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Abstract—This study presents an in-depth analysis of the
torque ripple compensation methods, comparing current har-
monics injection (CHI) in d-axis, g-axis, and dg-axes including
instant Maximum Torque Per Ampere and Direct Flux-and-
Torque Control, which targets the minimum loss for an interior
Permanent Magnet synchronous motor. The performance of
different CHIs has been evaluated by finite element simulations,
highlighting the importance of the selection of the CHI technique
for torque ripple compensation considering minimum total loss.

Index Terms—minimum loss, spatial harmonics, synchronous
motor drive, torque ripple.

I. INTRODUCTION

N order to break transport dependency on oil and de-

crease greenhouse-gasses emissions, modern transportation
is moving at a breathtaking pace towards full electrification.
Permanent Magnet (PM) synchronous motor drives have been
experiencing a booming advancement as one of the key
technologies enabling proactive penetration of electric vehicles
(EVs) thanks to their high torque density and efficiency [1].
Among PM motor topologies, an interior Permanent Magnet
synchronous motor (IPMSM) is the most promising candidate
for traction applications since its anisotropic rotor structure is
able to provide the reluctance torque in addition to the PM
flux torque [2]. On the other hand, the interaction between the
rotor anisotropy and the stator magneto-motive force (MMF)
yields torque ripple, leading to acoustic noise and vibration,
which is intolerable in traction applications [3].

Over the last two decades, extensive research has been done
to address torque ripple reduction by means of motor design
optimization or active motor control [4], [5]. Several optimiza-
tion techniques have been presented in the literature in order
to achieve torque ripple reduction through optimal machine
design employing rotor and stator skewing [3], asymmetric
rotor topologies [6], PMs pole shaping [7]. However, torque
ripple can be reduced to a certain extent while increasing the
manufacturing complexity and optimization time.

The active motor control techniques are based on the in-
jection of current harmonics cancelling out the corresponding
torque ripple harmonics [8]. The existing techniques for torque
ripple reduction of PMSMs can be further split into feedback-
based and torque model-based methods. In the former group,
the torque ripple is directly measured using a torque sensor [9]

or indirectly derived by means of speed [10]-[12] and vibra-
tion measurements [13]. Even though feedback-based methods
can deliver good performance, the inertia of the system can
significantly attenuate the speed harmonics, particularly at
high-speed regions, thus deteriorating the harmonics extraction
[14], while direct torque measurement is hindered due to the
high cost and limited bandwidth of the sensor.

An important prerequisite for torque ripple reduction by
torque model-based methods is setting up an accurate torque
model in order to derive the current reference trajectories. The
torque model should be established including the main torque
ripple components due to spatial harmonics of flux linkages
owing to PMs, stator currents, rotor saliency, and cogging
torque [15]. Therefore, it is possible to determine the optimal
current trajectory that corresponds to the minimum torque
ripple. It should be noted that the flux linkage harmonics due to
stator currents vary with load due to the presence of magnetic
saturation [10], resulting in a more complex mechanism of the
torque ripple generation in the case of IPMSM compared to
surface-mounted PMSM(SPMSM) [16].

After setting up the torque model, an infinite number of
current trajectories for one torque setpoint can be derived
theoretically. For this reason, the optimization algorithms with
certain constraints are commonly applied, including Lagrange
multiplier [17], [18], genetic algorithm [19], self-learning [20],
fuzzy logic [21], particle swarm optimization (PSO) [22]. The
typical constraint is minimizing the copper loss due to the
CHI, while the iron loss is disregarded. The instant maximum
torque per ampere (IMTPA) control concept proposed in [23],
based on the actual torque maps allows computation of the
dq-current trajectories according to the torque reference which
guarantees the minimum copper loss. The studies in [24] and
[25] propose the integration of iron loss resistance and the
IPMSM model using multiple reference theory (MRF). As
a result, the reference currents can be obtained, minimizing
both copper and iron losses. The LUT-based iron loss model
for SPMSM [26] can provide higher accuracy compared to
the resistance model for current trajectories optimization.
However, the conventional iron loss models consider only iron
loss due to the fundamental harmonic of the magnetic flux
density [27], neglecting magnetic saturation and high-order



harmonics. Furthermore, the flux density distortions due to
the CHI for torque ripple reduction generate extra iron loss
should be considered. Consequently, the FE analysis can be
employed as an accurate analytical estimation of the iron loss
in the case of multiple flux density harmonics is not trivial.
In this paper, an in-depth analysis is carried out to deter-
mine the CHI technique for torque ripple compensation with
minimum loss. Separate d-axis and g-axis CHIs along with
two types of dg-axes CHIs, namely IMTPA [23] and Direct
Flux-and-Torque Vector Control (DTFC) [5] are compared.

