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Abstract—This letter presents a new current harmonic 
injection method to mitigate the inherent torque ripple in 
PMSMs. In contrast to conventional methods that aim to 
reduce torque ripple while minimizing copper loss, this 
study explores the optimal solution for minimized iron loss. 
The key of the proposed method involves injecting 6n-th 
dq-axis currents with carefully configured amplitude and 
phase, resulting in the generation of only (6n-1)-th winding 
current. This approach effectively avoids a significant 
increase in iron loss, which is the primary source of 
additional losses induced by the injected current. The 
effectiveness of the proposed method is validated through 
both finite element method and comparative experiments. 

Index Terms—Permanent magnet machine, loss, torque. 

I. INTRODUCTION

CHIEVING smooth torque is crucial for precise and stable 
operation of permanent magnet synchronous machine 

(PMSM) drives [1]. However, PMSMs often suffer from torque 
ripples originate from three primary sources: 
1. Spatial harmonics, which exist in the rotor and stator

fluxes, as well as magnetic reluctance. The interaction of
these harmonics results in cogging torque, synchronous
torque ripple, and reluctance torque ripple [2].

2. Time harmonics, which are reflected in the current
harmonics. Reducing current harmonics helps suppress
torque ripple from this source. One approach is to design
a current harmonic regulator within the control [3].

3. Mechanical issues, which may arise from manufacturing
deviations and load misalignment [4].

Current injection is an efficient strategy for mitigating torque 
ripple [5]-[9]. This technique involves injecting current 
harmonics into the d- and q-axes to counteract inherent torque 
ripple. As research progresses, objectives have expanded from 
merely suppressing torque ripple to addressing the adverse 
effects induced by the injected harmonics. Particularly 
noteworthy is the emphasis on minimizing losses. 

To achieve this goal, the optimal allocation of injected d-axis 
and q-axis harmonics is crucial. Theoretical solutions can be 
obtained by analyzing the parameters of dq-axes inductance 
and flux-linkage, as detailed in [5], [6], [7]. However, these 
parameters display nonlinearity across operating conditions. In 
this context, Ref. [8] investigates an analytical solution that 
considers the magnetic saturation effect. In contrast, an 
alternative method, independent of dq- parameters, involves 
offline collection of extensive motor data, constructing a 
surrogate model, and performing global optimization [9]. 

The focus of previous works [5]-[9] is to counteract inherent 
torque ripple through minimized current harmonic amplitudes, 
thereby reducing copper loss. However, these studies have 
overlooked the impact on iron loss. In practical situations, 
induced iron loss might surpass induced copper loss due to the 
iron loss being more susceptible to current harmonics.  

Moreover, specific studies emphasize the importance of 
mitigating injected iron loss by integrating an iron-loss-related 
resistance into the equivalent dq-axis model and optimizing the 
dq-axes current. The main limitations of existing methods are 
as follows: 
1. The conventional dq-axis model fails to differentiate

between (6n-1)-th and (6n+1)-th winding current
harmonics [10], treating them as the same 6n-th harmonic
within the dq-axes. However, distinct iron loss
characteristics are exhibited by different winding
harmonics based on their frequencies.

2. Although certain studies have explored the utilization of
multiple dq-axis circuits for analyzing winding harmonics 
[11], [12], the complexity of resolving multiple loss
equations poses a challenge in achieving overall loss
minimization.

3. The most critical challenge lies in accurately determining
the equivalent parameters of the iron-loss resistances,
given their variability during magnetic saturation
conditions and with different current frequencies.

Additionally, certain studies reduce iron loss implementing 
optimal harmonic schemes derived from finite-element method 
(FEM) models into practical motor control [13], [14]. While 
theoretically robust, this approach necessitates thorough offline 
investigations and adjustments to the FEM-based iron loss 
using experimental data to achieve optimal reduction effects. 

In summary, existing methods exhibit limitations in their 
effectiveness and simplicity in addressing torque ripple and 
additional iron loss. 

