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ABSTRACT: Position encoders for motors are susceptible to electromagnetic interference (EMI) in industrial environments, which distorts
the position signals and degrades the motor control accuracy. This study focuses on two prevalent types of EMI: the coupling interference
of switching frequency frommotor drives andwideband electromagnetic background noise. To analyze their impact, a simulation platform
for a permanent magnet synchronous motor (PMSM) control system was established to examine the distortion of the encoder’s electrical
angle signal under varying coupling voltages. A filtering suppression strategy for the position angle based on a phase-locked loop (PLL)
was proposed, and its effectiveness was thoroughly analyzed. Simulation results indicate that the coupling interference of switching
frequency induces periodic spike pulses in the electrical angle waveform of the encoder, whereas wideband background noise causes
continuous, random fluctuations. The proposed suppression strategy demonstrates significant efficacy, achieving maximum reduction
rates in electrical angle signal distortions of 80% and 80.8% for the two interference types. This method effectively mitigates the impact
of electromagnetic interference on the encoder signal integrity.

1. INTRODUCTION

Permanentmagnet synchronousmotors (PMSMs) are charac-
terized by high power density and efficiency, making them

core drive components in high-end manufacturing, industrial
robotics, and related fields [1, 2]. The accuracy of the posi-
tion encoder signals, which provide critical feedback, directly
determines the performance of servo control systems [3]. In
precision manufacturing equipment, such as computer numeri-
cal control (CNC) machine tools and industrial robots, encoder
angle errors of merely 0.1◦ can cause trajectory deviations ex-
ceeding tens of micrometers, severely compromising product
quality. With the increasing power density of motor drives and
the proliferation of wireless devices in industrial environments,
electromagnetic interference has become a bottleneck limiting
servo system performance.
In modern industrial settings, electromagnetic interfer-

ence (EMI) is often multisource and wideband in nature.
For instance, high-frequency switching devices, such as
insulated-gate bipolar transistors (IGBTs), in motor drives
generate switching-frequency interference typically ranging
from 10 kHz to 20 kHz. This interference can infiltrate the
encoder signal lines through the capacitive and inductive
coupling paths [4]. Concurrently, wideband electromagnetic
background noise present in the environment can be superim-
posed onto encoder signals via spatial radiation [5]. Both types
of interference may distort the electrical angle waveform of
the encoder, introduce pulse errors, and in severe cases, lead to
system instability.
Substantial research has been conducted globally on EMI-

suppression techniques. For example, passive common-mode
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filters combined with secondary periodic spread spectrum
modulation have been proposed to enhance the suppression
of common-mode interference [6, 7]. Active EMI filters
integrated into grounding circuits have also been designed to
specifically mitigate common-mode interference on the DC
side of motor drives [8]. Ref. [9] introduced an active sampling
strategy for nonembedded electromagnetic compatibility
(EMC) uncertainty simulations. By efficiently constructing
a surrogate model, it provides an advanced simulation-based
evaluation method for quantifying and predicting the EMI
uncertainty in complex systems. Ref. [10] presented a new
technical approach to address EMI issues through the design
of flexible shielding materials that primarily absorb electro-
magnetic waves, thereby attenuating interference at its source.
Ref. [11] proposed a feedforward phase-locked loop motor
position estimation method based on an embedded magnetic
encoder, which effectively suppressed the impact of EMI on
position detection signals. Ref. [12] describes an effective
engineering practice aimed at interrupting common-mode
interference currents along the transmission path, thereby
significantly improving the signal integrity of encoders in
complex electromagnetic environments. Ref. [13] introduced
a parameter-adaptive composite active disturbance rejection
control method that enhances the ability of permanent-magnet
synchronous motor drive systems to suppress external elec-
tromagnetic interference. Existing research lacks the in-depth
exploration and comparative analysis of the impacts of the cou-
pling interference of switching frequency and wide-frequency
background noise on motor position encoder signals. Further-
more, it has not established a unified suppression strategy to
adapt to these two types of interference [14].
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To address this gap, this study establishes a PMSM control
system model incorporating a position encoder and PLL. The
effects of the coupling interference of switching frequency from
the motor drive and ambient wideband electromagnetic back-
ground noise on the encoder signal were comparatively ana-
lyzed under varying coupling voltages. A PLL-based position-
angle filtering technique was proposed, and its suppression ef-
fectiveness against both types of interference was comprehen-
sively evaluated.
The contributions of this study encompass systematic com-

parative analysis of narrowband periodic coupling interference
of switching frequency versus continuous random wideband
background noise effects on encoder signals, unified validation
that a single PLL-based approach effectively handles both fun-
damentally different interference types, demonstrating strong
adaptability, and establishment of quantitative evaluation met-
rics providing a theoretical basis for engineering parameter se-
lection.

