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Abstract—Harmonic current regulation in multi-phase motor 
drives remains challenging under dynamic operating conditions 
due to non-sinusoidal back electromotive force (EMF) and 
inverter nonlinearities, which introduce dominant low-order 
harmonics. Multi-synchronous reference frame (MSRF) based 
methods are widely adopted for multi-frequency current 
regulation; however, conventional implementations typically rely 
on low-pass filters (LPFs) for harmonic decoupling, introducing 
detection delay and phase distortion that limit transient 
performance. This paper proposes an LPF-free MSRF-based 
harmonic current control method for dual three-phase 
permanent magnet synchronous motor (DTP-PMSM) drives. By 
introducing harmonic transformation matrix coefficients 
(HTMCs), the proposed method retains the independent 
regulation of multiple harmonic components within the MSRF 
framework, while eliminating the filtering step in the harmonic 
decoupling path, without the need for harmonic plane 
reconstruction or additional coordinate transformations. To 
support adaptive changes, a Goertzel-based harmonic amplitude 
extraction scheme is employed to periodically update the HTMC. 
Experimental results demonstrate that the proposed method 
significantly enhances dynamic performance, achieving a 19.3% 
reduction in speed transition stabilization time compared to 
other methods. The proposed LPF-free formulation provides a 
practical solution for MSRF-based harmonic current control in 
industrial motor drive applications where fast dynamic response 
is required.① 

Index Terms—Low-pass filter (LPF)-free harmonic decoupling, 
Multi-synchronous reference frame (MSRF), Multi-frequency 
current control, Harmonic current suppression, Industrial motor 
drives, Dual three-phase permanent magnet synchronous motors 
(DTP-PMSMs). 
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I. INTRODUCTION 

UAL three-phase permanent magnet synchronous 
motors (DTP-PMSMs) are widely used in high-

reliability and high-performance application areas such as 
aerospace, marine equipment, and rail transportation due to 
their advantages, such as low torque ripple, high redundancy, 
and strong fault tolerance [1]-[3]. Currently, the commonly 
used modeling method for DTP-PMSM is vector space 
decomposition (VSD) [4]-[6]. This method decouples the 
motor variables in the six-phase stationary coordinate system 
using a six-dimensional transformation matrix and maps them 
into three mutually independent subspaces: the fundamental 
frequency subspace, the harmonic subspace, and the zero-
sequence subspace. Ideally, the current in the harmonic 
subspace should be zero. However, in practical systems, 
factors such as non-sinusoidal back electromotive force 
(EMF), dead zone effects, and non-sinusoidal waveform drive 
result in harmonic currents in the DTP-PMSM [6]-[7]. These 
harmonic currents are primarily composed of the 5th and 7th 
harmonics [8]-[9]. On one hand, current harmonics generate 
losses, affecting system efficiency. On the other hand, if the 
current reference is set to a pre-designed non-sinusoidal 
waveform, harmonic currents can be injected to increase 
average torque [10]-[11] or minimize torque ripple [12]. 
However, whether suppressing or injecting harmonics, a 
current harmonic control system with good steady-state and 
dynamic performance is required. 

There are many existing methods developed for harmonic 
current regulation. For the VSD model of the DTP-PMSM, 
[13]-[14] proposed a combined method using a proportional-
integral (PI) controller and a multi-resonant controller to 
suppress the 5th and 7th harmonic currents caused by system 
nonlinearities. Reference [15] combines adaptive linear 
neurons (ALN) with PI controllers to achieve better harmonic 
current suppression. In [16]-[17], extended state observers 
(ESO) and generalized integrators (GIs) are also applied for 
harmonic current suppression. However, these methods 
exhibit limited tracking capability for harmonic current 
references, rendering them unsuitable for harmonic current 
injection scenarios [18]. Furthermore, model predictive 
control (MPC) [19]-[21], direct torque control (DTC) [22]-
[23], and optimized modulation strategies [24]-[25] are also 
widely used in harmonic current suppression. These methods 
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perform well in current regulation but may suffer from high 
torque ripple or computational burdens [18]. 

The multi-synchronous reference frame (MSRF), which 
treats the motor system as multiple subsystems of different 
harmonic orders within MSRFs and achieves fundamental and 
harmonic current control through independent decoupling of 
the required current loops [26]-[27], is also a commonly 
adopted method. In DTP-PMSM systems, [18] generates 
auxiliary currents by applying phase shifts of π/9 and π/18 to 
the physical currents, and subsequently employs complex 
vector PI controllers for harmonic current regulation. 
However, this method requires the use of low-pass filters 
(LPFs) for harmonic suppression, which introduces significant 
time delays, degrades the current dynamic response, and 
undermines the stability of the control system [18]. 
References [28]-[29] achieve complete decoupling of different 
harmonic current orders by reconstructing the harmonic 
subspace, without requiring LPFs. In [28], a virtual multi-
three-phase system is constructed, utilizing a higher-
dimensional VSD to map different harmonic components into 
isolated subspaces. Although this method achieves filter-free 
decoupling, it relies on multi-angle phase-shifting operations 
of the physical phase currents. The accuracy of the phase 
shifting is significantly affected by discrete sampling errors. 
Even with linear interpolation compensation, such errors can 
only be reduced, not completely eliminated. In [29], harmonic 
subspace reconstruction is performed in the rotating reference 
frame, leveraging the rotational speed characteristics of the 
5th and 7th harmonic vectors to achieve natural decoupling. 
However, this method remains susceptible to phase errors 
induced by discrete sampling in practical implementations. 
Moreover, the reconstruction process introduces additional 
algorithmic complexity, imposing higher demands on the real-
time computational capability of the controller. 

