g-axis current, magnetic flux density, and core
loss of the actuator were increased. Therefore, it can be ob-
served that the amplitude of the misalignment torque ripple was
increased compared to the result of experiment 1. Since the
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major harmonic orders of the misalignment torque ripple were
analyzed as 0.13th, 0.38th, 0.50th, 0.61th, and 1st component,
the compensation current also includes same harmonic orders
as shown in Fig. 20. As a result of using the MPC-HCIM, the
overall resultant torque ripple was reduced from 9.9% to 7.3%,
and the misalignment torque ripple was significantly reduced by
80% at 0.38th harmonic component.

V. CONCLUSION AND FUTURE WORKS

In this paper, a model predictive control based harmonic
current injection method has been proposed to suppress mis-
alignment torque ripple. The misalignment torque ripple can be
suppressed by using harmonic current injection method. Since
the determination for appropriate amplitude and phase of the
harmonic currents is inefficient, the MPC is used to implement
HCIM efficiently. As a result of using the proposed method, the
misalignment torque ripple was suppressed by injecting optimal
compensation torque which was calculated by minimizing the
cost function of MPC. Therefore, the high degree of precision
in torque control can be achieved by using the proposed method
despite of using the gearbox with misalignment. In order to
achieve the versatile for the proposed method, additional studies
should be conducted. The first is to consider the uncertainty
of the parameter according to the temperature change. Since
the motor parameters are changed by temperature variation, a
method considering the temperature variation should be pro-
posed. Second is to consider the delay due to digital control for
improving performance of transient-state. Since the proposed
method is effective in steady-state, the robust MPC for sup-
pressing the misalignment torque ripple in both steady-state and
transient-state will be conducted as a future work.
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