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Abstract: The aim of this paper is to investigate the reluctance torque and to propose a
novel control strategies to reduce the steady-state torque ripples in Interior Permanent Magnet
Synchronous Machine (IPMSM). Despite the conventional vector control strategy applied to the
PMSM use zero dx-axis current to reduce the effect of the reluctance torque, this is unsuitable
when it comes to the IPMSM due to the cross-coupling effect between the qx- and dx-axis. At
first, a novel modeling of reluctance torque is proposes, which allows elaborating control strategy
by means of injecting current in dx-axis to null the reluctance torque together with the cogging
torque. For this purpose, it is necessary the machine parameters and pre-made lookup table.
The results demonstrate the effectiveness of the proposed strategy and that the torque ripple
can be totally reduced.

Keywords: IPMSM, Finite Element Analysis (FEA), Reluctance Torque, Torque Ripple,
Vector Control.

1. INTRODUCTION

One of the criteria to choose a machine is its torque
capability and, mainly, how this torque can be delivered
to the load/application with low torque ripple since torque
ripple can produce vibration, mechanical stress (tear and
wear), acoustic noise and represents loses. Within the
Permanent Magnet Synchronous machines, the Interior
one (IPMSM) stands out thanks to its torque production
that is based on the permanent magnets and reluctance
effects, this way, this machine has higher torque density
and higher power density when compared to other types
of radial-flux PMSM.

As for IPMSM, there are some intrinsic characteristics
that affects the torque ripple: the cogging torque, the
current waveform and its ripple as it is usually supplied
by a voltage supply inverter (VSI); variation of the in-
ductances (self-inductance and mutual inductance), which
will produce the reluctance torque; and, finally, but not
less important, the back-EMF waveform and its harmonic
content.

In the IPMSM, the electromagnetic torque can be di-
vided into: cogging torque, reluctance torque and mu-
tual torque (Gieras, 2009; Hanselman, 2006). The cogging
torque contributes to torque ripple only whereas the re-
luctance torque contributes to torque ripple and to the
average torque value. Besides, the mutual torque that
is due to the interaction between PM (back-EMF) and
armature current, is the torque component with major
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electromagnetic torque average value contribution but it
also produces torque ripple due to the interaction of the
back-EMF harmonic content along with the armature cur-
rent harmonic content.

The torque ripple can be predicted and mitigated by means
of the machine design optimization process (Jahns and
Soong, 1996; Chu and Zhu, 2013b; Bianchi and Bolognani,
2002; Jung et al., 2018) where the spatial harmonics are
analyzed by means of Finite Element Analysis and opti-
mized (Jung et al., 2018; Zhu and Howe, 2000; Bianchini
et al., 2012; Güemes et al., 2011). However, the design
optimization process may fail to create a torque ripple
free machine or may not be enough since it can achieve
a design solution that is not feasible due to the cost and
manufacturing complexity.

On the other hand, the torque ripple reduction can be
achieved by means of the machine control (Nakao and
Akatsu, 2014; Lai et al., 2017; Matsui et al., 1991; Naka-
mura et al., 2009; de Castro et al., 2018; Houari et al., 2018;
Ullah and Hur, 2020; Liu et al., 2018; Feng et al., 2019;
Ren and Zhu, 2015; Luo and Liu, 2019; Bu et al., 2021;
Liu et al., 2017; Kang et al., 2020). The machine control
strategy commonly used for torque ripple minimization
can be divided into two steps: first one, the torque rip-
ple prediction; and the second one, the harmonic current
compensation.

Usually, the reluctance torque modeling of a PMSM con-
siders the ideal characteristics where the self-inductance
and mutual inductance ripples are regardless, or the reluc-
tance torque is described in two components: average value
and ripple (Nakao and Akatsu, 2014; Chu and Zhu, 2013a).

Sociedade Brasileira de Automática (SBA) 
XXIV Congresso Brasileiro de Automática - CBA 2022, 16 a 19 de outubro de 2022 

ISSN: 2525-8311 2000 DOI: 10.20906/CBA2022/3447



These considerations have led many researches around
the world to express the reluctance torque with cross-
coupled variables which is difficult to propose an analytical
strategy for reluctance torque ripple reduction. This way,
three different control strategies for electromagnetic torque
ripple reduction are described and discussed in details
here. For this purpose, a novel modeling of reluctance
torque is approached, that involves fewer variables without
using simplifications.

