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Abstract—Multiple synchronous reference frame (MSRF) 

current control scheme is frequently utilized in 
permanent-magnet synchronous machine (PMSM) drive 
systems for harmonic current suppression. However, 
low-pass filters (LPFs) with relatively low cutoff frequencies 
are commonly used to separate the fundamental and the 
major current harmonic components, which can introduce 
significant delays in the control loop, degrading the system 
performance. To address this issue, this paper proposes a 
rapid and efficient harmonic current suppression scheme 
for PMSMs by incorporating a fast harmonic extraction 
method based on numerical calculation. For the separation 
of fundamental, 5th and 7th harmonic currents, the proposed 
method only requires the current data from three sampling 
moments for processing, essentially constituting a 
time-shifting operation. Then the current with different 
orders can be decoupled and transformed into different 
harmonic planes, and independent closed-loop control can 
be realized. Compared with the existing MSRF-based 
current harmonic regulation methods, the proposed 
scheme avoids the use of any digital filter and does not 
require a large amount of data storage. This approach 
mitigates delay effects, enhancing the dynamic 
performance of harmonic current regulation, and offers 
easy implementation. Finally, comparative experimental 
validation is conducted to validate the effectiveness of the 
proposed scheme. 

Index Terms—Current harmonic suppression, harmonic 
extraction, low pass filter (LPF)-free, multiple synchronous 
reference frame, permanent-magnet synchronous machine 
(PMSM). 

I. INTRODUCTION

ERMANENT-magnet synchronous machines (PMSMs) 
have been widely utilized in various applications, such as 

electric/hybrid vehicles, renewable energy generation, and 
industrial robots [1], [2]. Ensuring the high power density and 
high efficiency of the machine system is the goal for enhancing 
its performance [3], [4]. For instance, from the perspective of 
machine design, optimizing key structural parameters of double 
layer interior PMSM can enhance torque density and suppress 
torque ripple simultaneously [5]. Moreover, in the field of 
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direct-drive linear motion, researchers have proposed a novel 
asymmetric excitation method that enables multiple 
magnetomotive forces, significantly enhancing force density [6]. 
It is noteworthy that in PMSM drive system, harmonic currents 
can escalate system losses, induce torque ripples, and 
deteriorate power quality. To cope with these problems, the 
approaches to reduce undesired harmonic contents in electric 
drives have garnered increased attention [7], [8]. 

In electric drive systems, harmonic currents can be broadly 
categorized into two groups: high-frequency harmonics and 
low-frequency harmonics. The high-frequency harmonics are 
mainly related to the switching action of power devices. By 
employing improved pulsewidth modulation methods [9], wide 
bandgap devices [10], output filters [11], high-frequency 
harmonic currents can be reduced. Moreover, due to the finite 
control bandwidth of the commonly used proportional-integral 
(PI) controller, periodic disturbance such as inverter 
nonlinearity, distorted back-electromotive force (back-EMF), 
parameters asymmetry, and cogging torque, etc., can lead to the 
low-frequency harmonics. To address this concern, several 
control techniques have been proposed, including resonant 
control [7], [12], repetitive control [13], disturbance observer 
[8], and multiple synchronous reference frame (MSRF) scheme 
[14]-[19]. Among them, the MSRF current control has garnered 
attention owing to its inherent simplicity and ease of expansion, 
positioning it as the primary focus of this paper. 