2. MODEL ESTABLISHMENT

2.1. Modeling of PMSM
In the three-phase stationary coordinate system, the voltage
equation of a PMSM can be expressed as ua

ub
uc

 = Rs

 ia
ib
ic

+
d

dt

 ψa

ψb

ψc

 (1)

where Rs is the stator resistance; ua, ub, and uc denote the
stator phase voltages; ia, ib, and ic represent the corresponding
phase currents; and ψa, ψb, and ψc are the stator flux linkages
for phases a, b, and c, respectively.
By transforming the equations from the three-phase station-

ary coordinate system to the two-phase rotating coordinate sys-
tem, the voltage equation becomes:

{
ud = Rsid + Ld

did
dt − ωeLqiq

uq = Rsiq + Lq
diq
dt + ωe(Ldid + ψf )

(2)

where ud and uq denote the stator voltage on the dq axis; id
and iq are the corresponding stator currents; Ld and Lq are the
inductances; ωe is the electrical angular velocity of the motor;
and ψf represents the permanent magnet flux linkage.
The electromagnetic torque equation is given by:

Te =
3

2
Pn [ψf iq + (Ld − Lq)idiq] (3)

The mechanical motion equation is given by:

J
dωm

dt
= Te − TL −Bωm (4)

where J is the moment of inertia, ωm the mechanical angular
velocity, TL the load torque, and B the dampin gcoefficient.

The three-phase stationary coordinate system is transformed
into a two-phase stationary system using the Clark transforma-
tion.
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where iα and iβ are the stator current components in the αβ
coordinate system.
The Park transformation converts a two-phase stationary co-

ordinate system into a two-phase rotating coordinate system.[
id
iq

]
=

[
cos θ sin θ
− sin θ cos θ

] [
iα
iβ

]
(6)

where θ is the rotor electrical angle, measured by the position
encoder.

2.2. Principle and Model of Motor Position Encoder under Dis-
turbance
Figure 1 shows the working principle of an incremental pho-
toelectric encoder, which consists of a light source, code disc,
photosensitive element, and signal-conditioning circuit.

FIGURE 1. Encoder working principle.

Because the code disc rotates synchronously with the motor
rotor, it allows light from the source to pass through its uni-
formly distributed gaps. This light was received by the photo-
sensitive element, which converted it into two sinusoidal elec-
trical signals, SA(t) and SB(t), with a 90◦ phase difference.{

SA(t) = A · sin(θm ·N)
SB(t) = A · cos(θm ·N)

(7)

where A is the signal amplitude, θm the mechanical angle of
the rotor, and N the number of pulses per revolution.
The sinusoidal signal was converted by a comparator into the

corresponding quadrature square-wave signals A(t) and B(t).{
A(t) = sign [sin(θm ·N)]
B(t) = sign [cos(θm ·N)]

(8)

The quadruple-frequency processing of quadrature phasesA
and B increases the position detection resolution by a factor of
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four. The resulting pulse count, denoted as Cquard, yields the
rotor mechanical angle θm as

θm =
2π

4N
· Cquad (9)

In industrial environments, the two typical types of EMI that
affect motor position encoders differ significantly in their char-
acteristics and coupling mechanisms. Each invades the encoder
signal line through distinct pathways, primarily via voltage cou-
pling, and induces distortion in the electrical angle signal.
The coupling interference of switching frequency originating

from the IGBTs in the motor drive is characterized as a narrow-
band periodic random pulse signal. It couples into the encoder
signal line through the parasitic capacitance and inductance be-
tween the drive and encoder cables, forming an intrusive cou-
pling voltage expressed as:

V (t) =
∑
k

Vs · e−ατk · sin(2πfsτk) · u(τk) (10)

where Vs is the amplitude of the coupled pulse, fs the switch-
ing frequency, τk = t − kTs, and α the attenuation coeffi-
cient. In the time domain, this interference appears as a peri-
odic spike. The discrete shift at signal zero crossings causes
periodic glitches in the electrical-angle output waveform.
In industrial environments, wideband electromagnetic back-

ground noise arises from the superposition of multisource ra-
diation emitted by devices such as frequency converters and
wireless communication equipment. This noise constitutes a
continuous, smooth, Gaussian random signal with a normally
distributed time domain amplitude. It couples into the encoder
signal line as a persistent voltage through spatial radiation and
common-mode paths induced by ground potential differences
and can be modeled as

V (t) = n(t), n(t) ∼ N (0, σ2) (11)

where σ2 defines the noise power and is positively correlated
with the coupling voltage strength. This interference exhibited
continuous random fluctuations in the time domain. The ran-
dom variations at signal zero-crossings introduce sustained ran-
domness into the output electrical angle.

