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A Novel and Simple Torque Ripple Minimization
Method of Synchronous Reluctance Machine

Based on Torque Function Method
Hailong Wu , Daniel Depernet, Vincent Lanfranchi , Khadija Ei Kadri Benkara , and M. A. H. Rasid

Abstract—Synchronous reluctance machine (SynRM)
has been studied widely in order to reduce its high torque
ripple and improve its low power factor. This article pro-
poses a torque ripple reduction method for SynRM by defin-
ing a novel parameter-torque function. With the help of
torque function, the optimal currents aiming to compensate
torque harmonics are obtained. The advantage of the pro-
posed method is that torque function can be obtained easily
and torque ripple reduction can be achieved by a simple
control method. For the purpose of verifying the proposed
method, both simulations and experiments are performed.
Finally, the influence of power supply and parameter uncer-
tainty on the proposed method has also been discussed.

Index Terms—Optimal current, synchronous reluctance
machine (SynRM), torque function, torque ripple.

I. INTRODUCTION

THE synchronous reluctance machine (SynRM) has been
studied widely since the last decade because of its simple

and robust structure and high speed operation [1]–[3]. It can
be applied to various fields, such as traction drive [4]–[6],
automotive accessories [7], household [8], pumps, and fans [9].
However, its salient rotor topology produces high torque ripple
which restricts the application of SynRM.

In order to minimize the high torque ripple of SynRM,
different methods have been put forward. The mostly applied
approach is to optimize its structure such as flux barriers [10]–
[15], rotor rib [16], [17], rotor skewing [11], [18], and adding
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permanent magnet [19], [20]. Optimizing SynRM structure
could produce satisfying result, but the design process is usually
time-consuming.

The second idea to reduce torque ripple of SynRM is based on
adding the selected current harmonics to the original sinusoidal
stator currents. Yammine [21] analyzed the average torque of a
two phase SynRM and defined the optimal current with several
stator inductance harmonics. Decreasing each torque harmonic
requires several current harmonics. So if several dominant torque
harmonics are considered, the process of defining the rela-
tionship between each torque harmonic and the corresponding
current harmonics could be time-consuming and complex. Be-
sides, it is very difficult to define the optimal currents for a
multiphase SynRM by the method presented in [21]. Truong
et al. [22] measured stator inductances and their low order
harmonics to calculate the optimal currents by electromagnetic
torque equation. But, the accurate measurement of high stator
inductance harmonics is very difficult. It means the optimal
currents obtained by the measured inductances may not result
in the optimal torque ripple reduction.

In this article, a novel parameter, torque function, is proposed
for the purpose of decreasing torque ripple of SynRM easily by
control method. With the help of torque function, all torque
harmonics could be reduced theoretically by the calculated
optimal currents. Moreover, torque function can be obtained
easily by the finite-element method (FEM).

In addition, both simulations and experiments are performed
and presented to validate the torque function and the torque
ripple reduction method. The principles of analyzing the results
are also put forward. During the experiment, the sensibility of
measurement of the torque harmonics depends on the inertia of
the load, which makes it difficult to determine the amplitude of
harmonics. Hence, when the SynRM is controlled without load,
a method is proposed to obtain torque harmonics by measuring
rotor position.

A SynRM designed for an e-Clutch is manufactured and
studied in this article. First, the manufacturing constraints limit
the choice of rotor topology for this application. Besides, the
minimum torque produced by the maximum available current
is the first consideration for the studied e-Clutch. Compared
with massive rotor and flux barriers rotor, the salient pole rotor
topology provides better result [23]. Hence, the salient pole rotor
is selected.