To this end, this paper proposes and experimentally 
validates an innovative LPF-free MSRF-based harmonic 
current control method for DTP-PMSMs, where harmonic 
transformation matrix coefficients (HTMCs) eliminate the 
need for traditional filtering stages, enabling independent 
regulation of multiple harmonic components without the need 
for harmonic plane reconstruction or additional coordinate 
transformations. Additionally, a Goertzel-based harmonic 
amplitude extraction scheme supports periodic updates of the 
HTMCs, enhancing the system’s real-time performance. The 
innovations of the paper are as follows: 

1) The HTMC is proposed and integrated into the MSRF 
method, eliminating the need for LPFs. 

2) A Goertzel-based method is employed to extract 
harmonic current amplitudes from complex signals, ensuring 
the periodic updating of the HTMC and enabling the proposed 
method to achieve adaptiveness. 

3) Compared to existing MSRF methods, the proposed 
approach eliminates the need to reconstruct the harmonic 
current plane, perform phase shifts, or apply shaft rotations, 
demonstrating more stable harmonic suppression and stronger 
dynamic performance during motor dynamic processes. 

The structure of this paper is as follows. Section II 

introduces the current harmonic analysis of DTP-PMSM. 
Section III analyzes the proposed method. Section IV 
provides experimental results and discussion. Finally, Section 
V presents the conclusions of this paper. 

II. CURRENT HARMONIC ANALYSIS OF DTP-PMSM 

The DTP-PMSM is comprised of two sets of Y-connected 
windings, ABC and DEF, with a 30° electrical offset. The 
structure of its control system is illustrated in Fig. 1. Utilizing 
the VSD approach, the physical quantities in the natural 
coordinate system of the DTP-PMSM can be transformed into 
three orthogonal, decoupled subspaces: the α-β, z1-z2, and o1-
o2 subspace. This paper utilizes a DTP-PMSM with neutral 
point isolation, where no current flows in the o1-o2 subspace, 
allowing it to be neglected. The transformation matrices for 
the remaining two subspaces are presented: 

[ ]T T
z1 z2 6s/2s A B C D E FF F F F F F F F F Fα β  =  T  (1) 

where z1 z2, , , and F F F Fα β  represent the voltages, currents, or 
flux along the ɑ-axis, β-axis, z1-axis, and z2-axis, respectively. 

6s/2sT  denotes the VSD transformation matrix. The variables 
FA, FB, FC, FD, FE, and FF correspond to the six-phase voltages, 
currents, or flux of the DTP-PMSM. 

 
Fig. 1. DTP-PMSM system. 

A. Non-sinusoidal Back EMF 
Typically, due to factors such as mechanical design, 

electromagnetic design, and manufacturing errors, harmonic 
components are present in the motor’s back EMF. Completely 
eliminating these harmonics is extremely challenging in 
practical applications. Fig. 2 presents the back EMF and its 
spectral distribution for the motor used in this experiment, 
where the 5th and 7th harmonic components are particularly 
prominent. In practical applications, these harmonic currents 
not only affect the torque characteristics of the motor, causing 
torque ripple, but also contribute to increased power losses. 

 
(a) (b) 

Fig. 2. Back EMF and FFT analysis. (a) Back EMF. (b) FFT. 
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B. Inverter Nonlinearity 
Inverter nonlinearity arises from several factors, including 

the dead-time effect and the voltage drop across the insulated-
gate bipolar transistor (IGBT) switches. Among these, the 
impact of the dead-time effect is particularly significant. 
Taking phase A as an example, the voltage error due to the 
dead-time effect within a single pulse width modulation 
(PWM) cycle can be represented as [30]: 

( ) ( ) A
A e A A

A

 1,   0
sign ,    sign

1,    < 0 
i

u u i i
i
>

∆ = ∆ ⋅ = −
 (2) 

where sign()  denotes the sign function, eu∆  represents the 
voltage error and  Ai  represents the A-phase current. 

The six-phase voltage error, when transformed into the 
stationary coordinate system using VSD, can be expressed as: 
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  ∆ = ∆ +  π  
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
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

 ∆ = − ∆ −  π  

 (3) 

where eω  represents the fundamental angular frequency. 
As shown in (3), after the phase voltage error of the DTP-

PMSM is transformed using 6s/2sT , the ɑ-β subspace contains 
the fundamental and 12k±1 (where k is a natural number) 
harmonic components, whereas the z1-z2 subspace contains 
6k±1 harmonic components. The current in the z1-z2 subspace 
is entirely converted into harmonic losses. 

Based on the above analysis, it can be concluded that the 
harmonic current in the z1-z2 subspace is primarily composed 
of the 5th and 7th harmonics, with possible contributions from 
the 11th and 13th harmonics. This paper focuses on the 
primary harmonics as the research object, and the harmonic 
subspace current components can be approximated as (4): 

( ) ( )
( ) ( )

z1 5 e 5 7 e 7

z2 5 e 5 7 e 7

cos 5 cos 7
sin 5 sin 7

i A t A t
i A t A t

ω φ ω φ
ω φ ω φ

 = + + +
 = + + +

 (4) 

where Ai and iφ  (i = 5, 7) denote the amplitude and phase of 
the harmonic currents, respectively. 