This paper is organized as follow: first, a review on
extended dq axis (dqx) is done, then, the electromagnetic
torque modeling of IPMSM is presented. Next, a strategy
for torque ripple reduction is proposed and an explanation
of how the tests are carried out in IPMSM. In the last
section, the results are presented and discussed.

2. EXTENDED DQ (DQX) FOR VECTORIAL
CONTROL

The vector control based on the classic dq transformation
can be employed in machines with sinusoidal back-EMF,
however, when it is used in a machine with non-sinusoidal
back-EMF the results are not as good as the sinusoidal
one due to the position estimation error since the position
of the back-EMF vector does not coincide with the rotor
angular position as in the sinusoidal one.

This way, in Oliveira et al. (2005) is proposed the vector
control for machines with non-sinusoidal back-EMF using
an extended version of the classic dq transformation.
This extended version of dq is also known as dqx. The
application of dqx transformation in variables on αβ
reference frame, xαβ, results in variables in dqx reference
frame, xdqx, as described by (1).

xdqx =
1

ax
e−j(θx+θm) xαβ (1)

where ax is the magnitude of dqx transformation as
expressed in (2); θx is the angle of dqx transformation
as expressed in (3); θm is the rotor angular position in
electrical degree and eωαβ is the speed normalized back-
EMF vector on αβ reference frame.

ax =

√
3

2

1√
e2ωα + e2ωβ

(2)

θm + θx = arctan

(
−eωα

eωβ

)
(3)

As can be noticed in (2) and (3), ax and θx are not constant
and are function of the rotor angular position and the
back-EMF vector on stationary reference frame.

Through the definition of a reference torque, T ref
el , the

stator reference current vector in the dqx reference frame
can be calculated as in (4) and (5).

irefqx =
T ref
el

a2x eqx
(4)

irefdx = k iqx (5)

where edqx is the speed normalized back-EMF vector on
dqx reference frame and k is the ratio between irefqx and

irefdx which is chosen to control the field enhancement or
weakening.

This vector control strategy can be employed in sinusoidal
and non-sinusoidal back-EMF, where in the sinusoidal
machine ax = 1 and θx = 0 which shows that the dq
reference frame is a particular case of dqx reference frame.

3. ELECTROMAGNETIC TORQUE MODELING FOR
IPMSM

The electromagnetic torque produced by IPMSM is re-
sultant of the summation of three components: mutual
torque, reluctance torque e cogging torque, as given by (6).

Tel = Tmutual + Treluctance + Tcogging (6)

The ripple presents in the components of the electromag-
netic torque in (6) are undesirable and the mitigation of
these ripples are the focus of the strategies presented in
this work.

3.1 Mutual Torque

The mutual torque, Tmutual, is the interaction between
the speed normalized back-EMF in ABC reference frame,
eA, eB , eC with the respective armature current in ABC
reference frame iA, iB , iC , as expressed by (7). When
the back-EMF needs to be assessed in FEA with more
accuracy it can be calculated as describe by de Paula et al.
(2018).

Tmutual−ABC = eA iA + eB iB + eC iC (7)

In the case where the variables are in the dqx reference
frame, the mutual torque is expressed by (8).

Tmutual−dqx = a2x (eqx iqx + edxidx) (8)

Although the mutual torque is expressed as function of
the speed normalized back-EMFs of qx- and dx- axis, i.e.,
eqx and edx, the edx component will always be zero due
to intrinsic characteristic of the dqx transformation and,
consequently, the mutual torque will depend only on ax,
eqx and iqx, simplifying (8).

3.2 Reluctance Torque

The reluctance torque, Treluctance, is due to the variation of
self-inductance LA, LB , LC and mutual inductance MAB ,
MAC , MBC in ABC reference frame as function of the
mechanical rotor position, θm, as expressed in (9).

Treluctance−ABC =
1

2

(
i2A

∂LA

∂θm
+ i2B

∂LB

∂θm
+ i2C

∂LC

∂θm

)
+ iA iB

∂MAB

∂θm
+ iB iC

∂MBC

∂θm
+ iA iC

∂MAC

∂θm
(9)

The variation of self-inductance LA and mutual induc-
tance MAB (for instance) are calculated by means of (10)
and (11) which employs a numerical method based on the
concept shown in de Paula et al. (2018). This method,
called on-load Inductance Derivative MST (Filho et al.,
2020) is applied when it is desired a more accurate assess-
ment of the variation of the inductances (self-inductance
and mutual inductance) and it is used in the present paper
to avoid numerical errors in FEA. In the same way as LA
and MAB are calculated, the LB , LC , MAC , MBC are
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also evaluated. Note that MBA = MAB , MCA = MAC e
MCB = MBC .