0278-0046 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Universiti Malaysia Pahang. Downloaded on August 04,2022 at 07:25:45 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0001-5985-2214
https://orcid.org/0000-0002-4667-4401
https://orcid.org/0000-0002-1036-4639
https://orcid.org/0000-0002-0061-7540
mailto:hailong.wu@utbm.fr
mailto:daniel.depernet@utbm.fr
mailto:vincent.lanfranchi@utc.fr
mailto:khadija.el-kadri-benkara@utc.fr
mailto:mahizami@ump.edu.my
http://ieeexplore.ieee.org


WU et al.: NOVEL AND SIMPLE TORQUE RIPPLE MINIMIZATION METHOD OF SynRM BASED ON TORQUE FUNCTION METHOD 93

II. DEFINITION AND CALCULATION OF TORQUE FUNCTION

A. Electromagnetic Torque Equation

The electromagnetic torque of SynRM could be calculated by
the co-energy W (I, θm)

Te =
∂W (I, θm)

∂θm
=
P

2

3∑
i=1

3∑
j=1

IiIj
∂Lij (θ)

∂θ
(1)

where θm is the mechanical rotor position and θ is the electrical
position; P is the number of pole pairs; I is the stator current; i
and j are the phase number of stator windings; Lij is the stator
self-inductance or mutual inductance.

The stator currents which can be represented by the currents
of dq-axis and the stator inductancesLij(θ) are introduced in the
Appendix. Substituting the stator currents and stator inductances
into (1), the torque (A3) containing all torque harmonics can be
obtained as presented in the Appendix. More details about the
derivation can be found in [24].

Furthermore, the SynRM can be controlled for different ob-
jectives by defining different current angles β. It is the angle
between the current vector and d-axis current. For example,
when current angle β is 45°, the maximum torque per ampere
(MTPA) strategy is achieved in linear condition. As a result,
a parameter kdq can be defined to represent different current
angles

kdq =
Iq
Id

= tanβ. (2)

Substituting (2) into the torque (A3) in the appendix and
separating the current and the inductance harmonics, the torque
function Kt(θ, β, I) can be defined and calculated. It is intro-
duced by (A4) in the Appendix.

Because the stator inductances contain many harmonics
which are functions of rotor position and torque function con-
tains stator inductances, torque function becomes also a function
of rotor position. Besides, the function of current angle (2)
is included in (A4), thus torque function is also a function of
current angle to achieve different control objectives. When the
magnetic saturation phenomenon appears in the SynRM, the
stator inductances could be influenced. The saturation is linked
to the stator current. Therefore, the stator inductances and torque
function are also functions of stator current.

Based on torque function, the electromagnetic torque of
SynRM can be represented

Te = Kt (θ, β, I) I
2
ds23 (3)

where Ids23 is the current of d-axis obtained by the invariant
Park transformation according to the stator currents.

B. Torque Ripple Reduction Method

The equation of torque function needs all stator inductance
harmonics. It is obvious that based on stator inductances, the
calculation of torque function is not convenient. According to
(3), torque function can be calculated easily

Kt (θ, β, I) =
Te

I2ds23
. (4)

Fig. 1. Torque ripple reduction based on torque function.

For example, if the sinusoidal stator current is supplied to
the finite element model of the SynRM, the electromagnetic
torque can be obtained. The corresponding current of d-axis
can be calculated. Consequently, the torque function could be
calculated conveniently by (4).

The torque ripple reduction method is illustrated by Fig. 1
[25]. It is introduced for a salient pole SynRM in Fig. 1, but this
method is also applicable for other rotor topologies of SynRM.
In this article, saturation is not considered. So torque function
Kt(θ, β, I) becomes Kt(θ, β). At first, the sinusoidal stator
currents are supplied into the machine in order to calculate torque
function. Then, the optimal currents in dq-axis can be calculated
by the constant reference torque and torque function. In addition,
the optimal stator currents can be obtained by the inverse Park
transformation. Finally, the torque ripple could be minimized by
supplying the optimal stator currents into SynRM.