III. PROPOSED LPF-FREE MSRF STRATEGY FOR  
HARMONIC CURRENT SUPPRESSION 

A. Proposed LPF-free MSRF Method based on HTMC 
From the VSD transformation matrix and the dual ɑ-β 

transformation procedure 6s/2αβ(T  is provided in the Appendix), 
the following relationship can be obtained: 

1

1

2z1

2z2

1 0 1 0
0 1 0 11
1 0 1 02
0 1 0 1

ii
ii
ii
ii

αα

ββ

α

β

    
    
    =
    −
    −    

 (5) 

where 1iα  and 1iβ  denote the a-axis and s-axiβ currents of the 

first winding set, while 2iα  and 2iβ  represent the ɑ-axis and 
s-axiβ currents of the second winding set. 

Fig. 3 illustrates the vector diagram corresponding to the 
relationship described in (5). According to Fig. 3, when the 
synchronous frame rotates counterclockwise, the harmonic 
subspace frame spans from z2 to z1, corresponding to a 
clockwise orientation. In addition, the 5th and 7th harmonics 
resulting from nonlinear effects such as dead-time are also 
located in the harmonic subspace. Their transformation into 
the proposed synchronous reference frames is illustrated in 
Fig. 4. 

 
Fig. 3. Vector relations of the two transformation methods. 

 

 
Fig. 4. Diagram of the proposed MSRFs for the harmonic subspace. 

The proposed MSRF is based on the z2-axis and adopts a 
clockwise-rotating synchronous frame. In other words, the 
electrical angle in the transformation process is defined as the 
angle between the zd-axis of the synchronous frame and the 
z2-axis. The detailed harmonic transformation process is as 
follows: 
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θ θ
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 (7) 

where k5 and k7 are the HTMC, which are determined based 
on the amplitude of the corresponding harmonic currents. 

The proposed HTMC in this paper is intended to replace 
the LPF in conventional MSRF methods. The LPF filters out 
the high-frequency harmonics after coordinate transformation 
while retaining the desired direct current (DC) currents. In 
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contrast, the proposed HTMC is designed to attenuate the 
amplitudes of high-frequency harmonics. After the same 
harmonic currents iz1 and iz2 undergo two consecutive 
coordinate transformations, the 5th and 7th harmonic currents 
are converted into DC components, whereas harmonic 
currents at other frequencies persist and their amplitudes 
remain unchanged. When the post-control 5th and 7th 
harmonic currents are summed to obtain the required 
reference voltage, these other harmonic components also 
accumulate, potentially causing the amplitude of the 
uncontrolled harmonics to exceed their original range. In 
addition, the input signal to the inverter must satisfy the 
normalization requirement. The role of the HTMC is thus to 
maintain the amplitudes of these uncontrolled harmonic 
currents within their original limits. Therefore, HTMC is 
defined as the proportion of the amplitudes of the controlled 
harmonic currents at different frequencies, and the condition 
for system stability is that k5 + k7 ≤ 1. 

Assuming the amplitudes of the 5th and 7th harmonics are 
A5 and A7, respectively, the HTMC can be expressed as: 

5 7

i
i

A
k

A A
=

+
 (8) 

Therefore, by applying transformations (6) and (7), the 
corresponding 5th harmonic current and 7th harmonic current 
can be effectively extracted within the harmonic subspace. 
The following section presents how the harmonic amplitudes 
used to define the HTMC are obtained. 

B. Calculation of HTMC based on the Goertzel Algorithm 
The Goertzel algorithm is an efficient method for 

computing the discrete Fourier transform (DFT) at specific 
frequencies of interest. Unlike the full DFT, it selectively 
calculates only the required frequency components, thereby 
significantly reducing computational complexity. In this 
paper, the algorithm is adapted and applied to extract 
harmonic current amplitudes in real time, with its structure 
tailored to meet the timing and accuracy constraints of 
resource-constrained embedded motor control systems. Fig. 5 
illustrates the implementation of the proposed approach based 
on the Goertzel structure. 

 
Fig. 5. Block diagram of harmonic amplitude computation based on the 
Goertzel algorithm. 

Assume the discrete signal is x(n), where n = 0, 1, 2, …, 
N−1. Our objective is to compute the DFT coefficient X(h) 
corresponding to a specific frequency hω  of the discrete 
signal x(n). The standard definition of the DFT is: 

( ) ( )
1

0
e h

N
j

n
X h x n ω

−
−

=

= ⋅∑   (9) 

where h represents the order of the harmonic component, and 
N denotes the sampling window length. 

For a discrete signal with a fundamental frequency f1 and a 
sampling rate fs = 1/Ts, where Ts is the sampling period, the 
angular frequency of the hth harmonic based on the sampling 
rate is given by: 

12
h

s

hf
f

ω π
=  (10) 

Subsequently, an infinite impulse response (IIR) filter with 
a designated resonant frequency is applied to perform 
harmonic signal extraction through a recursive computation. 
The system function of the corresponding filter is formulated 
as (11): 

( ) ( )

1

1 2

1 e
1 2cos

hj z

h

H z
z z

ω

ω

−−

− −

−
=

− +
 (11) 

As shown in (11), this filter is a band-pass filter centered at 
hω . Since the denominator is a second-order polynomial, it is 

classified as a second-order IIR filter. The poles lie on the unit 
circle at e hjz ω±= , indicating that the filter exhibits a strong 
response at hω . The output of the filter represents the 
accumulated response of the hω  component in the input 
signal. By introducing a state variable, the difference equation 
corresponding to (11) can be expressed as: 

( ) ( ) ( ) ( ) ( )2cos 1 2hs n s n s n x nω= − − − +  (12) 
where s(n) is the internal state variable of the filter. 