To address the challenge of effectively suppressing injected 
iron loss, which often represents a significant portion of the 
total induced losses and can be difficult to reduce efficiently, 
this letter proposes an optimal harmonic injection method that 
strategically allocates dq-axis harmonics to induce only 
lower-order current harmonic in the windings, eliminating the 
need for introducing an iron-loss resistance or determining its 
parameters. This strategic allocation leads to a significant 
reduction in iron loss. Additionally, the method establishes a 
more simplified relation between d- and q-axis currents, 
rendering it easy to implement and suitable for both salient and 
non-salient PMSMs. 
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The letter is structured as follows: Section II explores the 

current injection effects. Section III develops the proposed 
method. Section IV presents the verification process, and 
Section V concludes the letter. 

II. ANALYSIS OF CURRENT HARMONIC INJECTION 
Fig. 1 provides an overview of the additional effects arising 

from harmonic current injection. The primary objective is to 
mitigate the inherent torque ripple originating from motor 
spatial harmonics, while the secondary outcome introduces 
additional copper and iron losses due to current harmonics.  

 
Fig. 1.  Overview of additional effects of current harmonic injection. 

A. Effect of Injected Current on Torque Ripple 
For three-phase PMSMs, the spatial-harmonic-sourced torque 

ripple follows a general pattern of 6𝑛𝑛 orders [2]. In this case, 
the arbitrary order torque ripple can be expressed as: 
 ( )θ ϕ= +sinrp F e TKT T k   (1) 

where k , FT , and ϕTK  are the order, amplitude, and phase of 
torque ripple, and = 6,..., 6k n ; θe  is the electrical angle.  

On the other hand, the time-harmonic-sourced torque, based 
on the dq-axis equivalent equation, is given by: 

 ( )∆= Λ +0
3

2
e N d qT p L i i   (2) 

where Np  is the pole-pairs, Λ0  is the PM flux-linkage, and ∆L  
denotes the difference between d- and q- inductances, 
( ∆ = −d qL L L ). Notably, di  and qi  represent the d- and q- axis 
currents, which can contain harmonics, as shown below: 

 
( )
( )
θ ϕ
θ ϕ

 = + = + +


= + = + +

0 0

0 0

sin

sin

d d dk d dk e dk

q q qk q qk e qk

i i i i I k

i i i i I k
   (3) 

where 0di  and 0qi  denote the dc components, while dki  and qki  
represent the ac components in dq- axis. dkI , qkI  and ϕdk , ϕqk  
indicate the amplitude and initial phase of the harmonics. 

By substituting (3) into (2), the time-sourced torque ripple 
can be derived, its k -th fluctuation component is given by: 
 ( )θ ϕ= +sinh HJ e HJT T k   (4) 
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and ( )∆= Λ +1 0 01.5 N d qkA p L i I , ∆=2 01.5 N dk qA p L I i . 
It is observed that the time-sourced torque ripple shares the 

same frequency as the spatial-sourced torque ripple ( = 6k n ). 
Therefore, by adjusting the parameters ϕ ϕ{ , , , }dk dk qk qkI I , it is 
possible to achieve mutual cancellation of these two types of 
torque ripple when the following conditions are met: 
 ϕ ϕ π= = +,HJ F HJ TKT T   (5) 

B. Effect of Injected Current on Losses 
The 6n-th dq-axis current can generate both (6n±1)-th 

winding current harmonics based on the following correlations: 
 ( )θ= -1s r

abc e dqsi P i   (6) 

where − − −= 1 2 3[ ]s T
abc k k ki i ii  denotes the current harmonics 

in three-phase windings. Also, = [ ]r T
dqs dk qki ii , and ( )θ-1

eP  
represents the inverse Park’s transformation matrix.  