The MSRF control methods treat the machine as multiple 
subsystems with different orders, regulating the fundamental 
and harmonic currents separately within several independent 
current loops. In this process, the low-pass filters (LPFs) are 
commonly employed to separate fundamental and harmonic 
components [14]. Typically, the cutoff frequency of LPFs is set 
relatively low to accurately separate the dc and harmonic 
components in different SRFs. However, using LPFs with a 
lower cutoff frequency can introduce significant delays in the 
control loop, which will diminish dynamic performance and 
affect system stability. Therefore, how to extract harmonics 
accurately with less negative effect on control performance is a 
research emphasis and has received wide attention from both 
academia and industry. The first-order LPF with cutoff 
frequency set as 5 Hz is employed in [15]. Moreover, to prevent 
the extracted information from being influenced by the 
fundamental component of phase currents, the presented 
harmonic extraction scheme calculates the fundamental 
components using the dq-axis current reference values and then 
subtracts them from the sampled phase currents. In [16], the 
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LPFs are configured as type-II Chebyshev filters to enhance 
harmonic extraction performance. The designed filter, with 
cutoff frequency set as 5 Hz, achieves steeper roll-off compared 
to conventional LPFs. Furthermore, a closed-loop harmonic 
extraction scheme is proposed in [17], which integrates the 
additional PI regulators and LPFs. The presented scheme adopts 
the LPF cutoff frequency set to 10 Hz, and thanks to the 
improved detection structure, a higher detection accuracy can 
be attained. Experimental results demonstrate the effectiveness 
of these methods in extracting harmonic currents, and the 
MSRF-based current control scheme integrating these methods 
can also achieve relatively low total harmonic distortion (THD) 
in steady state. However, the aforementioned methods still 
require the use of LPFs, with the cutoff frequency set at 10 Hz 
or lower. Likewise, the MSRF current control can also be 
applied in dual three-phase PMSM for harmonic current 
regulation [18], [19]. TABLE I compares the used LPF and 
cutoff frequencies among these existing methods. Noted that the 
parasitic negative effects of digital filters on current control and 
the LPF-free harmonic control scheme are rarely investigated 
and merit further study. 

When considering the direct separation of fundamental and 
harmonic currents under the MSRF framework, multiphase 
machines may offer a promising solution [20]. In multiphase 
machine drive systems, the vector space decomposition (VSD) 
approach can decompose the fundamental and harmonic 
components into multiple orthogonal subspaces. Moreover, the 
dimensions for harmonic separation increase as the number of 
machine phases increases [21]. Hence, the concept of virtual 
multi-three-phase system is first proposed in [22] for dual 
three-phase PMSMs. Specifically, a virtual pentuple 
three-phase system with 12° electrical degree shifting is 
established to directly decompose fundamental and the major 
current harmonics, namely the 5th, 7th, 11th, 13th harmonics, in 
several isolated subspaces with VSD transformation. This 
scheme has also been further extended to standard three-phase 
PMSM drive systems for 5th and 7th harmonic current regulation 
[23], [24]. This MSRF control scheme based on virtual 
windings exhibits better steady-state and transient performance 
than the LPF-based scheme. Nevertheless, the virtual currents 
are constructed by the phase shifting of measured phase currents, 
leading to inaccuracies in both virtual currents and detected 
harmonics during transient states. Additionally, this approach 
necessitates storing a certain amount of data for current 
reconstruction. Hence, these methods should further account for 
transient performance and implementation complexity. 

Considering the points mentioned above, this paper proposes 
a fast and effective MSRF control scheme for suppressing 
current harmonics for PMSM drives, the core of which is to 
integrate a fast harmonic extraction method. The principle and 
limitation of existing MSRF-based methods is analyzed firstly. 
Next, an enhanced harmonic extraction method based on 
numerical calculation is proposed for achieving the LPF-free 
harmonic detection. For the separation of fundamental, 5th and 
7th harmonic currents, this method processes the current data at 
three sampling time instant during each calculation time instant, 
essentially performing a time-shifting operation. It enables fast 
and accurate extraction, allowing for independent regulation of 
the fundamental and harmonic currents in each subspace of 
MSRFs, even in transient conditions. Moreover, the general 
form of proposed method is also presented for arbitrary current 
harmonic extraction. Finally, experimental results on harmonic 
extraction and harmonic suppression are given to verify the 
effectiveness of the proposed scheme. 