Finally, at n = N − 1, the complex spectral value 
corresponding to the target frequency is given by: 

( ) ( ) ( )1 e 2hjX h s N s Nω−= − − −  (13) 
By applying Euler’s formula to expand the complex 

spectrum, the real and imaginary parts are obtained as: 

( ) ( ) ( ) ( )
( ) ( ) ( )

Re 1 cos 1

Im sin 2
h

h

X k s N s N

X k s N

ω

ω

 = − − −   


= −   
 (14) 

Then, the amplitude of the harmonic component at angular 
frequency hω  can be expressed as: 

( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )

2 2

2 2

1 cos 2 sin 2

1 2 2cos 1 2

h h h

h

A s N s N s N

s N s N s N s N

ω ω

ω

= − − − + −      

= − + − − − −
 (15) 

By applying the Goertzel algorithm to two selected target 
frequencies, the amplitudes corresponding to the desired 
harmonic components can be obtained with relatively low 
computational cost. 

C. Design Principle for the Sampling Window Length N 
In the process of harmonic amplitude extraction, the 

sampling window length N has a significant impact on the 
accuracy of amplitude computation. Ideally, N should be 
chosen such that the target frequency ft aligns exactly with a 
DFT frequency bin m, satisfying the condition: 

t

s

Nfm
f

= ∈Ζ  (16) 

where Z is an integer. 
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However, the ideal conditions mentioned above apply to 
extracting the amplitude of a single frequency, whereas this 
paper requires simultaneously solving for the harmonic 
current amplitudes at two frequencies. Under transient 
conditions, it may be impossible to find a suitable value of N 
that ensures perfect alignment for all target frequencies. The 
reason is that when N satisfies precise alignment for both 
frequencies simultaneously, it will result in a very large N 
value. First, this would introduce a significant delay; second, a 
larger N would consume more computational resources. 
Therefore, to balance these two factors, the selected N does 
not precisely align both frequencies, resulting in alignment 
errors. Such misalignment can lead to spectral leakage, which 
in turn causes amplitude estimation errors. The following 
content will discuss the impact of the sampling window length 
N on the accuracy of amplitude extraction under frequency 
alignment errors. 

Suppose a composite input signal is given as follows: 
( ) ( ) ( )t t t5sin 2 1.5sin 10 4 3 0.5cos 20x f t f t f t= π + π + π + π  (17) 

where t represents discrete time with an interval of Ts = 
0.0001 s, which corresponds to the period of the PWM signal. 
The sampling rate is fs = 10 kHz. 

 
(a) (b) 

Fig. 6. Error in harmonic amplitude extraction from complex input signals 
based on the Goertzel algorithm for different values of N. (a) The frequency 
is no greater than 20 Hz. (b) The frequency is greater than 20 Hz and no 
greater than 40 Hz. 

Fig. 6 shows the error results of harmonic amplitude 
extraction using the Goertzel algorithm for complex input 
signals. As observed from Fig. 6, the value of N affects the 
harmonic amplitude extraction error, with larger values of N 
resulting in smaller errors. However, in practical applications, 
a larger N leads to a greater computational load, occupying 
more microcontroller unit (MCU) resources. Therefore, the 
selection of N should be based on the computational capacity 
of the actual system. Additionally, the results in Fig. 6 
demonstrate that the harmonic amplitude extraction error is 
related to the fundamental frequency f1. Fig. 6(a) indicates that 
when the fundamental frequency f1 is no greater than 20 Hz, 
the extracted harmonic amplitude error is significant, and 
even increasing the value of N does not yield an acceptable 
reduction in error. On the other hand, Fig. 6(b) shows that 
when  f1 exceeds 20 Hz, the impact of N on harmonic extraction 
error diminishes significantly. In this case, when N exceeds 
2000, the amplitude extraction error remains almost constant. 

To address the issue of large errors at low frequencies, a 
segmented approach is adopted for determining the harmonic 

matrix coefficients. When the fundamental frequency f1 is 
below 20 Hz, fixed coefficients are used. Specifically, the 
amplitude proportions of the 5th and 7th harmonics are 
analyzed at f1 = 5 Hz and f1 = 15 Hz to determine appropriate 
values for the coefficients. In this study, the selected 
coefficients are k5 = 0.5 and k7 = 0.5. For f1 above 20 Hz, the 
harmonic matrix coefficients are determined based on the 
amplitudes extracted using the Goertzel algorithm. According 
to Fig. 6(b), the value of N is set to 2000, which ensures both 
the accuracy of amplitude extraction and the real-time 
performance of the system. 

Fig. 7 presents the flowchart of the HTMC update 
procedure. As illustrated in Fig. 7, the initial values are set to 
k5 = 0.5 and k7 = 0.5. When the fundamental frequency f1 ≤ 20 
Hz, the HTMC is not updated and retains its initial values. 
When f1 > 20 Hz, the HTMC calculation based on the 
Goertzel algorithm is activated. Upon the completion of N = 
2000 sampling points, the HTMC coefficients are updated. If 
the computation for N = 2000 has not yet been completed, the 
HTMC coefficients remain unchanged. 