Furthermore, the winding current harmonics contribute to 
the additional copper loss .Cu HP  and iron loss .Fe HP , given by: 
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where ik  is the order of winding current harmonic, .ph kiI  is the 
rms value of the ik -th current, phR  is the winding resistance, 

eA  and hA  are the coefficients for eddy current and hysteresis 
losses, ,c kiB  is the iron flux density caused by the ik -th current, 
v  is the iron volume, and f  is the electrical frequency. 

It is worth noting that the copper loss is solely proportional to 
the amplitude of the winding harmonics. In contrast, the iron 
loss is influenced by both the amplitude and frequency of the 
winding harmonics, following a power law relationship of 1-2.  

III. METHODOLOGY 
An overall comparison of different current-injected torque 

ripple reduction methods is shown in Fig. 2. 
A. Conventional Current Harmonic Injection Methods 

Conventional current injection methods can be classified into 
analytical solution [5]-[8] and surrogate solution [9]. Analytical 
solutions aim to maximize torque ripple per harmonic ampere 
(MTRPHA) to obtain the solution of ϕ ϕ{ , , , }dk dk qk qkI I .  

On the other hand, surrogate model does not rely on dq-axis 
parameters. However, this method requires extensive data 
collection of input and output characteristics, followed by 
offline operations such as fitting and iterative optimization.  

Importantly, both of these approaches solely focus on 
reducing copper loss as an additional objective, following the 
MTRPHA principle. They fail to consider the harmonic orders 
induced in the windings due to the injected dq-axis currents. 

 
Fig. 2.  Illustration of different current-injected methods. 
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B. Proposed Current Harmonic Injection Method 

For an arbitrary 𝑘𝑘-th injection harmonic in dq-axis with the 
given ϕ ϕ{ , , , }dk dk qk qkI I , through the transformation in (6), the 
winding harmonics − − −1 2 3[ ]Tk k ki i i  can be represented as: 
 − + −= + =, 1 , 1, 1,2, 3m k m k m ki i i m     (8) 
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A specialized solution for the above equation can completely 
eliminate high-frequency winding harmonics, as shown below: 

 πϕ ϕ ϕ= = = − =,
2

dk qk wk dk qk wkI I I   (9) 

By substituting (9) into (8), the three-phase winding currents 
can be expressed as: 
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It is evident that the (6n+1)-th current harmonic is 
eliminated. In order to visually understand the relationship 
between winding harmonics and the variation of injected 
dq-axis currents, Fig. 3 shows the correlation of the (6n±1)-th 
winding harmonics when =dk qkI I , and ϕ ϕ ϕ∆ = −qk dk  vary 
from 0 to 2p. It verifies that the current allocation scheme 
proposed in (9) produces only the (6n-1)-th winding harmonic. 

 
Fig. 3.  Correlation between the amplitude of winding harmonics and the 
phase difference between d-axis and q-axis. 

By combining (9) with (1), (4), and (5), the injected current 
can be analytical determined as shown below: 
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Alternatively, another way to determine the current solution 
involves conducting a parametric scan of the injected current in 
FEM or experimental test, ensuring the satisfaction of Eq. (9). 

Moreover, the motor control block diagram is shown in Fig. 
4. Particularly, the quasi-proportional resonant (QPR) regulator 
is used in current control. The QPR regulator is characterized 
by effective control of current harmonics [15], [16]. In the 
design of QPR, achieving a high-bandwidth frequency current 

tracking and ensuring reliable response can be accomplished 
through fine-tuning the resonant coefficients [16] and phase 
compensation [17]. 

 
Fig. 4.  Block diagram of the motor control system. 

IV. VERIFICATION 
This section provides a comprehensive verification for the 

proposed method in suppressing torque ripple and additional 
losses in comparison to advanced harmonic injection methods, 
namely Method-1 (M1) adopted in [4] that maintains = 0dkI  
and Method-2 (M2) proposed in [6], [7]. The verification 
process combines FEM and experimental investigations.  

Initially, FEM is employed to compare torque ripple and 
losses among the aforementioned current excitation methods. 
TABLE I presents this comparison at a current density of 3.9 
A/mm² and different rotational speeds. The comparison reveals 
significant reductions in torque ripple across the three methods, 
decreasing from 13.7% under sinusoidal current control to 
1.62%, 1.81%, and 1.64%.  