II. PRELIMINARIES 

A. Harmonic Current Analysis 

Normally, the PMSM is three-phase balanced and half-wave 
symmetrical, which means there are no even-order harmonics in 
the stator currents. Moreover, the triplen harmonics represent 
zero-sequence components that are not present in the stator 
currents of balanced Y-connected three-phase machines. 
Therefore, the stator currents, accounting for periodic 
harmonics, can be expressed as 
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where ia, ib, and ic are three-phase currents, ωe is the electrical 
angular speed, I1 is the amplitude of the fundamental current, θ1 
is initial phase angle of the fundamental current, In is the 
amplitude of the nth-order current, and θn is initial phase angle of 
the nth-order harmonic component. The coordination 
transformation matrix which can transform components from 
the a-b-c frame to the d-q frame can be expressed as 
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By applying (2), the three-phase currents in (1) can be 
transformed in SRF as 

Fig. 1.  MSRF-based harmonic current extraction. (a) Phasor diagram.
(b) Conventional scheme using LPFs.  
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TABLE I 
COMPARISON OF DIGITAL FILTERS IN EXISTING METHODS 

Reference Type of used digital filters Cutoff frequency of LPF 

[14] LPF 2.5 Hz 

[15] first-order LPF 5 Hz 

[16] type-II Chebyshev filter 5 Hz 

[17] second-order Butterworth LPF 10 Hz 

[18] second-order LPF Not provided 

[19] second-order LPF 5 Hz 
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where iSRF1 
d  and iSRF1 

q  represent the dq-axis currents in SRF 
rotating with the fundamental frequency. 

According to (1) and (3), if without effective suppression, the 
stator currents include harmonics with orders of 6k±1, such as 5, 
7, 11, 13, etc. They can be transformed to harmonics with orders 
of 6k, such as 6, 12, 18, etc. Moreover, the ones with orders of 
6k–1 are negative-sequence components and the ones with 
orders of 6k+1 are positive-sequence components. 

B. Basic MSRF-Based Harmonic Current Extraction and 
Its Limitation 

The fundamental currents are represented as dc components 
in the SRF. Similarly, harmonic currents appear as dc 
components in SRFs of their corresponding rotational 
frequencies. This property is also used to extract harmonic 
currents, namely the MSRF-based harmonic current extraction, 
as illustrated in Fig. 1. Taking the 5th- and 7th-order harmonics 
as an example, the phase relationship among different SRFs is 
shown in Fig. 1 (a). The 5th-order SRF rotates at -5ωe, and the 
7th-order SRF rotates at 7ωe. The corresponding coordinate 
transformation can be expressed as 
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In general, the amplitude of harmonic currents decreases as 
the order increases. Hence, the 5th- and 7th-order harmonic 
currents are usually considered to be the dominant harmonic 
components. Taking the case where the stator current contains 
the fundamental component along with the 5th- and 7th-order 
harmonic components for analysis, the current in the 5th-order 
SRF and 7th-order SRF can be expressed as 
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where iSRF5 
d  and iSRF5 

q  represent the currents in SRF rotating with 
the negative 5th fundamental frequency, iSRF7 

d  and iSRF7 
q  represent 

the currents in SRF rotating with the positive 7th fundamental 
frequency, I5 and I7 represent the amplitude of the 5th and 7th 
order harmonic currents, respectively, θ5 and θ7 represent initial 
phase angles of two harmonic components. 

Taking the 5th harmonic current in the stationary frame as an 
example, it appears as the dc component in its corresponding 

SRF. Simultaneously, the fundamental component and the 7th 
harmonic component appear as the 6th and 12th harmonic 
components respectively in this plane. Additionally, the target 
harmonics that have been converted into dc components can be 
extracted using LPFs, as depicted in Fig. 1 (b). This extraction 
process can be expressed as 
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where id5, iq5, id7, and iq7 represent the extracted current, which 
can be regulated by the PI controllers later. 

In recent works, first-order LPF is used in [15], and 
second-order Butterworth LPF is used in [17] for harmonic 
extraction. The transfer function of the applied filters can be 
expressed as 
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where fc is the cutoff frequency, which is typically set at a lower 
frequency to ensure effective filtering of unwanted harmonics. 
Fig. 2 shows the amplitude-frequency characteristic of these 
two types of LPFs. It can be observed that the second-order LPF 
demonstrates better high-frequency attenuation. Nevertheless, 
noticeable phase lag is induced by both filters. In fact, the delay 
effect induced by LPFs can compromise the performance of 
harmonic current control, including the degradation of transient 
response and the difficulty of adjusting control parameters. 
Therefore, this paper concentrates on enhancing harmonic 
current suppression by introducing an LPF-free harmonic 
extraction method. 