The torque ripple minimization approach without saturation
and with saturation has been analyzed and verified by FEM
in [24]. When there is no saturation, the original currents and
the corresponding optimal currents are introduced in Fig. 2. It
can be observed that the stator currents without compensation
are sinusoidal while the optimal stator currents contain many
harmonics. The current of d-axis without compensation is con-
stant while the optimal currents of dq-axis are not constant. The
uncompensated torque and compensated torque are presented in
Fig. 3. It can be observed that the torque ripple of the studied
SynRM is minimized greatly.

III. SIMULATION

Torque control simulation, as presented in Fig. 4, is first
performed in Simulink in order to test the proposed torque ripple
reduction method. All stator inductance harmonics are obtained
by finite element method in order to build the model of SynRM
which can depict its torque ripple.

The reference peak value of stator current is calculated by the
reference torque. When torque ripple is not compensated, it is
calculated by the mostly used average torque equation

I∗m =

√
4Tref

3P (Ld − Lq) sin2β
(5)

where Ld and Lq are the average values of dq-inductances
respectively and they are given in Table I.
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Fig. 2. Original currents and optimal currents (β = 45°, Im = 30 A) of
FEM. (a) Stator currents. (b) Currents of dq-axis.

Fig. 3. Uncompensated torque and compensated torque of FEM
(β = 45°).

The reference current with compensation is calculated based
on torque function which is obtained by offline method

I∗m =

√
2Tref

3Kt (θ, β) cos2β
. (6)

According to the reference current I∗m and the power invari-
ant Park transformation, the reference currents of dq-axis are

Fig. 4. Control diagram of torque ripple reduction based on torque
function.

TABLE I
PARAMETERS OF THE STUDIED SYNRM

obtained by the current angle β⎧⎨
⎩

Idref =
√

3
2I

∗
mcosβ

Iqref =
√

3
2I

∗
msinβ

. (7)

The reference current calculation in Fig. 4 is represented by
(5)–(7). It can be applied to any value of β. In this article,
the MTPA control strategy is applied during simulation and
experiment. So the current angle β is 45° in (5)–(7)

The PI controllers are used to regulate the dq-currents and
they are designed as⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩
Gd (s) = Kd

1 + Ld

R s
Ld

R s

Gq (s) = Kq
1+

Lq
R s

Lq

R
s

(8)

where s is the Laplace operator; R is the stator phase resistor,
and Kd/q is the gain of controllers as given in Table I.

According to these parameters, the closed loop bandwidths
of d-axis and q-axis are calculated and both are 2360 Hz.

Fig. 5 presents torque function obtained by finite-element
method for different current angles. It can be noticed that Kt

is different at different β. To reduce torque ripple for different
control strategies (β), different Kt should be applied. In this
paper, Kt(β = 45◦) is used.

Besides, saturation is neglected during the simulation. Its in-
fluence on the proposed torque ripple reduction method has been
analyzed in [24]. The torque reference is defined as 0.15 N·m
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Fig. 5. Torque function for different β (Im = 30A).

Fig. 6. Rotor position without compensation and with compensation.

Fig. 7. Rotor speed without compensation and with compensation.

and the load torque is 0.1N·m. The inertia, the dry friction torque
and the viscous friction coefficient are given in Table I.

The results in one electrical period of torque control simu-
lation are introduced and studied. The rotor positions without
compensation and with compensation are introduced in Fig. 6
and are applied to define one electrical period (180° mechanical
rotor position). The corresponding rotor speeds are introduced
by Fig. 7. It can be observed that the speed without compensation
in one electrical period has six pulsations and the speed with
compensation does not have noticeable pulsations.

Then, the accelerations of these two cases are calculated by
the speeds and are presented in Fig. 8. In order to reduce the
high noise in acceleration, an acceleration filter with the cutoff
frequency 800 Hz is used. The design of this filter is based on
the principles presented in Section IV-C.

It can be seen that the acceleration without torque ripple re-
duction has also six pulsations as illustrated in Fig. 8. Compared
with the acceleration without compensation, the acceleration

Fig. 8. Acceleration obtained by speed without compensation and with
compensation.