 
Fig. 7. Flowchart of the HTMC update process. 

D. Harmonic Suppression Control Strategy 
Fig. 8 illustrates the control system block diagram for 

harmonic current suppression in a DTP-PMSM using the 
proposed MSRF method. The speed loop and the dq-axis 
current loops both adopt PI control strategies. Harmonic 
currents in the harmonic subspace are obtained via the VSD 
decoupling method and are processed using the proposed 
MSRF approach to extract the 5th and 7th harmonic currents. 
This transformation converts periodic sinusoidal harmonic 
currents into DC signals in a rotating reference frame, 
enabling effective suppression or even elimination of the 5th 
and 7th harmonic currents through PI controllers. The 
Goertzel algorithm is employed to scale the transformed 
harmonic currents to appropriate amplitudes, ensuring that the 
inverter input satisfies normalization requirements. 
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Fig. 8. Block diagram of the harmonic suppression control system for DT-
PMSM. 

IV. EXPERIMENTAL VERIFICATION AND DISCUSSION 

The experimental platform for the DTP-PMSM is shown in 
Fig. 9. The neutral points of the DTP-PMSM are left 
unconnected, and its parameters are listed in Table I. The 
main control unit of the controller is the DSP28379D. The 
PWM switching frequency is set to 10 kHz with a dead time 
of 3 µs. An eddy current brake is employed as the load. 

 
Fig. 9. Experimental platform. 

TABLE I 
DT-PMSM PARAMETERS 

Parameters Values Parameters Values 
Rated power, rP /kw 1 Number of poles/slots 10/12 
Bus voltage, dcV /V 50 Phase resistance, sR /Ω 0.11 
Rated current, rI /A 3.5 Synchronous inductor, dqL /(mH) 2.55 
Rated torque, rT /(N·m) 5 Leakage inductance, zL /(mH) 0.8 
Rated speed, rn /(r·min−1) 800 Permanent magnet flux, fϕ /Wb 0.237 

A. Experimental Validation 
To verify the existence of coupling effects between 

different harmonic suppression loops, a selective harmonic 
current suppression experiment is conducted under rated 
speed and load conditions, as shown in Fig. 10. In Period 1, 

both the 5th and 7th harmonic currents are suppressed, 
causing the phase currents (iA and iD) to approximate 
sinusoidal waveforms, while the harmonic currents iz1 and iz2 
become almost negligible. In Period 2, the 7th harmonic 
current is not suppressed, but the 5th harmonic current is, 
resulting in fluctuations in the harmonic currents and a slight 
increase in iz1 and iz2. In Period 3, neither the 5th nor the 7th 
harmonic currents are suppressed, leading to significant 
fluctuations in the harmonic currents, a notable increase in iz1 
and iz2, and increased phase current distortion. Specifically, 
the harmonic current content reaches its highest level, with a 
clear combination of the 5th and 7th harmonics. These results 
demonstrate that suppressing one harmonic does not 
significantly affect the other, indicating effective decoupling 
between the multi-frequency harmonic control loops. 

 
Fig. 10. Current response under selective harmonic current suppression. 

To investigate the influence of different HTMC 
combinations on system performance, experiments were 
conducted by varying the HTMC values for the 5th and 7th 
harmonic currents. Table II presents the experimental results 
for HTMC combinations with k5 and k7 set to 0.2, 0.4, 0.6, and 
0.8, respectively. Under rated speed and operating conditions, 
the HTMC values determined based on the amplitudes of the 
5th and 7th harmonic currents are 0.72 and 0.28, respectively. 
The range of HTMC combinations designed for the 
experiments covers the actual values under rated operating 
conditions. The results in Table II indicate that when k5 + k7 ≤ 
1, the motor operates normally. Conversely, when this 
condition is violated, the experimental process triggers a 
protection mechanism, preventing the motor from operating 
properly. Furthermore, the various HTMC combinations 
tested demonstrate that the proposed method allows for a 
certain margin of error in the coefficient settings. It is only 
when the deviation becomes sufficiently large, for instance, 
when the actual value of k5 is 0.72 but is set to 0.2 in the 
experiment, that the system performance is noticeably 
affected. 

To investigate the influence of the number of sampling 
points N on amplitude extraction error, code execution time, 
random access memory (RAM) utilization, and speed 
transition stabilization time, experiments were conducted 
under rated load conditions. Fig. 11 presents the experimental 
results for amplitude extraction error, code execution time, 
and RAM utilization when N is set to 1000, 2000, and 3000. 
The stabilization time during a step change in speed from 400 
to 800 rad/min is also presented in Fig. 11. As illustrated in 
Fig. 11, the maximum amplitude extraction error is 13.7% 
when N = 1000, and the minimum error is 3.2% when N = 

Period 1

Time[12.5ms/div]

0

0

0

0
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3000. Notably, the value of N has no appreciable impact on 
code execution time. This is because the HTMCs are 
calculated based on a sliding window, with only one sampling 
point selected per computation cycle. The primary influence 
of N is on the memory utilization of the DSP28379D, a larger  
N results in higher memory consumption. When N is set to 
1000, 2000, and 3000, the corresponding RAM utilization 
ratios are 32.6%, 43.1%, and 54.8%, respectively. 
Furthermore, N determines the update delay of the HTMCs. 
Theoretically, given a switching frequency of 10 kHz, the 
delay is 0.1 s for N = 1000 and 0.3 s for N = 3000. During 
speed transient conditions, the stabilization time with N = 
1000 is only 0.02 s longer than that with N = 2000 or N = 
3000, indicating a relatively minor effect. The comprehensive 
experimental results suggest that N should not be set too large, 
as this increases memory usage and delay, nor too small, as 
this leads to significant amplitude extraction error. 
Accordingly, N = 2000 represents a reasonable trade-off that 
balances accuracy, memory efficiency, and dynamic 
performance. 