Furthermore, to clarify the differences in losses, the copper 
and iron losses resulting from injection are shown in Fig. 5. The 
iron loss is derived from FEM through the solution of the 
Bertotti model combined with high-precision transient field 
calculations. The three mitigation techniques exhibit varying 
impacts on injected losses. While operating under identical 
fundamental current conditions, there are increments in copper 
loss by 0.22 W, 0.2 W, and 0.26 W. Notably, distinct disparities 
emerge in iron loss, highlighting the proposed method with the 
lowest overall losses when the motor operates above 500 rpm. 

TABLE I 
TORQUE AND LOSSES COMPARISON BETWEEN DIFFERENT CURRENT 

EXCITATION METHODS THROUGH FEM INVESTIGATION 

 Sine Current 
Excitation Method-1 Method-2 Proposed 

Method 

Torque Ripple, Trp 13.7% 1.62% 1.81% 1.64% 
PCu [W], @10.1 N·m 35.69 35.91 35.89 35.95 
PFe [W], @200 rpm 5.57 5.66 5.65 5.60 
PFe [W], @1000 rpm 31.87  32.61 32.55 32.31 
PFe [W], @2000 rpm 73.90 76.10 75.76 75.51 

 
Fig. 5.  Comparison of additional losses for different injection methods.  
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The test platform is shown in Fig. 6. The four current 
excitation methods are applied for motor control, and their 
corresponding test waveforms are presented in Fig. 7.  

 
Fig. 6.  Test platform and the investigated PMSM. 

In Fig. 7 (a), sinusoidal current driving is applied, displaying 
stable id and iq currents but noticeable 12th-order torque ripple. 
Fig. 7(b), (c), and (d) show different current injection methods 
for effectively suppressing torque ripple. Importantly, these 
methods exhibit distinct winding and dq-axis waveforms. 
Additionally, FFT analysis was performed on the four 
excitation currents, and the results are presented in Fig. 8.  

While the winding current obtained from the proposed 
method shows increased total harmonic distortion (THD) due 
to larger single-sided current harmonics, it shows a notable 
reduction in higher-order current harmonics. This reduction can 
be advantageous in mitigating additional iron losses induced by 
high-frequency currents. 

 
Fig. 8.  FFT analysis of the test currents of different control methods. 

To validate the effectiveness of the proposed torque ripple 
reduction method under varying load conditions, harmonic 
injection switching experiments were conducted across 
different load scenarios. The results are illustrated in Fig. 9, 
displaying phase current, shaft torque, as well as reference and 
actual iq currents. The iq current demonstrates good tracking 
capability. Furthermore, the comparative results highlight a 
significant reduction in torque ripple across a range of load 
conditions, affirming the smooth operation of the motor 
throughout the entire load spectrum, as shown in Fig. 9(d).  

V. CONCLUSION 
This letter introduces a novel current injection strategy for 

PMSMs, offering a specialized solution that efficiently reduces 
torque ripple and minimizes iron loss by optimizing the 
correlation between d- and q-axis currents.  

Indeed, the proposed method, along with conventional 
Methods 1 and 2, all demonstrate effective torque ripple 
reduction. However, specific differences can be evaluated and 
summarized as follows: 

1. Loss Reduction: The proposed method minimizes 
induced iron loss by using low-order current harmonics, 
making it well-suited for medium-to-high speeds, while 
Method-2 uses lower injected current amplitudes, more 
appropriate for low speeds. 

2. Usability: Method-2 involves intricate dq-axis current 
relationships and relies on motor parameters, in contrast 
to the simple and direct dq- relationships in the proposed 
method and Method-1, enhancing user-friendliness. 

3. Computational Burden: Method-1 imposes the lightest 
computational load, focusing primarily on controlling 
q-axis current harmonics. 
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