Fig. 9. Torque without compensation and with compensation.

with compensation is minimized greatly. The amplitudes of
these two acceleration pulsations, especially the acceleration
without compensation are reduced when the simulation time
is longer. Because torque control is applied in the simulation.
When the speed is larger, the viscous friction becomes larger.
So the acceleration will become smaller until to zero when the
total friction torque and load torque equal the reference torque.

In the simulation, the electromagnetic torque could be ob-
tained easily. The torques without compensation and with com-
pensation are presented in Fig. 9. It can be observed that the
compensated torque is nearly constant while the uncompensated
torque has high torque ripple. The harmonics of these two
torques are introduced by Fig. 10. Comparing with the torque
harmonics without compensation in Fig. 10(a), the dominant
torque harmonics (6th and 12th) in Fig. 10(b) are minimized
by supplying the optimal currents. As a conclusion, based on
torque function, the proposed torque ripple reduction method
could decrease torque harmonics effectively.

IV. EXPERIMENT

A. Experimental Setup

Experiment is preferred to verify the torque function-based
torque ripple reduction method. But, mechanical disturbances
of the connection of torque meter and of hysteresis break with
the studied SynRM in the experimental bench make it difficult to
measure electromagnetic torque harmonic accurately. Besides,
the electromagnetic torque produced by the studied machine is
small. It means the measured electromagnetic torque could be
affected by the disturbing torque. Therefore, the electromagnetic
torque could not be measured accurately by torque meter. The
SynRM can be only controlled without load to not disturb the
electromagnetic torque harmonic.

The control diagram is introduced in Fig. 4. The torque control
without load is applied. The torque function (β = 45°) presented
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Fig. 10. Torque harmonics. (a) Without compensation. (b) With compensation.

Fig. 11. Experimental platform. (a) dSPACE test bench. (b) Studied
SynRM.

in Fig. 5 is used to calculate the reference current and compensate
torque ripple during the experiment. Fig. 11(a) illustrates the
experimental bench. It includes several parts: host computer,
dSPACE MicroAutoBox and power electronic (Rapidpro) sys-
tem, power supply and the studied SynRM. The studied SynRM
is presented in Fig. 11(b).

An incremental encoder is used to measure the rotor position.
The rotor speed is calculated by the measured position and
is filtered by a low pass filter. The acceleration is obtained
according to the speed.

B. Validation Approach

In order to test the proposed torque ripple reduction method,
the electromagnetic torque should be calculated by the mea-
sured data. The dynamic equation of SynRM without load is
introduced

Te − Tf − fωωm = J
dωm

dt
(9)

where ωm is the speed calculated by position.
Therefore, the electromagnetic torque could be calculated

Te = J
dωm

dt
+ fωωm + Tf . (10)

Fig. 12. Selected position data in one electrical period.

In (10), the dry friction torque Tf , the inertia J and the viscous
friction coefficient fω are constant and have been measured as
given in Table I.

C. Analysis Principles

In order to analyze the results of experiment, several prin-
ciples should be presented first because the measured position
signal needs to be treated and processed before that the useful
information can be extracted.

1) One Electrical Period: Because the validation method
is based on the torque control, the speed will be increased
gradually. In order to reduce the influence of variation of the
speed, it is better to analyze the torque measurement in one
electrical period which means a mechanical angle of 180° as
shown in Fig. 12. This period is enough and convenient to
determine the torque harmonics.

The applied incremental encoder has a resolution of 500
cycles per revolution. This resolution is multiplied by four by
the quadrature encoder pulse module of the control system. The
position is then measured with a resolution of 2000 cycles per
revolution.

2) Selection of Speed Range: According to the measured
position, the corresponding speed could be calculated. The un-
filtered speed as introduced in Fig. 13 has many harmonics. It
cannot be applied to control the SynRM. This is mainly due to
the low resolution of encoder. Therefore, the speed should be
filtered and the result is also presented in Fig. 13. The design of
the digital filter is explained in the following section.
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Fig. 13. Filtered and unfiltered speed in experiment.