III. PROPOSED FAST HARMONIC EXTRACTION FOR 

HARMONIC CURRENT SUPPRESSION 

In this section, the principle of the proposed fast harmonic 
extraction method is illustrated using the case of considering 5th 
and 7th harmonics. Moreover, the general form of extracting 

 
Fig. 2.  Bode diagrams of two commonly used LPFs. 
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harmonics with arbitrary orders is provided, along with the 
integration of proposed harmonic extraction method into the 
MSRF harmonic current suppression scheme. 

A. Fast Harmonic Extraction Based on Time-Shifting 
Numerical Calculation 

For the case where the stator current contains 5th and 7th 
harmonics, the current components of the two-phase stationary 
frame can be expressed as 
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By using the concept of complex vectors, (12) can be 
rewritten as 
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where iαβ[t], iαβ1[t], iαβ5[t], and iαβ7[t] represent the total current 
vector, fundamental current vector, 5th harmonic current vector, 
and 7th harmonic current vector, respectively. 

Fig. 3 shows the timing sequence of single-sampling 
single-update pulsewidth modulation (PWM) scheme, where Ts 
is the sampling period [25]. Given that iαβ[t] is known at every 
current sampling instant such as t = kTs and t = (k+1)Ts, (13) can 
be roughly regarded as a three-variable linear equation. From 
this point of view, if we want to solve for iαβ1[t], iαβ5[t], and 
iαβ7[t], we would require three different equations. Assume that 
the currents at three consecutive sampling instants are recorded, 
the following equation can be obtained: 
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where iαβ(k), iαβ(k-1), and iαβ(k-2) represent the measured values 
at the time t = kTs, t = (k-1)Ts, and t = (k-2)Ts, respectively. It 
should be note that only in the steady-state process, the 
electrical angular speed ωe is constant. However, since the 
mechanical dynamic is much slower than the electrical dynamic, 
ωe can be approximated as constant during successive current 
sampling periods [2]. 

The goal here is using iαβ(k), iαβ(k-1), iαβ(k-2) to solve the 
current components at the calculation time instant t = kTs, 
namely iαβ1(k), iαβ5(k), and iαβ7(k). Hence, (14) can be rewritten 
as 
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where Φ represents the coefficient matrix and can be 
represented as 
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It can be seen that Φ is related to ωeTs, that is, the electrical 
angle the rotor rotates during one current sampling period. Then, 
the fundamental, 5th, and 7th current vector at the time t = kTs, 
can be obtained as 
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To avoid directly performing matrix inversion and to reduce 
the computational burden of the digital controller, the 
expression for the inverse matrix of Φ is further given by 
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(18) 

It is evident that the inverse of coefficient matrix can be 
relatively easily obtained by calculating the determinant and 
adjugate matrix. 

The above method realizes the separation of fundamental and 
major harmonic currents from a numerical calculation 
standpoint. Then, the currents extracted by the above process 
can be converted into idq1, idq5, and idq7 by corresponding Park 
transformations. Fig. 4 depicts the block diagram of the 
proposed fast harmonic extraction scheme. The entire process 
makes full use of the phase angle relationship between 
harmonics with different orders and realizes harmonic current 
extraction without LPF. In addition, since only the current 
information of three adjacent sampling points is needed under 
ideal conditions, the enhanced performance can be achieved, 
particularly under transient conditions. 

B. General Form of Proposed Harmonic Extraction for 
Arbitrary Current Harmonics 

The aforementioned expression is derived based on the 
PMSM with 5th and 7th harmonic currents, which are two of the 
most common harmonics. Due to various non-ideal factors in 
the inverter and machine, the harmonic components in the 
electric drive system can manifest at any order. To broaden the 