∂LA

∂θm

∣∣∣∣
i

=
2 lfe r

2

µ0

∫ 2π

0

(BiA)R × (BiA)T dθ (10)

∂MAB

∂θm

∣∣∣∣
i

=
lfe r

2

µ0

∫ 2π

0

(BiA)R × (BiA)T dθ

+
lfe r

2

µ0

∫ 2π

0

(BiB )R × (BiB )T dθ

(11)

where lfe is the active axial length of the electrical ma-
chine, r is the radius associated with the middle of the
air gap, µ0 is the permeability of free space, (BPM )R and
(BPM )T are the radial and tangential components of PM
flux density only in the middle of the air gap; (BiA)R
and (BiA)T are the radial and tangential components of
armature current flux density only due to phase A and θ is
the angular position of flux density (radial and tangential)
in the middle of the air gap.

Numerous authors consider the expression (12) to calculate
the reluctance torque in dqx reference frame, but in (12)
the estimation of reluctance considers only the average
value of the self-inductance and mutual inductance in
the reference frame dqx. Therefore, the ripple of the
inductances is neglected. This formulation is derived from
its counterpart in dq reference frame.

Treluctance−dqx =
3

2
p [(Ldx − Lqx) idx iqx

+Mdqx

(
i2qx − i2dx

)] (12)

where p is the number of pole pairs, Lqx, Ldx are the
self-inductance and Mqx is the mutual inductance in dqx
reference frame.

As the goal of this research is to consider the ripple present
in reluctance torque, a improved formulation is proposed
in (13). The main advantage of the usage of (13) is that the
ripple and average value are together according to principle
of conservation of energy in dqx axis.

Treluctance−dqx =
1

2
i2dx

∂Ldx

∂θm

∣∣∣∣
i

+ idx iqx
∂Mdqx

∂θm

∣∣∣∣
i

+
1

2
i2qx

∂Lqx

∂θm

∣∣∣∣
i

(13)

The matrix of the variation of inductance in the reference
frame ABC can be transformed to dqx coordinates by
means of (14).[

∂Ldqx

∂θm

∣∣∣∣
i

]
= [Tdqx]

[
∂LABC

∂θm

∣∣∣∣
i

] [
T−1
dqx

]
(14)

where,

Tdqx =
1

ax

√
2

3

sin (θ
′
x) sin

(
θ′x − 2π

3

)
sin

(
θ′x + 2π

3

)
cos (θ′x) cos

(
θ′x − 2π

3

)
cos

(
θ′x + 2π

3

)√
1
2

√
1
2

√
1
2


is the transformation matrix from ABC to dqx and

T−1
dqx = ax

√
2

3


sin (θ′x) cos (θ′x)

√
1
2

sin
(
θ′x − 2π

3

)
cos

(
θ′x − 2π

3

) √
1
2

sin
(
θ′x + 2π

3

)
cos

(
θ′x + 2π

3

) √
1
2



is the inverse of transformation matrix from dqx to ABC
and θ′x = θm + θx.

3.3 Cogging Torque

The cogging torque, Tcogging, is the interaction of the
magnetic flux of the rotor (due to the permanent magnets)
with the edges of the stator teeth, wherein occurs variation
of the reluctance according to the variation of the rotor
position. The cogging torque can be estimated by means
of FEM or measured according to IEEE (2015).

3.4 General Formulation of the Electromagnetic Torque

The general formulation of the electromagnetic torque
commonly used is expressed in (15), wherein the magnetic
flux can be separated in average value and its ripple. This
formulation is derived from its counterpart in dq reference
frame. It is important to observe the absence of the cogging
torque whether it has been neglected or it is zero due to
the design optimization of the machine.

Tel =
3

2
p

(
idx

dΦdx

dθm
+ iqx

dΦqx

dθm
+Φdxiqx − Φqxidx

)
(15)

Where Φqx and Φdx are qx- and dx-axis flux linkages,
respectively.

In (15), if the average values are considered and ripple
is neglected, the expression (12) will be obtained. In some
cases, wherein the stator current in dx-axis is equal to
zero, the mutual inductance is neglected and Ldx ≈ Lqx,
as in surface mounted PMSM, the electromagnetic torque
is written as (16):

Tel =
3

2
p (eqx iqx) (16)

The general formulation of the electromagnetic torque can
be described in the ABC reference frame by (17).