FIGURE 2. Position encoder system model.

The model of the position encoder system is shown in Fig-
ure 2. Assuming an interference coupling voltage Vcouple(t), the
disturbed sinusoidal signal becomes{

SA,noise(t) = SA(t) + Vcouple(t)

SB,noise(t) = SB(t) + Vcouple(t)
(12)

The interfered signals SA,noise(t) and SB,noise(t) are con-
verted by a comparator, which toggles at the zero-crossing of
the signal. The superimposed interference voltage shifts the
actual zero-crossing points, thereby advancing or delaying the
edges of the resulting square waves A(t) and B(t). This intro-
duces a phase jitter and pulse-width distortion.
After the frequency multiplication and pulse counting of the

disturbed square wave, the resulting mechanical angle θ′m ac-
cumulates an error ∆θm(t) originating from the zero-crossing
shift.

θ′m(t) = θm,ideal(t) + ∆θm(t) (13)

2.3. Principle and Model of Position Angle Filtering for PLL
As a closed-loop controller for phase tracking and signal pu-
rification, the PLL locks to the fundamental phase of a noisy
input angle signal by dynamically adjusting its output. With
the encoder’s noisy signal as the input, the PLL utilizes phase
detection, error filtering, and dynamic correction to make its
estimated phase track the input in real time. This process in-
herently attenuates high-frequency spikes and random fluctu-
ations, thereby suppressing both the switching-frequency cou-
pling and wideband electromagnetic noise. Its structure is il-
lustrated in Figure 3.

FIGURE 3. PLL working principle.

Structurally, a basic PLL is composed of three core compo-
nents: a phase detector, a loop filter, and a voltage-controlled
oscillator.
The phase deviation between the input electrical angle and

its estimated value is obtained using a phase detector. First,
the encoder output is transformed into orthogonal components
via the Clark transformation. A quadrature multiplier then pro-
cesses these components to extract the deviation, yielding the
following error signal

e = − sin θ̂ · λ1 + cos θ̂ · λ2 (14)

where θ̂ is the phase-estimation value.
The loop filter employs a proportional-integral (PI) con-

troller structure to smooth the error signal and eliminate steady-
state deviation, leveraging both proportional and integral ac-
tions. Its transfer function is

F (s) = Kp +
Ki

s
(15)

whereKp is the proportional gain, andKi is the integral gain.
Acting as a phase-adjustment actuator, the voltage-

controlled oscillator updates its output phase estimate θ̂ based
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on the control signal from the loop filter. The rate of change of
θ̂ is proportional to this control signal, as expressed by

θ̂(t) = θ̂0 +

∫ t

0

u(τ)dτ (16)

where θ̂0 is the initial phase estimation value.

2.4. System Model and Parameters
The PMSM under study has the following parameters: rated
power 3 kW; stator resistance Rs = 1.5Ω; dq-axis inductance
Ld = Lq = 0.0059H; rotational inertia J = 0.003 kg ·m2;
damping coefficient B = 0.008N ·m · s/rad; pole pairs p = 4;
andDC bus voltage 311V. The corresponding simulationmodel
of the PMSM control system is illustrated in Figure 4.

FIGURE 4. Simulation model of the PMSM control system.

The speed loop and current loop proportional-integral (PI)
controllers are tuned using the conventional engineering de-
sign method for PMSM servo systems. The current loop is
designed with a bandwidth of 1000Hz to ensure rapid current
tracking, with proportional gain kp i = 300 and integral gain
ki i = 2395. The speed loop is configured with a bandwidth of
100Hz to maintain stable speed regulation, with proportional
gain kp ω = 0.2 and integral gain ki ω = 30. These parame-
ters are determined through pole placement techniques, ensur-
ing adequate phase margin and gain margin.

3. RESEARCH ON THE IMPACT OF EMI ON POSITION
ENCODERS
This study aims to elucidate themechanism bywhich EMI dete-
riorates position encoder signal performance. It investigates the
differential impact of two typical interference types, switching-
frequency coupling from motor drives and wideband electro-
magnetic background noise in industrial environments, on the
waveform characteristics, key parameter evolution, and distor-
tion of the encoder’s electrical angle signal. Quantitative anal-
ysis clarified the distinct effects of these two interference types.