 
Fig. 4.  Block diagram of the proposed fast current harmonic extraction.
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Fig. 3.  Single-sampling single-update PWM with the same sampling
instant and update instant. 
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applicability of the proposed harmonic extraction technique, the 
general form for separating harmonics with arbitrary order is 
provided below. 
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where γ represents the harmonic order. To extract the γth-order 
harmonics from the iαβ[t], the currents at two consecutive 
sampling instants are recorded, and can be represented as 
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The goal here is using iαβ(k) and iαβ(k-1) to solve the current 
components at the calculation time instant t = kTs, namely iαβ1(k) 
and iαβγ(k). Hence, (20) can be rewritten as 
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where ΦGen represent the general coefficient matrix and can be 
expressed as 
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Therefore, the fundamental and γth-order harmonic current 
vector at the calculation time instant t = kTs can be obtained as 
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Noted that for the separation of harmonic currents with 
different orders, the parameter design does not exhibit 
substantial discrepancies. The primary focus involves the 
adjustment of a coefficient matrix that pertains to the harmonic 
order. Hence, in line with the majority of existing harmonic 
extraction and control schemes, the proposed scheme 
necessitates prior knowledge of the harmonic order. 

C. Harmonic Current Suppression Scheme with Fast 
Harmonic Extraction 

The fast harmonic extraction method based on time-shifting 
numerical calculation is presented, including an explicit form 
for the 5th and 7th harmonics and a general form for harmonics of 
arbitrary order. In this subsection, the proposed harmonic 
extraction method will be integrated into the MSRF harmonic 
current control scheme to achieve effective harmonic 
suppression. 

Taking the case of suppressing the 5th and 7th harmonics as an 
example, the coefficient matrix for separating the harmonics is 
shown in (18). Noted that the derivation is based on that the 
stator currents at three consecutive sampling instants are 
recorded and used for calculation. That is to say, ideally, even in 
transient processes, the harmonics can be extracted after two 
sampling periods. The coefficients in (16) and (18) can be seen 
to be composed of sin(n*ωeTs) and cos(n*ωeTs), where n 
represents positive integers. Fig. 5 illustrates the relationship 
between these coefficients and variations in rotor speed, while 
also providing the magnitude of determinant, denoted as 

|det(Φ)|. It is shown that when the rotor speed is not zero, that is, 
when ωe is not zero, the determinant of the matrix is non-zero, 
indicating that Φ is invertible. At the same time, this also means 
that when the rotor speed is zero during operation, the proposed 
strategy needs to be disabled. Moreover, when the speed is 
relatively low, the values of a cluster of coefficients associated 
with the sine function and |det(Φ)| tend to be relatively small. In 
numerical computations, due to round-off errors and limitations 
in finite precision, this situation can result in inaccuracies or 
instability in the computed results, making the calculation 
challenging or unreliable. In order to avoid the occurrence of 
extremely small values in the harmonic-separating matrix, the 
harmonic extraction method can be optimized in time according 
to the rotor speed. Specifically, when the PMSM is running at 
low speed, switch from using iαβ(k), iαβ(k-Ts), and iαβ(k-2Ts) for 
harmonic current extraction to using iαβ(k), iαβ(k-λTs), and 
iαβ(k-2λTs), where λ is positive integer and is adjusted according 
to ωe. A smaller coefficient λ indicates faster harmonic 
extraction, while a larger coefficient corresponds to the 
improved extraction accuracy. The value of λ can be finely 
adjusted according to the specific microcontroller in use and the 
precision demands of the application scenario. 

Fig. 6 displays the overall diagram of the proposed harmonic 
current suppression approach with fast harmonic extraction. It 
employs the widely adopted speed-current cascade structure. 
The PI controller serves as the speed regulator, while the 
maximum torque per ampere (MTPA) block is employed to 
compute the fundamental dq-axis reference currents i* 

dq1. The 

 
Fig. 5.  Relationship between matrix coefficients for harmonic extraction
and rotor speed variation. (a) Speed. (b) Coefficients. (c) Magnitude of
Determinant. 
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current loop is implemented through the studied approach, 
integrating the MSRF current controller and the proposed fast 
harmonic extraction. The presented solution can be regarded as 
an improved MSRF harmonic current regulation scheme, which 
treats the PMSM as multiple subsystems with different orders, 
enabling independent current control of fundamental and 
harmonics separately. Moreover, in comparison to the 
conventional MSRF control methods, the proposed scheme 
achieves LPF-free operation and mitigates delay effects. Noted 
that the coefficient λ can update according to the changes in the 
rotor speed. As for harmonic current reference, the reference 
values i* 