Tel = eA iA + eB iB + eC iC

+
1

2

(
i2A

∂LA

∂θm
+ i2B

∂LB

∂θm
+ i2C

∂LC

∂θm

)
+ iA iB

∂MAB

∂θm
+ iB iC

∂MBC

∂θm
+ iA iC

∂MAC

∂θm
+ Tcogging

(17)

On the other hand, the general formulation of the electro-
magnetic torque proposed in this work is presented in (18).
This formulation is based on (8), (13) and regards the
cogging torque. As can be noticed, this formulation has
a similar aspect of (17).

Tel =a2x eqx iqx

+
1

2
i2dx

∂Ldx

∂θm

∣∣∣∣
i

+ idx iqx
∂Mdqx

∂θm

∣∣∣∣
i

+
1

2
i2qx

∂Lqx

∂θm

∣∣∣∣
i

+ Tcogging

(18)

The advantage of (18) rather than (15) and (13) is the
reduction of the number of variables in the formulation of
the reluctance torque, making it easier to be handled and
optimized according to the desired control strategy.
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4. TORQUE CONTROL WITH STRATEGIES FOR
REDUCTION OF THE ELECTROMAGNETIC

TORQUE RIPPLE

The electromagnetic torque ripple has origin in the reluc-
tance torque and the cogging torque, since the back-EMF
is correctly orientated using dqx reference frame. Thus,
this work mitigates the electromagnetic torque ripple by
means of injecting stator current in qx- and dx-axis in
order to achieve the reference torque and to mitigate the
torque ripple produced by the reluctance torque and cog-
ging torque. It is important to highlight that the strategy
proposed in this work are focused on the torque ripple in
steady-state operation.

The harmonics present in the stator current in qx- and
dx-axis are calculated by means of the proposed strategy
elaborated based on the machine parameters. Next, the
stator current is inserted into the dqx vector control, Fig. 1.
In the torque ripple minimization control the proposed
strategy is separated in two steps: torque ripple prediction
and harmonic current compensation.

Strategy
1 or 2

ωm

iqxidx

ia,bαβ

abc

iαβ

ax θx m,θ θm

IPMSM

idx

ref

iqx

ref

d/dt

iabc

ωm

ref

dqx

abc

dqx

abc

Figure 1. Schematic of insertion of the strategies in the
dqx control.

Firstly, the machine parameters are obtained through the
formulations presented in the Section III for torque ripple
prediction. The machine model is created in FEM software
in order to simulate and to obtain the values and wave-
forms of the back-EMF, the inductance variation (self-
inductance and mutual inductance) and cogging torque
considering the saturation and cross-coupled effects that
cannot be measured in the test bench. These variables will
be used for reconstructing the values when requested by
means of a look up table (LUT), afterwards, the variables
will be used in each proposed strategy. Therefore, it is im-
portant to highlight that, for obtaining suitable data, the
machine model built in FEM must have a good material
characterization and a good mesh density. The FEMmodel
has already been validated for the tested machine in other
papers, showing a good agreement with the real one (Filho
et al., 2020, 2018; Paiva et al., 2017).

During the analysis, the stator current, is, of each strategy
will be evaluated by means of (19) in order to estimate
whether the cooper loss of each strategy or to make a
decision between two different dx reference current values.

is =
√
(irefqx )

2 + (irefdx)
2 (19)

This way, it is possible to observe that an increase of idx,
the stator current, is, increases, consequently. Thus, the
higher the stator current, the higher copper loss.

4.1 Strategy 1: Conventional Control (idx = 0)

Usually, the dqx control is employed with injecting only
a qx-axis armature current because this axis is responsi-
ble for producing the major part of the electromagnetic
torque. Thus, dx-axis current has null value due to the
low contribution to the electromagnetic torque, mainly for
surface mounted PMSM. The stator current in qx- and
dx-axis are calculated by (4) and (5).

The aim of applying idx = 0 is based on analysis of the
expression (19) which results in a lower stator current,
is, and, consequently, lower copper loss. From the point
of view of strategy for torque ripple reduction in IPMSM,
the application of stator current with idx = 0 is interesting
because it eliminates some parts of the reluctance torque,
but the total elimination of the reluctance torque does not
happen, according to (13) and (18).