II. TORQUE RIPPLE ANALYSIS

A. Considered motor

Fig. 1 shows a sketch of the IPMSM prototype used as a
study case, and the main data is summarized in the Appendix.

Fig. 1. Cross-section of the IPMSM.
B. Torque ripple of IPMSM

Torque ripple is produced by the interaction of the spatial
harmonics of the stator MMF and the rotor saliency [28].
The torque can be derived from the power balance of the
electromechanical energy conversion in a rotating reference
frame assuming constant d-axis and g-axis currents as [29]
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where i4, 7, are the stator current components, g4, 1), are
the flux linkage components of (d-q) axes, 6. is the electrical
position, p,, is the pole pairs number, and W, . is the magnetic
coenergy.

It should be noted that the magnetic energy-flux linkages
relationship can be used to set up the accurate torque model
using experimental identification methods [30], [31].

Fig. 2 shows the torque waveforms and FFT spectra of
considered IPMSM under different load conditions along the
MTPA trajectory (0.5, T},, and 273,).
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Fig. 2. Torque waveforms with respect to the rotor position and FFT spectra.

Analyzing torque waveforms and FFT spectra, only har-
monics multiple of 6 are considered owing to the distributed
winding configuration. The dominant torque ripple harmonics
correspond to the slotting subharmonics of orders 12, 18, and
36, with amplitudes significantly increasing with the load. It
is worth noting that the main contribution to the the torque
ripple is due to the coenergy variation 7}, .o linked to the rate
of change of flux linkage harmonics, while 7, .1 is commonly
referred to as the average torque. In case of no-load condition,
Tn.c2 s identical to the cogging torque [23].

In order to underline the effect of saturation, the torque
maps of different harmonics are presented in Fig. 3.

40 40

2.5
— o
i~ o ke
30F 45
15 N

iy (A)

20 o,\ ././

iq (A)

71m 30 ,NIII
0
0

10 40

tq
Fig. 3. Torque ripple harmomcs amplitude maps (MTPA trajectory is in red
with selected operating points - 0.57%,(<), T (o), and 2775, (0)).

The presented maps indicate that the amplitudes of torque
ripple harmonics are highly nonlinear and mainly increase with
magnetizing current, whereas higher saturation occurs. It can
be noted that the highest amplitudes of torque ripple harmonics
correspond to the slotting subharmonics.

III. CURRENT TRAJECTORIES FOR TORQUE RIPPLE
COMPENSATION

The MTPA strategy is commonly used to deliver high-
efficiency control of the drive system by obtaining the maxi-
mum torque for a given current amplitude, thus minimizing the
copper loss. However, the presence of high-order harmonics
injected for torque ripple compensation inevitably incurs extra



copper and iron losses [8]. The torque ripple can generally
be compensated by utilizing the d-axis, g-axis, or combined
dqg-axes current injections while incurring different loss lev-
els. Therefore, the comparative analysis of different CHIs is
carried out to determine the CHI technique for torque ripple
compensation with minimum loss.

A. d-axis and q-axis CHls

In order to derive the current injection trajectories employ-
ing the d-axis and g-axis, the torque model is linearised around
a specified working point (40, 740) defined by the constant
torque reference command 7y according to the fundamental
MTPA trajectory. For linearisation, the current components are
represented as follows

Qg =igo+0ia, g =ig0+ 0ig )

where diq and §i, are small current variations with respect to
the fundamental values for torque ripple reduction.