dq5 and i* 
dq7 of the harmonic plane are set to zero to 

suppress the harmonics. They can also be optimized to realized 
harmonic injection with the proposed scheme for specific 
objectives. Since the major harmonics are decomposed, the 
current components in each subspace of MSRF are 
approximately expressed as dc components and can be 
regulated by PI controllers. The transfer function of current 
controller in the γth-order subspace can be expressed as 

   i
c p

k
G s k

s


  +  (24) 

where kpγ and kiγ represent the proportional gain and integral 
part, respectively. The parameters are designed according to [26] 
can be represented as 
 p c s i c sk L k R          (25) 

where ωcγ represents the cutoff frequency of the γth-order 
current loop, and Lsγ and Rsγ are stator inductance and resistance 
in the γth SRF. Since the proposed harmonic separation strategy 
avoids the use of LPFs, the delay induced within the current 
loop is almost negligible. Consequently, the expected 
bandwidth and cutoff frequency of each plane can be designed 
to be the same. Then, the output of current controllers, namely u
* 
dq1, u

* 
dq5, and u* 

dq7, can be transformed into the αβ stationary frame. 
Moreover, the impact of the frame rotation during the digital 
delay can introduce errors in the voltage output, which is 
particularly noticeable for the current regulation within the 
rapidly rotating SRFs [27]. Specifically, digital delay can lead 
to discrepancies between the voltages generated by current 
controller and the actual voltages applied to the PMSM. Hence, 
the voltage error compensation is integrated with the inverse 
Park transformations of each SRFs, which can be expressed as 
 j ( ) j ( 1.5 )e e d e e sγ θ ω T γ θ ω T
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where Td represents the delay time and is approximately equal 
to 1.5Ts [25]. Finally, the reference voltage values yielded by 
each plane are aggregated to derive the total reference voltage, 
represented as: 

 1 5 7   
     u u u u  (28) 

Through time-shifting harmonic extraction, this scheme 
effectively transfers the regulation of a specific harmonic into 
the closed-loop control of a set of two dc components. It can 
aim in suppressing the 5th and 7th harmonics resulting from 
back-EMF distortion and inverter nonlinearity, which are 
prevalent in PMSM drive systems. Moreover, it could also be 
extended to suppress harmonic currents with arbitrary orders. 

IV. EXPERIMENTAL VALIDATION 

A. Test Bench Setup 

To validate the proposed method, experimental results are 
conducted on a setup depicted in Fig. 7. The overall control 
scheme is executed on a dSPACE MicroLabBox. Both the test 
PMSM and the load PMSM are each driven by a three-phase 
inverter. The switching frequency of the inverters and the 
current sampling frequency are both set to 10 kHz. Main 
parameters of the test PMSM are detailed in TABLE II. 

B. Steady-State Performance  

To illustrate the operating principle of the proposed scheme 
more clearly, Fig. 8 displays the waveforms of αβ-axes currents 
at three sampling instants, kTs, (k-2)Ts, and (k-4)Ts, 
corresponding to the scenario with λ = 2. The speed of test 
PMSM is 800 r/min and the peak value of the phase current is 

 
Fig. 7.  Experimental setup. 

TABLE II 
PARAMETERS OF THE TEST PMSM 

Parameter Value Parameter Value 

Pole pairs 5 Rated current (A) 4.25 

Rated speed (r/min) 1200 d-axis inductance Ld (mH) 2.20 

Stator resistance Rs (Ω) 0.6 q-axis inductance Lq (mH) 2.20 

 
Fig. 6.  Diagram of the proposed harmonic current suppression scheme
based on fast harmonic extraction. 
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about 6 A. It should be noted that, at this time, only the 
harmonic detection method is utilized, while the harmonic 
current suppression method remains inactive. As can be seen, 
there are obvious harmonic components in the αβ-axes current 
waveforms. Moreover, to realize the proposed harmonic 
extraction method, the current information of three sampling 
instants is recorded and displayed. At each calculation time 
constant, in addition to the stator current information at the 
present time, the information from the two prior sampling 
instants is also incorporated. The interval between the used 
sampling instants is denoted by λTs and 2λTs. Specifically, using 
iαβ(n), iαβ(n-2), iαβ(n-4) can further allow for the decomposition 
of the fundamental current and dominant harmonic currents at 
the calculation time instant t = nTs, so as to obtain iαβ1(n), iαβ5(n), 
and iαβ7(n). 