If the idx = 0 in (13), the reluctance torque expression
will be reduced, as given by (20). In addition, the expres-
sion (20) demonstrates that with idx = 0 still remains a
part of the reluctance torque in the electromagnetic torque,
which differs from the authors that consider (12) and (15).
The expression (20) justifies why most of strategies based
on (12) and (15) fail to mitigate the torque ripple or to
improve the reluctance torque production in IPMSM.

Treluctance =
1

2
i2qx

∂Lqx

∂θm

∣∣∣∣
i

(20)

4.2 Strategy 2: Reluctance Torque + Cogging torque = 0
in dx-axis

The Strategy 2 uses the reluctance torque to cancel the
cogging torque, i.e, the stator current in dx-axis is respon-
sible for cancelling the reluctance torque and the cogging
torque.

The reference current in qx-axis is calculated by means
of (4) whereas the reference current in dx-axis is calculated
by (21).

1

2

(
irefdx

)2 ∂Ldx

∂θm

∣∣∣∣
i

+ irefdx irefqx

∂Mdqx

∂θm

∣∣∣∣
i

+
1

2

(
irefqx

)2 ∂Lqx

∂θm

∣∣∣∣
i

+ Tcogging = 0

(21)

The roots of (21) are found in (22)-(23) and they are the
two possible dx-axis reference current values for cancelling
the reluctance torque and the cogging torque.

irefdx =

irefqx

(
− ∂Mdqx

∂θm

∣∣∣∣
i

±
√
∆

)
∂Ldx

∂θm

∣∣∣∣
i

(22)

∆ =

(
∂Mdqx

∂θm

∣∣∣∣
i

)2

− ∂Ldx

∂θm

∣∣∣∣
i

∂Lqx

∂θm

∣∣∣∣
i

−Tcogging
∂Ldx

∂θm
(23)

From (22)-(23), it can be seen that the dx-axis reference
current is not constant and varies according to the deriva-
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tives of the self-inductance and mutual inductance and
rotor position.

The values obtained in (22)-(23) for idx are applied in (19)
and the one which is is lower is chosen.

The conditions (24) and (25) must be satisfied in order
to (22) be a real number.(

∂Mdqx

∂θm

∣∣∣∣
i

)2

̸= ∂Ldx

∂θm

∣∣∣∣
i

∂Lqx

∂θm

∣∣∣∣
i

(24)

(
∂Mdqx

∂θm

∣∣∣∣
i

)2

− ∂Ldx

∂θm

∣∣∣∣
i

∂Lqx

∂θm

∣∣∣∣
i

> Tcogging
∂Ldx

∂θm
(25)

It is possible to determine the minimum value of irefqx that
satisfies the condition (25), which is expressed as (26):

irefqx ≥
Tcogging

∂Ldx

∂θm(
∂Mdqx

∂θm

∣∣∣∣
i

)2

− ∂Ldx

∂θm

∣∣∣∣
i

∂Lqx

∂θm

∣∣∣∣
i

(26)

5. RESULTS AND DISCUSSIONS

The torque control strategies are applied to the machine
which test bench, rotor and cross-section are illustrated
in Fig. 2. Yet, Table 1 shows the characteristics of this
machine.

Figure 2. IPMSM (gray): (a) Test bench; (b) Rotor; (c)
Cross-section.

The torque control is implemented according to the di-
agram proposed in Fig. 1, where is used a Proportional
Integral (PI) controller in the speed loop with Proportional
gain, kp = 20, and Integral, ki = 200. In this research is
used the hysteresis controller for current loop due to its
dynamic response and simplicity, with a hysteresis band of
∆i = 0.1 A and the voltage source inverter have maximum
switching frequency of 20 kHz. There are also current
limiters in qx- and dx-axis of 8A. The reference speed is

Table 1. Characteristics of the machine

Parameter Value Parameter Value

Slot number 24 Magnet thickness 0.8 mm
Pole number 4 Stator outer diameter 182 mm
Tooth width 8.16 mm Stator inner diameter 96 mm
Slot opening 2.2 mm Stator yoke width 22.9 mm
Shaft diameter 30 mm Rotor outer diameter 94 mm
Tooth tip edge 1 mm Voltage 220 V
Air-gap length 1 mm Rated power 0.75 kW

to equal to 80 RPM and an 8 Nm load is applied to the
motor.

As aforementioned, the values and waveforms of back-
EMF, inductance derivatives (self-inductance and mutual
inductance) and cogging torque for LUT are presented in
Fig. 3, wherein are obtained according to the formulations
of the Section III, based on FEA model and that have
already been validated as discussed in Filho et al. (2020,
2018); Paiva et al. (2017).
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Figure 3. Parameters: (a) Back-EMF; (b) Cogging torque;
(c) Variation of the self-inductance; (d) Variation of
the mutual inductance.