Besides, during the experiment, the speed is increased gradu-
ally but the sampling frequency is constant. If the rotor speed is
higher, it will contain fewer points than the lower speed during
the same position length (180°). Then, the lower the speed during
the measurement is, the greater the precision of the position
measurement is. It is better to choose the rotor speed when it is
low to analyze acceleration and torque.

3) Design of Speed Filter: The calculated speed contains
many harmonics as presented in Fig. 13. In order to obtain useful
information, it should be filtered by a low-pass filter. Besides,
this filter could influence the speed harmonics and the calculated
acceleration harmonics. Therefore, the frequency of the filter
should be designed carefully.

The electrical frequency of the SynRM is

fe = Pfm = P
ωm

2π
. (11)

The frequency of the m-th torque harmonic is

fme = mfe = mP
ωm

2π
. (12)

If the mth torque harmonic is considered and compensated,
the cut-off frequency of the speed filter should be higher than
the frequency of the mth torque harmonic

fc > fme. (13)

The available order of torque harmonic is

m <
fc
fe

=
2πfc
Pωm

. (14)

Equation (14) presents the relationship among cut-off fre-
quency, rotor speed and the order of torque harmonic. The avail-
able order of torque harmonic is proportional to the frequency
fc; but it is inversely proportional to the rotor speed. To analyze
higher order torque harmonic, two methods are applicable. If the
cut-off frequency of speed filter is fixed, the torque harmonics
should be studied at low speed. If the selected speed range (in
one electrical period) is fixed, the cut-off frequency of speed
filter should be increased.

In the experiment, the cut-off frequency of the speed filter is
fixed as fc. The order of the dominant torque harmonic of the

studied SynRM is m (m = 6, 12 in this article). The maximal
speed can be calculated

ωm <
2πfc
mP

. (15)

In conclusion, the measured speed should be defined accord-
ing to the electrical period, proper speed range and speed filter
design.

D. Analysis of Results

Considering the speed limit and the limit of torque calculation,
the torque reference is defined as 0.005 N·m. The rotor positions
without compensation and with compensation are applied to
present the electrical period and are shown in Fig. 14(a) and
(b), respectively. The 6th and the 12th torque harmonics of the
studied SynRM are dominant as introduced in Fig. 10(a). Thus,
the maximum order of the dominant torque harmonic m is 12.
The cut-off frequency of speed filter is defined as 250 Hz in
experiment. Therefore, according to (15), the maximum speed
during the analysis is

ωm < 65.45 rad/s = 625 r/min.

Then, the stator currents without compensation and with com-
pensation are presented in Fig. 15(a) and (b) respectively. The
rotor speeds without compensation and with compensation are
introduced in Fig. 16(a) and (b), respectively. It can be noticed
that the speed without compensation has six pulsations in one
electrical period while the speed with compensation is smoother.
In order to verify the proposed torque ripple reduction method,
the accelerations of these two cases are calculated and presented
in Fig. 17(a) and (b), respectively. The acceleration without
compensation has also six obvious pulsations. Compared with
the acceleration without compensation, the pulsations of the
acceleration with compensation are reduced greatly.

According to (10), the electromagnetic torques without com-
pensation and with compensation is calculated by the corre-
sponding accelerations and are presented in Fig. 18. It can be
seen that the uncompensated torque in Fig. 18(a) contains six
pulsations. On the other side, the amplitudes of the compensated
torque are decreased. The high-frequency torque harmonics in
Fig. 18 are produced by the limitation of the low-pass filters.

In addition, the torque ripple reduction simulation in Flux
2-D is also performed in order to confirm the calculated electro-
magnetic torque by the experimental data. The produced torques
in Flux 2-D without compensation and with compensation are
also introduced in Fig. 18(a) and (b), respectively. It can be
observed that the calculated torques of experiment is very close
to those obtained by Flux 2-D except that the experimental torque
contains more high frequency harmonics. Besides, the torque
ripple is reduced from 109 to 4.9% which validates the proposed
torque ripple reduction method.