3.1. Influence Law of Coupling Interference on Switching Fre-
quency
In accordance with IEC 61000-6-2:2016, five coupling voltage
levels, 0.1V, 0.5V, 1.0V, 2.0V, and 3.0V are selected to span
low, medium, and high interference scenarios, with the param-
eters fs = 10 kHz matching the inverter switching frequency
and α = 5000 s−1 determined from typical cable parasitic pa-
rameter values. This voltage is superimposed onto the ideal
sinusoidal encoder signals SA(t) and SB(t) through a summa-
tion junction immediately after the signal generation stage, sim-
ulating capacitive and inductive coupling from adjacent power
cables. The resulting electrical angle distortion was examined
in terms of the waveform morphology, quantized parameters,
and their variation patterns.
Figure 5 depicts the electrical angle waveform of the en-

coder under motor drive the coupling interference of switch-
ing frequency at various coupling voltages. At a low voltage
0.1V, the waveform remains a smooth sawtooth with periodic,
sparse spikes occurring at switching instants because the inter-
ference energy is insufficient to exceed the encoder’s noisemar-
gin. When the voltage increases to 1.0V, the spikes overlap at
switching harmonics, amplifying the capacitive coupling effect
and distorting the signal timing. At 3.0V, the waveform was
dominated by dense spikes. Capacitive coupling induces spikes
that are sufficiently large to cause logic-level misjudgment, re-
sulting in complete signal misalignment.

0.1 V

1.0 V

3.0 V

(a)

(b)

(c)

FIGURE 5. Electrical angle waveforms under different interference in-
tensities.

Figure 6 illustrates the evolution of the key signal character-
istics under the coupling interference of switching frequency.
As shown in Figure 6(a), phase jitter increases nonlinearly from
0.08 rad to 1.16 rad with rising voltage, a trend driven by the
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(a) (b)

(c) (d)

FIGURE 6. Key characteristics of electrical angle signals under the cou-
pling interference of switching frequency. (a) Relationship between
the phase jitter and coupling voltage. (b) Relationship between the
peak amplitude and coupling voltage. (c) Relationship of signal-to-
noise ratio and coupling voltage. (d) Relationship of distortion rate
and coupling voltage.

quadratic growth of pulse energy. Figure 6(b) shows that the
peak amplitude rises linearly from 0.05 rad to 0.52 rad over
the same range. Concurrently, the signal-to-noise ratio decays
rapidly from 37.9 dB to 14.7 dB, as presented in Figure 6(c),
while the distortion rate climbs from 1.2% to 18.5%, detailed
in Figure 6(d). These trends collectively reveal pronounced
nonlinear degradation and indicate a voltage threshold beyond
which signal distortion escalates sharply.

3.2. The Influence Pattern of Wideband Electromagnetic Noise

In accordance with CISPR 16-2-3:2016 and the electromag-
netic disturbance limits for industrial environments, five cou-
pling voltage levels 0.05V, 0.1V, 0.2V, 0.5V, and 1.0V are
selected to represent a practical range of interference intensi-
ties. Gaussian white noise with zero mean and variance σ2
proportional to the coupling voltage level is generated using
the band-limited white noise block with sampling time 1µs,
then filtered through a 10MHz low-pass filter to represent the
bandwidth-limited nature of spatial radiation coupling. The re-
sulting electrical angle distortion was examined in terms of the
waveform characteristics, quantized parameters, and their vari-
ation trends.
Figure 7 illustrates the electrical angle waveform of the po-

sition encoder under wideband electromagnetic background
noise at different coupling voltages. At 0.1V, the waveform
appears largely unaffected, maintaining a periodic sawtooth
profile with only minor spikes at discrete noise frequencies
because the interference energy remains below the encoder’s
noise margin. When the voltage rises to 0.5V, spikes over-

0.1 V

0.5 V

1.0 V

(a)

(b)

(c)

FIGURE 7. Electrical angle waveforms under different interference in-
tensities.

lapped across multiple frequency bands, intensifying the elec-
tromagnetic coupling effect. This significantly degrades the
waveform smoothness and distorts the signal timing. At 1.0V,
the signal was dominated by dense interference clutter. The
superposition of high-frequency spikes severely degrades the
measurement accuracy, causing edge misjudgment and render-
ing the encoder output unusable for reliable positional feed-
back.
Figure 8 depicts the evolution of the key signal charac-

teristics under wideband electromagnetic background noise.
As shown in Figure 8(a), phase jitter increases tenfold from
0.04 rad to 0.4 rad due to the exponential growth of noise en-
ergy, while Figure 8(b) indicates a linear rise in maximum
fluctuation amplitude, reflecting cumulative interference. The
signal-to-noise ratio decays from 41.9 dB to 19.4 dB as shown
in Figure 8(c), and the distortion rate increased from 1.5% to
21.3%, as shown in Figure 8(d). These trends confirm a distinct
voltage threshold effect, beyond which distortion sharply esca-
lates a continuous degradation mechanism that differs from the
periodic distortion induced by switching-frequency coupling.