To validate the efficacy of harmonic current reduction, 
steady-state current performance of conventional field-oriented 
control (FOC) and proposed control scheme under different 
speeds is presented and compared in Fig. 9 and Fig. 10. The 
results of phase currents, dq-axis currents, and the harmonic 
spectrum of phase-A current are displayed. Noted that as for the 
proposed control scheme, the dq-axis currents derived from the 
conventional Park transformation are only employed for 
comparative purposes and do not contribute to the closed-loop 
control. Regarding Fig. 9, the reference speed is set as 600 r/min, 
representing a 50% rated speed condition, and the peak value of 
phase current is around 3 A. As shown in Fig. 9 (a), under 
conventional FOC, the phase current waveforms exhibit 
obvious distortion, primarily stemming from the harmonics 
present in the back-EMFs. Additionally, there are periodic 
ripples observed in the dq-axis currents. The fast Fourier 
transform spectrum reveals that the phase current comprises 
prominent 5th and 7th harmonics, with magnitudes amounting to 
2.52% and 0.91% of the fundamental current component, 
respectively. The THD stands at 3.75%. In contrast, as depicted 

in Fig. 9 (b), the proposed scheme effectively suppresses the 
undesirable harmonics in both the phase currents and dq-axis 
currents. The magnitudes of the 5th and 7th harmonics can be 
decreased to 0.28% and 0.19% of the fundamental current 
component, respectively. Consequently, the THD of phase 
current can be decreased to 2.46%. Moreover, Fig. 10 depicts 
the experimental results with the reference speed is set as 1200 
r/min, representing a 100% rated speed condition, and the peak 

 
Fig. 9.  Experimental results of stator currents under 600r/min. (a)
Conventional FOC. (b) Proposed scheme. 

Fig. 10.  Experimental results of stator currents under 1200r/min. (a)
Conventional FOC. (b) Proposed scheme. 
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Fig. 8.  Waveforms of αβ-axes currents at three sampling instants: kTs,
(k-2)Ts, and (k-4)Ts with zoom-in view. 
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value of phase current is around 6 A, corresponding to the rated 
load conditions. As the speed increases, the harmonic voltage 
disturbance induced by back-EMFs also increases. Furthermore, 
the rise in the motor operating frequency increases the 
frequencies linked with the 5th and 7th harmonics in phase 
currents, making them more difficult for conventional PI 
controllers to track, consequently amplifying the amplitudes of 
these harmonics. However, as depicted in Fig. 10 (b), the 
proposed scheme demonstrates the ability to effectively 
suppress the primary harmonics to a notably low level, resulting 
in a reduction of the THD from 4.37% to 2.14%. 

To highlight the efficacy of the proposed method across 
various operational scenarios, Fig. 11 presents the experimental 
comparison results of THD values under different speed and 
load conditions. The current distortion tends to rise with 
increasing speed and decreasing load, aligning with theoretical 
analysis. Furthermore, the proposed strategy consistently 
exhibits notable harmonic suppression effects across all 
working conditions. 

C. Dynamic Performance 

As aforementioned, digital filters like LPFs are frequently 
employed in existing MSRF current control methods. The delay 
effect caused by LPFs can undermine the efficacy of harmonic 
current control, leading to issues such as degraded transient 
response and challenges in adjusting control parameters. For 
verifying the efficacy and superiority of the proposed LPF-free 
MSRF control scheme, experiments are conducted to compare it 
with LPF-based MSRF control method. 

Fig. 12 shows the experimental results under the current step 
response. The waveforms of phase currents and dq-axis currents 
with conventional FOC, LPF-based MSRF control, and the 
proposed scheme are given respectively. Referring to the 
existing MSRF work [14]-[17], the second-order LPFs with 
cutoff frequency set as 10 Hz are adopted. For conducting a fair 
evaluation, the same PI controller parameters are set across all 
three methods, with kp = 6 and ki = 1500. In experiments, the 
reference speed is set as 600 r/min, while the q-axis current is 
approximately stepped from 2 A to 5 A. As shown in Fig. 12 (a), 
since the conventional FOC cannot effectively suppress the 
harmonics, the phase current before and after the current step 