TABLE Ⅱ 
EXPERIMENTAL RESULTS FOR DIFFERENT HTMC COMBINATIONS 

5k  7k  5k  + 7k  Operation THD of iA/%  Harmonic current/A 
5th 7th 

0.2 

0.2 0.4 √ 8.25 0.21 0.07 
0.4 0.6 √ 8.26 0.22 0.05 
0.6 0.8 √ 8.17 0.18 0.05 
0.8 1 √ 8.21 0.20 0.05 

0.4 

0.2 0.6 √ 7.65 0.06 0.06 
0.4 0.8 √ 7.61 0.04 0.04 
0.6 1 √ 7.63 0.06 0.06 
0.8 1.2 × — — — 

0.6 

0.2 0.8 √ 7.62 0.05 0.04 
0.4 1 √ 7.63 0.04 0.06 
0.6 1.2 × — — — 
0.8 1.4 × — — — 

0.8 

0.2 1 √ 7.65 0.05 0.05 
0.4 1.2 × — — — 
0.6 1.4 × — — — 
0.8 1.6 × — — — 

B. Steady-state Comparison with Other Methods 
The experiment shown in Fig. 10 verifies that the proposed 

method effectively suppresses the harmonic currents of the 
DTP-PMSM, decouples and suppresses each harmonic current 
independently, and ensures that they do not interfere with 
each other. To highlight the contribution of this paper, a 
steady-state experimental comparison is conducted between 
the proposed method and other existing methods. Fig. 12 
compares the current waveforms and fast Fourier transform 
(FFT) results for four different methods at rated load and a 
speed of 800 r/min. Method 1 uses a traditional PI controller, 
Method 2 employs the MSRF-based virtual multi three-phase 
systems (VMTPS) method described in [28], and Method 3 

utilizes the MSRF-RCS-based method presented in [29]. 
Following the PI parameter tuning logic in [28]-[29], the 
parameters were determined using the zero-pole cancellation 
method, where Kp = Kch × L and Ki = Kch × R. Let Kp and Ki 
denote the proportional and integral gains of the PI controller, 
respectively. Kch represents the bandwidth of the current loop. 
For the fundamental frequency current loop, L represents the 
synchronous inductance and R is the phase resistance. For the 
harmonic current loop, the 5th and 7th harmonic currents 
share the same parameters, with L denoting the leakage 
inductance and R the phase resistance. Therefore, the 
comparative method and the proposed method adopt the same 
current-loop parameters. In addition, all methods share 
identical speed-loop parameters. The detailed parameters are 
provided in Table Ⅲ. According to the parameter tuning rule 
for the second-order LPF in [28], the damping ratio is selected 
as 0.707, and the cutoff frequency of the LPF in the 
fundamental current loop is set higher than that in the 5th and 
7th harmonic current loops. Therefore, following the 
parameter selection in [28], the cutoff frequency of the LPF 
for the fundamental current loop is set to 377 rad/s, while the 
cutoff frequency of the LPFs for the 5th and 7th harmonic 
current loops is set to 125.66 rad/s. 

 
Fig. 11. Experimental results of amplitude extraction error, code execution 
time, RAM utilization, and speed transition stabilization time for different 
values of N. 

TABLE Ⅲ 
CONFIGURATION OF CORE CONTROLLER PARAMETERS 

Cascade control structure Method Kp Ki 

Fundamental current loop 

Method 1 3.36 145.14 
Method 2 3.36 145.14 
Method 3 3.36 145.14 
Proposed method 3.36 145.14 

Harmonic current loop 

Method 1 1.06 145.14 
Method 2 1.06 145.14 
Method 3 1.06 145.14 
Proposed method 1.06 145.14 

Speed loop 
Method 1 0.018 0.58 
Method 2 0.018 0.58 
Method 3 0.018 0.58 
Proposed method 0.018 0.58 

 
Fig. 12(a) shows that the A-phase and D-phase current 

distortion is significant when using Method 1, with total 
harmonic distortion (THD) rates of 31.74% and 31.69%, 
respectively. The harmonic current waveforms exhibit 
noticeable low-frequency ripples, primarily dominated by the 

 N=1000  N=2000  N=3000

Error Code execution time Stabilization timeRAM utilization

13.7%
3.6%3.2%

32us
0.94s0.92s0.92s

32.6%
43.1%

54.8%
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5th and 7th harmonics, indicating that the traditional PI 
method is insufficient for suppressing harmonic currents in 
DTP-PMSM. In contrast, Figs. 12(b)-12(d) demonstrate that 
Methods 2, 3, and the proposed method effectively suppress 
harmonic currents in DTP-PMSM, with the phase currents 
exhibiting smooth sinusoidal waveforms. The phase current 
THDs for the three methods are similar, and the 5th and 7th 
harmonics are also effectively suppressed. 

 

 

 
(a) (b) 

 

 

 
(c) (d) 

Fig. 12. Current and FFT results under rated load conditions at a speed of 800 
r/min. (a) Method 1. (b) Method 2. (c) Method 3. (d) Proposed method. 