Then, these two torques of experiment are analyzed and their
harmonics are illustrated in Fig. 19. Compared with the torque
harmonics in Fig. 19(a), it can be observed that the 6th and the
12th torque harmonics in Fig. 19(b) are decreased greatly by the
proposed torque ripple reduction approach. According to the
results of simulation and the experiment, it can be confirmed
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Fig. 14. Measured rotor position in experiment. (a) Without compensation. (b) With compensation.

Fig. 15. Stator current in experiment. (a) Without compensation. (b) With compensation.

Fig. 16. Rotor speed calculated by position in experiment. (a) Without compensation. (b) With compensation.

Fig. 17. Acceleration obtained by speed in experiment. (a) Without compensation. (b) With compensation.

Fig. 18. Electromagnetic torque calculated in experiment. (a) Without compensation. (b) With compensation.
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Fig. 19. Amplitudes of torque harmoics in experiment. (a) Without compensation. (b) With compensation.

Fig. 20. Torque functions obtained by experiment and FEM.

that the torque ripple of the studied SynRM is minimized by the
proposed torque ripple reduction method.

Finally, the torque function is also obtained during experiment
and is presented in Fig. 20. According to (4), it is calculated
by the uncompensated torque in Fig. 18(a) and the correspond-
ing current Id calculated by the stator currents in Fig. 15(a).
Compared with the torque function obtained by finite-element
simulation, it can be noticed that they are nearly identical except
for the high harmonics of the measured torque function.

E. Discussion About the Proposed Method

1) Influence of Power Supply: The proposed torque ripple
reduction method can compensate torque ripple effectively. On
the other hand, it can be noticed in Figs. 2(a) and 15(b) the
optimal currents are larger than the original sinusoidal stator
currents. So, the stator voltages could also be changed when
torque ripple is decreased which means the required power will
be changed. It is better to analyze the influence of the increased
power on the proposed method.

At first, the stator voltages corresponding to the simulation
in Figs. 2 and 3 are presented by Fig. 21. The stator voltages
without compensation in Fig. 21 are also not sinusoidal. Be-
cause the sinusoidal stator currents are defined as 30 A and
the speed is kept as 1500 r/min. The high torque ripple leads to
nonsinusoidal voltage. On the other side, the stator voltages with
compensation are also nonsinusoidal. They are much larger than
the voltages when torque ripple is not minimized. According to
the corresponding optimal currents in Fig. 2(a), it is obvious that
the required power should be increased to produce additional
torque harmonics which are applied to compensate the original
high torque harmonics.

When the sinusoidal stator current is kept as 30 A and current
angle β is 45°, the produced average electromagnetic torque

Fig. 21. Stator voltages without compensation and with compensation
(β = 45°, Im = 30 A, ω = 1500 r/min).

is 0.205 N·m. Then, the load torque is kept as 0.205 N·m and
the maximum available speed without torque ripple reduction is
4300 r/min with the current limit and voltage limit as given in
Table I. If the torque ripple is minimized for this load torque at
higher speed (>1500 r/min), the increased power will limit the
maximum available speed.

Then finite element simulation is performed to study the
maximum available speed. The results show when the speed
is 2200 r/min, the voltage reaches its maximum available value.
Its means if speed is lower than 2200 r/min, torque ripple can
be minimized. If speed is larger than 2200 r/min, the proposed
method will be limited by the available voltage which means
power supply. It should be stated that the limit of power supply
on the proposed method depends on the reduced torque ripple.
Its influence could not be so noniterable for other SynRM.