has obvious distortion. The q-axis current ripple, i.e., the 
peak-to-peak value, in the steady state before and after the 
current step are approximately 0.32 A and 0.38 A, respectively. 
Notably, within a brief timeframe subsequent to the current step, 
the q-axis current ripple increases to 0.57 A. Moreover, as 
shown in Fig. 12 (b), the LPF-based current control method can 
effectively reduce the current harmonics in steady-state 
conditions. The q-axis current ripple in the steady state before 
and after the current step are approximately 0.23 A and 0.24 A, 
respectively. Nevertheless, the bandwidth of the harmonic 
control loop diminishes due to the LPF-induced delay. 
Consequently, the q-axis current ripple surges to 0.55 A within 
a short period after the current step. In contrast, as depicted in 
Fig. 12 (c), the proposed control scheme can effectively 
suppress harmonic currents in both steady state and transient 
state. Specifically, the q-axis current ripple in the steady state is 
further mitigated, decreasing to approximately 0.14 A before 
and 0.16 A after the current step. In particular, even during the 
transient period following the step response, the q-axis current 
ripple remains low at only 0.22 A, showcasing that the proposed 
method can achieve a smaller setting time for regulating 
harmonic currents. 

By and large, the proposed control scheme shows decent 
performance in suppressing harmonic currents under multiple 
operating conditions. 

D. Computational Burden Performance 

The execution time of conventional FOC, LPF-based MSRF 
control, and the proposed scheme are compared in Fig. 13. The 
conventional FOC has no harmonic extraction link and employs 
two PI controllers in the current loop, so the total execution time 
is only 13.8 μs. Moreover, both the LPF-based MSRF control 
method and the proposed method incorporate the harmonic 
extraction link and utilize six PI controllers in the current loop, 
leading to longer execution times of 22.1 μs and 26.9 μs 
respectively. This disparity signifies that the proposed method 
achieves better harmonic suppression capability at the expense 
of increased execution time. Nevertheless, given a PMSM drive 
system with a control frequency of 10 kHz, where each 
execution cycle spans 100 μs, the actual execution time of the 
proposed method remains within acceptable limits. 

V. DISCUSSION 

In addition to machine drive systems, low-frequency 
harmonic current issues are prevalent in grid-connected inverter 
applications as well [28], [29]. In general, the harmonic current 
regulation includes determining the reference of harmonics and 
effective harmonic control methods. This paper concentrates on 
harmonic extraction and regulation utilizing the MSRF scheme, 
and successfully achieving harmonic current suppression in 
PMSM drives through the adjustment of the harmonic reference 
value to zero. There are still several points to consider regarding 
the presented approach. 

First, the regulation of harmonic current requires the injection 
of a specific harmonic voltage, thus it is crucial to consider the 
inverter voltage constraint as highlighted in [18], [19], and [24]. 
Second, the harmonic current suppression typically targets 

 
Fig. 11.  Experimental comparison results of THD under different speed
and load conditions. 
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achieving sinusoidal stator current and decreasing system losses. 
In PMSM drive systems, appropriate harmonic current injection 
can achieve further performance improvements, like mitigating 
torque ripple [30]-[32]. After determining the optimized 
harmonic current reference, using the harmonic extraction and 
regulation scheme proposed in this paper can facilitate effective 
harmonic current injection. 

VI. CONCLUSION 

In this paper, the limitation of the conventional MSRF 
current control with LPFs is illustrated. It is found that the LPF 
for harmonic extraction introduces significant delay, thereby 
constraining control effectiveness. To solve this key issue, a 
rapid and efficient MSRF scheme with LPF-free solution is 
proposed. Notably, a fast harmonic extraction method is 
introduced based on time-shifting numerical calculation. For the 
separation of fundamental, 5th and 7th harmonic currents, only 
the stator current data from three sampling instants is needed. 
The general form of proposed harmonic extraction for arbitrary 
current harmonics is also presented. The proposed method 
involves using a small amount of historical current data to 
extract harmonics with reduced delay, thereby fostering 
high-performance harmonic current regulation. Experimental 
results demonstrate efficacy and superiority of this approach. 
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