Table Ⅳ compares the experimental results of the five 
methods at different speeds (20, 400, and 800 r/min) under 
rated load. The results include the root mean square (RMS) 
values of the phase A and phase D currents, the THD of both 
phases, and the amplitudes of the 5th and 7th harmonic 
currents. The table shows that for all methods, the THD of the 
phase A and phase D currents remains similar across different 
speeds, indicating the symmetry of the DTP-PMSM system 
structure. Method 1 shows high harmonic distortion for both 

phase A and phase D at all speeds. Although the THD 
improves slightly at higher speeds, it remains significant. At 
20 r/min, the THD of phase A is 32.31%; at 400 r/min, the 
THD of phase A is 31.99%; and at 800 r/min, the THD of 
phase A is 31.74%. Methods 2, 3, and the proposed method 
show better harmonic suppression than Method 1 across all 
speed ranges. Compared to Method 1, the other three methods 
significantly reduce the 5th and 7th harmonic currents. The 
proposed method achieves THDs of 8.15%, 7.61%, and 
7.51% for phase A current at different rotational speeds, 
respectively. These results show that, under steady-state 
conditions, the proposed method performs comparably to 
Methods 2 and 3 in terms of harmonic current suppression. It 
effectively reduces harmonic distortion in DTP-PMSMs and 
exhibits stable harmonic current suppression performance. 

TABLE Ⅳ 
COMPARISON OF EXPERIMENTAL RESULTS OF FOUR  

METHODS AT DIFFERENT SPEEDS 

Method Speed 
/(r·min−1) iA/A iD/A THD of 

iA/% THD of iD/% 
Harmonic 
current/A 

5th 7th 

Method 1 
20 3.87 3.89 32.31 32.28 1.65 0.63 
400 3.86 3.88 31.99 32.05 1.56 0.59 
800 3.88 3.89 31.74 31.69 1.68 0.64 

Method 2 
20 3.72 3.75 8.21 8.19 0.05 0.03 
400 3.77 3.76 7.45 7.39 0.05 0.06 
800 3.86 3.85 7.56 7.48 0.06 0.04 

Method 3 
20 3.71 3.68 8.12 8.18 0.05 0.04 
400 3.78 3.76 7.51 7.49 0.06 0.07 
800 3.81 3.78 7.63 7.68 0.05 0.06 

Proposed 
method 

20 3.73 3.75 8.15 8.21 0.06 0.04 
400 3.82 3.81 7.61 7.58 0.03 0.05 
800 3.79 3.80 7.51 7.49 0.04 0.04 

C. Experiment under Dynamic Operation 
Since Method 1 lacks significant harmonic suppression 

capabilities, dynamic comparisons with other methods are not 
meaningful. Therefore, only Methods 2, 3, and the proposed 
method are compared dynamically. The results of speed- 
changing experiments under half-load conditions are shown in 
Fig. 13. For Method 2, when the speed changes, the q-axis 
current iq experiences a transient overshoot at the switching 
instant but quickly stabilizes. Currents iz1 and iz2 remain 
relatively stable, though slight fluctuations are still observed 
during the speed transition. A zoomed-in image shows that it 
takes 1.2 s to reach stability when the speed changes from 400 
to 800 r/min. For Method 3, currents iz1 and iz2 exhibit 
significant fluctuations during the speed change, with smaller 
amplitudes than those of Method 2. The zoomed-in image 
shows that it takes 1.14 s to stabilize when the speed changes 
from 400 to 800 r/min. In contrast, the proposed method 
maintains system stability throughout the speed transition, 
with virtually no fluctuations. The zoomed-in image shows 
that it takes only 0.92 s to reach stability when the speed 
changes from 400 to 800 r/min. These results demonstrate that 
the proposed method maintains stable harmonic current 
suppression during speed variation and achieves a faster 
dynamic response. 
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(a) 

 
(b) 

 
(c) 

Fig. 13. Comparative experimental results of four different methods with 
speed variation. (a) Method 2. (b) Method 3. (c) Proposed method. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 14. Comparative experimental results of four different schemes with load 
variation. (a) Method 2. (b) Method 3. (c) Proposed method. 

Fig. 14 shows the results of a load-variable experiment at 
800 r/min, where the rated load is first applied and then 
removed. The results indicate that all methods exhibit slight 
speed fluctuations during the load transition. Due to the 
relatively slow loading process of the eddy current brake, the 

dynamic response time differences between the methods     
are not significant. However, these differences can be 
distinguished by observing the harmonic currents during the  
loading process. Figs. 14(a) and (b) show that, during the load 
transition, the harmonic currents iz1 and iz2 exhibit slight 
fluctuations, with amplitudes of 0.65 and 0.5 A, respectively. 
In contrast, the proposed method achieves superior harmonic 
current suppression, as iz1 and iz2 remain nearly constant 
throughout the load transition. This verifies that the proposed 
method can fully decouple the harmonic currents from the 
fundamental current. Therefore, the proposed method 
effectively responds to speed and load changes during 
dynamic operation, thereby enhancing system stability and 
improving dynamic response capability. 

D. Code Execution Time 
To assess whether the proposed method imposes a 

significant computational burden on the MCU, the code 
execution time of the five methods was measured under the 
same control cycle. The results are shown in Fig. 15. At a 
control frequency of 10 kHz (corresponding to a control cycle 
of 100 μs), the code execution times for the four methods 
were 18, 29, 27, and 32 μs, respectively. The results show that 
although the proposed method introduces the Goertzel 
algorithm, which incurs additional computational overhead 
and increases the processing load of the MCU to some extent, 
its execution time still accounts for only approximately one-
third of the total control cycle, while maintaining real-time 
computing capabilities. 