The torque variation around the reference 7', is represented
by applying the first-order Taylor series approximation as

0T = Tmd0td + Tmq0iq 3)

where 67, = T — T0n (440, 140)s Tmd and T is incremental
torque with respect to the d-axis and g-axis currents, respec-
tively, defined as:
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By setting d7,,, = 0, the torque ripple can be compensated
by calculating diq and Ji, for every rotor position (Fig. 4) as
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Fig. 4. Isotorque curves at the fixed rotor positions for current trajectory
derivation by d-axis and g-axis CHIs.

B. dg-axes CHI: Instant MTPA

Instant MTPA concept is formulated as a nonlinear con-
strained optimization problem, defined as follows [23]

min(ij +i2) subject to 7, =T}, (7)

In fact, the optimization problem is solved for each rotor
position by using an isotorque curve corresponding to the ref-
erence torque, allowing to find the minimum current amplitude
|| with respect to the current phase ¢ along the isotorque curve
which yields the minimum copper loss as shown in Fig. 5.

min(4j +42)

Fig. 5. Isotorque curves at the fixed rotor positions for current trajectory
derivation by instant MTPA

C. dg-axes CHI: Direct Flux-and-Torque Vector Control

The DTFC operates in the stator flux reference frame,
whereby the flux amplitude ¢ and torque can be controlled
by means of the ds-axis voltage being aligned with the stator
flux vector and the ¢ -axis voltage, respectively [S]. The angle
g, is the phase of the observed flux linkage with respect to
the stator o-axis.

The voltage components 14, Uqs in the stator flux reference
frame (ds — qs) are expressed as

Uds = Rsids + CZE
. y ds ®)
Ugs = Rslqs + <we + dt)

where i4,, iqs are the stator current components, R is the
stator resistance, w, is the electrical speed, J is the load angle.
The fundamental torque can be expressed as

3 .
qu = ipnwlqs &)

The flux reference 1* is defined by the MTPA, allowing the
implementation of field weakening (FW) by saturating v,
according to the speed and the actual dc-link voltage ug4. as
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The control scheme for the torque ripple compensation
using the DTFC is depicted in Fig. 6.
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Fig. 6. Block diagram of the DTFC.
Flux amplitude and torque are closed-loop controlled by two

dedicated PI current controllers. The Hybrid Flux Observer
(HFO) estimates the amplitude and phase of flux linkage,



while the dgf torque model organized as a 3D look-up table
is used to provide torque feedback.

The reference CHI trajectories with corresponding FFT
spectra for the rated condition of the considered IPMSM are
depicted in Fig. 7. It should be noted that to derive the CHI
trajectories, an accurate torque model is required.
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Fig. 7. Current waveforms with FFT spectra for torque ripple compensation
by considered CHISs.

D. Losses due to CHIs

As previously mentioned, the high-order current harmonics
injection inevitably results in additional copper and iron losses.
The induced copper loss is assumed to be proportional to the
square of the current harmonic amplitudes as

v=6,12..

Harmonic order v

(1)

where 44, and i, are amplitudes of high-order current har-
monics.

In the case of iron loss, the two-term model can be used for
the iron loss estimation assuming a sinusoidal magnetic flux
density as [32]

Pte = Ppec+ Prey = ke B2, + knfB2,  (12)

where Py ., Pyre are eddy current and hysteresis losses per
weight, k., kj are the material loss coefficients, B,, and f
are the amplitude and frequency of the flux density.

However, the additional iron loss is incurred due to the
presence of flux density harmonics as well as the CHI for
torque ripple compensation. Therefore, the FE analysis can be
used in order to estimate the flux density waveforms in various
parts of the machine. The total iron loss can be calculated by
the following expressions with the Fourier transformation as
[33], [34]

B
Pfee = 2]; Mean Square (Cil ) = kef*) B> (13)
v>1

n
Pron = knfB (1 y o 3 A&-) (14)
moi=1

where B is the instantaneous flux density, B,, is the amplitude
of v*" flux density harmonic, AB; is the local amplitude of
flux density associated with minor loops; n is the number of
minor loops, and ky,, is a constant in the range of 0.6 to 0.7.

The analysis of (13) and (14) suggests that both eddy
current and hysteresis losses tend to increase under non-
sinusoidal flux density. Especially considering that the CHI
generates minor hysteresis loops leading to significant flux
density distortion. The area of the hysteresis minor loops
depends on the amplitude of injected current harmonics.