2) Influence of Measurement Errors on Torque Function:
According to (4), two methods can be proposed to obtain torque
function. The first one is based on FEM. This method is simple
and efficient. But it requires the finite element model of machine
which may be not available. The second approach is to measure
Kt by experiment. This method can provide the actual torque
function. But, the electromagnetic torque should be measured by
torque meter accurately or be calculated by the dynamic equation
as presented by (10). In Section IV, the torque function obtained
by FEM is applied to confirm the proposed method and is also
compared with the measured torque function. It illustrates that
if there is no finite element model of a SynRM, torque function
can also be measured accurately.

The dynamic equation method requires several mechanical
parameters, such as inertia and viscous friction coefficient. If
there exist errors in these mechanical parameters, the torque
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Fig. 22. Torque function with inertia error (10% and −10%).

Fig. 23. Torque function with viscous coefficient error (10% and
−10%).

Fig. 24. Uncompensated torque and compensated torques by Kt with
inertia error.

function could be influenced. Therefore, the influence of mea-
surement errors of inertia and viscous friction coefficient (J and
fω) on the proposed method are analyzed.

These two parameters have been given in Table I. It is assumed
that there exist 10% and −10% errors from either J or fω .
The simulation conditions (reference torque 0.15 N·m and load
torque 0.1 N·m) are same as Section III. When torque ripple
is not compensated, according to (4) the torque functions are
calculated by the estimated torques with added errors of J and
fω . They are presented by Figs. 22 and 23, respectively.

It can be seen that torque function with 10% inertia er-
ror Kt(10%) in Fig. 22 becomes larger at peaks and be-
comes smaller at valleys than torque function without error
Kt(0%). On the contrary, torque function with −10% inertia
error Kt(−10%) in Fig. 22 becomes smaller at peaks. Besides,
torque function with viscous friction coefficient errors is hardly
changed. Therefore, the inertia error has larger impact on torque
function measurement for the studied machine. It will be further
studied by compensating torque ripple.

Then, torque functions with inertia errors are applied to
reduce torque ripple. The results are presented in Fig. 24. It

Fig. 25. Torque harmonics of compensated torques.

can be observed that compared with the uncompensated torque
Te_uncom, torque ripple is also reduced by applying Kt(10%)
and Kt(−10%). Besides, the compensated torques Te(−10%),
Te(0%) and Te(10%) obtained by using Kt(10%), Kt(−10%)
and Kt(0%), respectively are analyzed by fast Fourier transfor-
mation. The results are presented in Fig. 25. It indicates that the
6th and 12th torque harmonics are decreased greatly. Besides,
the difference among these compensated torques is very small.
As a result, inertia error could influence torque function, but can
hardly affect the compensated results for the studied SynRM.
The measurement of torque function is robust to mechanical
parameter uncertainties.

V. CONCLUSION

A novel parameter, torque function was proposed in this
article. Based on torque function, a torque ripple reduction
method was put forward. This approach was simple to be applied.
Several analyzing principles, such as speed range and design
of speed filter were also introduced to implement an accurate
measuring method of electromagnetic torque harmonic. The
results of simulation and experiment showed that the torque
ripple of the studied SynRM was decreased by more than 95%.
On the other hand, the proposed method required more power
to reduce torque ripple. The increased power requirement could
limit the method. The analysis showed that the torque function
method was robust to mechanical parameter uncertainties.

In the future, the proposed method will be applied for high
power SynRM at high speed with different loads. Besides, the
limit of PWM frequency on the proposed method should also be
studied further.

APPENDIX

The stator currents can be calculated by the power invariant
Park transformation
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The stator inductances are defined as in (A2) shown at the
top of the page, where Lk and Mk are the amplitudes of kth
self-inductance and kth mutual-inductance.

The torque equation containing all torque harmonics is ob-
tained in (A3) and (A4) shown at the top of the page, where the
orders of torque harmonics are⎧⎨

⎩
m1 = 2, 8, 14, 20, . . .
m2 = 4, 10, 16, 22, . . .
m3 = 6, 12, 18, 24, . . .

. (A5)
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