 
Fig. 15. Code execution time comparison. 

E. Discussion 
This paper proposes an LPF-free MSRF method, offering a 

new approach for harmonic current suppression. The method 
suppresses harmonic currents without the need for LPFs, 
thereby simplifying the system structure and enhancing 
stability. Specifically, the introduction of HTMCs effectively 
replaces the traditional LPF, avoiding issues such as delays 
and phase distortion introduced by filters. The Goertzel 
algorithm is employed to accurately capture signal 
fluctuations at specific target frequencies, allowing for 
harmonic amplitude extraction and HTMCs determination. 
Based on this strategy, the proposed method not only 
effectively suppresses harmonic currents but also prevents 
high-frequency harmonic interference without relying on 
filters. 

Moreover, as described in Section III-A, the proposed 
HTMC is designed to reduce the amplitude of uncontrolled 
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harmonic currents. For the controlled 5th and 7th harmonics, 
HTMC acts merely as a coefficient, with minimal impact  
on the system. Compared to the methods in [28]- 
[29], the proposed method does not require harmonic  
subspace reconstruction, thus avoiding additional coordinate 
transformation processes. This approach demonstrates more 
stable harmonic current suppression and stronger dynamic 
performance during motor dynamic changes. 

Additionally, the Goertzel algorithm updates the computed 
results recursively. Therefore, the HTMC obtained through 
the Goertzel algorithm can be periodically updated. This 
feature ensures that the method exhibits strong adaptability 
when responding to dynamic load and speed changes under 
complex operating conditions. 

It is important to note that the updating of HTMC via the 
Goertzel algorithm and its application in the system are not 
sequential. If the Goertzel algorithm is still performing 
calculations, the HTMC will retain the value from the 
previous time step and will not wait for the Goertzel algorithm 
to complete. Thus, although the window-based Goertzel 
algorithm introduces some window delay, which results in a 
delayed HTMC update, it does not cause any delay in the 
system, nor does it affect the system’s dynamic response. 
Experimental tests show that using fixed coefficients k5 = 0.5 
and k7 = 0.5 satisfies all operational conditions. The 
introduction of the Goertzel algorithm enhances the flexibility 
of the control system, enabling adaptive adjustment and 
strengthening the adaptability of the proposed method. 

However, the method also has some limitations. As shown 
in Fig. 6, the Goertzel-based approach can accurately extract 
harmonic amplitudes with minimal error in high-frequency 
scenarios. However, in low-frequency scenarios, the 
extraction error increases. To address this issue, we propose a 
piecewise method to determine the HTMC. When the 
harmonic current frequency is low, a fixed HTMC is used, 
while for sufficiently high harmonic frequencies, the 
Goertzel-based method is applied. This method ensures 
effective harmonic current suppression across the entire 
frequency range. Furthermore, as shown in Fig. 15, while the 
proposed method improves the system’s dynamic 
performance, the window-based Goertzel algorithm increases 
the code execution time and consumes computational 
resources. 

V. CONCLUSION 

This paper has investigated harmonic current control for 
DTP-PMSM drives and proposed an LPF-free MSRF-based 
control method. The proposed approach addresses the 
performance degradation caused by filtering-based harmonic 
decoupling in conventional MSRF implementations, 
particularly under dynamic operating conditions where 
detection delay and phase distortion become significant. By 
introducing HTMCs, the filtering stage in the harmonic 
decoupling process is removed while independent regulation 
of multiple harmonic components is preserved within the 
MSRF framework. A Goertzel-based harmonic amplitude 

extraction scheme is employed to update the HTMCs in real 
time, enabling adaptive harmonic current control without 
harmonic plane reconstruction or additional coordinate 
transformations. Experimental validation confirms that the 
proposed low-pass-filter-free multi-synchronous rotating 
coordinate frame method effectively suppresses dominant 
harmonic currents and improves dynamic performance. 
Compared with other methods, the speed transition 
stabilization time is reduced by 19.3%, while the harmonic 
current suppression capability during load transients remains 
unaffected. Additionally, the method maintains feasible real-
time computational complexity. Although the proposed 
method is validated on a DTP-PMSM system, the LPF-free 
MSRF formulation is applicable to MSRF-based multi-
frequency current control problems where filter-induced delay 
limits dynamic performance. Further investigation will focus 
on evaluating its applicability under different operating 
conditions and system configurations. 

APPENDIX 

The transformation matrix for converting a neutral-point-
isolated DTP-PMSM from the natural coordinate system to 
the stationary coordinate system based on the VSD method is 
as follows: 

6s/2s

2 1 1 3 3 0

0 3 3 1 1 21
6 2 1 1 3 3 0

0 3 3 1 1 2

 − − −
 

− − 
=  

− − − 
 − − 

T  (A1) 

The transformation matrix for converting a neutral-point 
isolated DTP-PMSM from the natural coordinate system to 
the stationary coordinate system based on the double ɑβ-
method is as follows: 

6s/2αβ

2 1 1 0 0 0

0 3 3 0 0 01
3 0 0 0 3 3 0

0 0 0 1 1 2

− − 
 
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 − 

T  (A2) 
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