In Fig. 4 are presented the results for Strategy 1 in steady-
state. It is possible to notice that the torque ripple affects
the speed. The stator current in qx-axis have ripples
similar as those presented in the torque and the stator
current in dx-axis is kept near the reference value (null).

Clearly, Strategy 1 cannot mitigate the torque ripple in
IPMSM, which requires the proposal of other strategy as
this paper proposes. Note that the electromagnetic torque
of this strategy has maximum and minimum values of 9.32
and 6.54 Nm, respectively.

For comparison purposes, in all tests the machine is started
with Strategy 1 and t = 1s the strategy is changed to
the desired one. Thus, in all figures results is possible to
compare and see the difference between Strategy 1 and the
proposed strategy under investigation.

The Strategy 2 has two conditions described in (24)
and (25) that must be satisfied. The condition (24) is
satisfied, as can be seen in Fig. 5, and to satisfy the
condition (25) for all rotor positions, the minimum current
value of 1.6A for irefqx must be reached, as given in (26) and
as can be observed in Fig. 6.
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Figure 4. Strategy 1: Conventional Control (idx = 0).
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Figure 5. Check of the condition (24)

The conditions were satisfied since the minimum value of
the assessed irefqx for the desired reference torque (T ref

el ) is
6A. Therefore, it is possible to apply Strategy 2. Likewise,
the Strategy 2 is implemented at t = 1s and the results
obtained are presented in Fig. 7.

In Fig. 7, it is possible to observe that there is a change
in the current waveform in dx-axis as well in qx-axis,
when the Strategy 2 starts and the torque changes its
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Figure 6. Minimum Value calculated for irefqx based on (25)

behavior and has maximum and minimum 8.70 and 7.36
Nm, respectively.

Therefore, the torque ripple has been effectively reduced.
The same effect can be seen for speed ripple.

For assessing the efficacy of the proposed strategies, the
ripple factor, Fripple, and the torque ripple, Tripple, given
by (27)-(28), are evaluated.

Tripple = 100

(
Tmax − Tmin

Taverage

)
(27)

Fripple =
TCA (rms)

Taverage
(28)

where TCA (rms) is the root mean square value of the
ripple only, Tmin is the minimum torque value, Tmax is the
maximum torque value and Taverage is the average torque
value.

The Table 2 presents the results obtained applying sta-
tistical parameter and calculations of (27) and (28) in
the dynamic response of electromagnetic torque of the
proposed strategy.

In Table 2 can be observed the torque ripple reduction in
the proposed strategy when compared to Strategy 1. It is
possible to see the increase of the minimum torque value,
Tmin, and the reduction of maximum torque value, Tmax. In
addition, the torque ripple and ripple factor indicate the
ripple reduction in the electromagnetic torque by means
of the reduction of their values. It is important to notice
that the average torque value, Taverage, of all strategies are
equal to 8 N.m, the same as the load requires.

The Table 3 presents the results obtained applying statis-
tical parameter in the stator current calculated by (19).

Table 2. Values regarding the electromagnetic
torque.

Strategy 1 2

Average (N.m) 8.00 8.00
Maximum (N.m) 9.32 8.70
Minimum (N.m) 6.54 7.36
Ripple factor (%) 5.96 2.52
Torque ripple (%) 34.79 16.64
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Figure 7. Strategy 2: Reluctance Torque + Cogging Torque
= 0 in dx-axis

Table 3. Values regarding the is.

Strategy 1 2

Average (A) 6.55 6.70
RMS (A) 6.56 6.70
Maximum (A) 7.29 7.78
Minimum (A) 5.74 6.13

6. CONCLUSION

The new approach for reluctance torque modeling pre-
sented in this work reduces the number of variables in
the description of the phenomenon (without simplifying
the phenomenon), enabling the creation of torque ripple
reduction strategies for IPMSM.

The Strategy 1 is interesting because of its simplicity.
This strategy cancels two of three components of the
reluctance torque and regarding the cogging torque, a

design optimization process can be adopted for minimize
this effect. But it will not be cost-effective and may fail.

In Strategy 2, the cogging torque and reluctance torque
are canceled by means of the stator current in dx-axis.
As can be seen in the results presented in the work, this
strategy is efficient but with operational limitations as for
minimum stator current in dx-axis.
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