It should be noted that PM iron loss does not have a
significant influence as the PWM switching time harmonics
are not considered in this work.

IV. SIMULATION RESULTS

In order to make an accurate comparison of the considered
CHI strategies for torque ripple compensation, the FE-based
simulations of IPMSM based on 2D FEA FEMM solver are
run (Fig. 8). It allows the prediction of flux linkage and torque
waveforms, the copper and iron losses under different load
conditions and speeds.
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Fig. 8. Block diagram for FE-based simulations.

Fig. 9 shows the waveforms of the flux linkages and the
torque under different CHIs corresponding to the reference
CHI trajectories in Fig. 7. As can be seen, the torque ripple
can be well-compensated by employing the d-axis, g-axis,
and dg-axes (IMTPA and DFTC) CHI trajectories, while
introducing different levels of flux linkage distortions. Owing
to the magnetic anisotropy of IPMSM, the level of flux linkage
distortions is expected to depend on the CHI orientation, with
the highest distortion occurring due to the d-axis CHI and
the lowest due to the g-axis CHI. In fact, the flux linkage
amplitude can be directly controlled by the dg-axes CHI based
on DFTC allowing to compensate for the torque ripple with
the lowest flux linkage distortions.

For the sake of better illustration, the FFT spectra of the
flux linkages and torque are shown in Fig. 10.
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Fig. 10. Comparison of flux linkage and torque FFT spectra.

To highlight the copper loss due to CHIs, the copper loss
increments AP,, are introduced as the difference of copper
loss under the CHI PSHT and sinusoidal currents P5™ as
follows

_ pCHI
- Pcu

APcu _ Psin

(15)

Fig. 11 shows the comparison of the copper loss increments
along the MTPA trajectory. It is expected that the dg-axes
(IMTPA) CHI incurs the lowest copper loss. It is worth noting
that the fundamental copper loss is inherently minimized for
d-axis, g-axis, and dg-axes (DFTC) CHIs as the fundamental
current/flux references are retrieved by the MTPA.
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Fig. 11. Comparison of the copper loss increments under different CHIs.

Similarly, the iron loss increments APy, are presented,
indicating the iron loss incurred by the CHI for torque ripple
compensation as

A Pfe _ PCH I

=P (16)

Fig. 12 shows the comparison of the iron loss increments
along the MTPA trajectory estimated by means of the 2D FEA
solver. It can be seen, that the iron loss is highly dependent on
the injection orientation, corresponding to the different levels
of flux linkage distortion as previously highlighted in Fig. 9.
As a result, the d-axis CHI induces the highest iron loss, while
the g-axis and the dg-axes (DFTC) CHIs show significantly
lower iron loss, with the latter being the lowest as the flux
linkage amplitude is directly controlled.

In order to sum up, the total loss due to CHIs at the
rated speed along with the peak-to-peak torque ripple AT are
depicted in Fig. 13. While the torque ripple can be properly
compensated by means of the different CHIs, the dg-axes CHI
based on DFTC provides an optimal solution in terms of total
loss minimization in the full torque operation range of the
considered IPMSM.
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CONCLUSION

This paper has presented a comprehensive analysis of torque
ripple compensation for IPMSM considering the minimum
loss under different CHIs. It has been shown by means of
FE simulations that the torque ripple can be compensated by

the d-axis, g-axis, and dg-axes (IMTPA and DFTC) CHIs,
incurring different levels of flux linkage distortion and asso-
ciated losses. Even though the dg-axes CHI based on IMTPA
provides the minimum copper loss, the induced iron loss
might compromise the total loss minimization. The dg-axes
CHI based on DFTC generates a slightly higher copper loss,
while the iron loss is significantly lower as the flux linkage
is directly controlled, thus resulting in an optimal solution for
the considered IPMSM.
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APPENDIX

The main data of the considered prototype are provided in
Table 1.

TABLE I
RATINGS OF THE CONSIDERED MOTOR
Parameter | Value
Number of pole pairs/slots 2/36
Nominal DC-link voltage 310V
Nominal/maximum current 22/44 Apk
Nominal/maximum torque 18/43 Nm
Nominal/maximum speed | 2500/9000 rpm
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