3.3. Verification of Interference Mechanism Analysis

This section validates the two types of interference mechanisms
proposed in Section 2.2 through simulation analysis. By com-
paring the electrical angle waveform characteristics (Figure 5
and Figure 7) and parameter evolution laws (Figure 6 and Fig-
ure 8) of the coupling interference of switching frequency and
wideband background noise under different coupling voltages,
the essential differences between the two types of interference
are verified.
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(a) (b)

(c) (d)

FIGURE 8. Key parameter characteristics of electrical angle signals un-
der wideband electromagnetic background noise. (a) Relationship of
phase jitter and coupling voltage. (b) Relationship of fluctuation am-
plitude and coupling voltage. (c) Relationship of signal-to-noise ratio
and coupling voltage. (d) Relationship of distortion rate and coupling
voltage.

Figure 5 shows that the waveform exhibits periodic spikes
synchronized with the switching period, verifying the mecha-
nism of periodic glitches caused by discrete shift in the coupling
interference of switching frequency described in Section 2.2.
Figure 7 demonstrates that the waveform exhibits continuous
random fluctuation characteristics, verifying the mechanism of
continuous randomness in wideband electromagnetic noise de-
scribed in Section 2.2.
For the coupling interference of switching frequency, the

phase jitter in Figure 6 increases nonlinearly from 0.08 rad to
1.16 rad, reflecting the quadratic growth characteristic of pulse
energy, which is consistent with the prediction of pulse energy
increasing with the square of coupling voltage. For wideband
background noise, the phase jitter increased from 0.04 rad to
0.4 rad, reflecting the exponential growth characteristic of noise
energy.

4. RESEARCHONTHE SUPPRESSION EFFECTOF EMI
BASED ON PLL
Under the influence of five sets of coupled voltages from two
types of interference, the suppression effect was investigated
using PLL filtering technology.

4.1. Suppression Effect of Switching Frequency Coupling Inter-
ference
Given the narrowband periodic-pulse nature of the coupling in-
terference of switching frequency, we employed a PLL to capi-
talize on its phase-tracking and high-frequency suppression ca-

FIGURE 9. Comparison of phase jitter and peak amplitudes of electrical
angle signals with and without PLL.

FIGURE 10. Comparison of signal-to-noise ratios of electrical angle
signals with and without PLL.

pabilities. The suppression effect was evaluated through quan-
titative analysis of key waveform parameters.
Figure 9 compares the phase jitter and spike amplitudes

of the electrical angle signal of the encoder with and without
PLL suppression under varying coupling voltages. Without
the PLL, both parameters increase significantly — phase jitter
from 0.08 rad to 1.16 rad and spike amplitude from 0.05 rad
to 0.52 rad — due to the escalating conducted coupling of
switching-frequency harmonics. With the PLL, they are
dramatically reduced: phase jitter is suppressed to between
0.02 rad and 0.17 rad, and spike amplitude to between 0.01 rad
and 0.08 rad, demonstrating stable and effective suppression
across the entire voltage range and verifying the PLL’s
capability against this interference.
Figure 10 illustrates the signal-to-noise ratios of the electrical

angle signal of the encoder under the coupling interference of
switching frequency with and without PLL filtering. Without
the PLL, the signal-to-noise ratio deteriorates markedly from
37.9 dB to 14.7 dB as the coupling voltage increases from 0.1V
to 3.0V, due to the accumulating energy of switching harmon-
ics. In contrast, with PLL filtering, the signal-to-noise ratio is
maintained at a high level — 48.5 dB at 0.1V and 27.4 dB at
3.0V. It demonstrates the effectiveness of the PLL in mitigat-
ing interference and significantly improving signal purity.
Figure 11 illustrates the distortion rates of the encoder’s elec-

trical angle signal with and without a PLL under the coupling
interference of switching frequency. Without the PLL, the dis-
tortion rate increases nonlinearly from 1.2% to 18.5% as the
coupling voltage rises from 0.1V to 3.0V. With the PLL, the
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FIGURE 11. Comparison of distortion rates of electrical angle signals
with and without PLL.

FIGURE 12. Comparison of phase jitter and fluctuation amplitudes of
electrical angle signals with and without PLL.

distortion is notably suppressed, reaching only 0.3%, 0.8%,
1.5%, 2.3%, and 3.7% at the respective voltage levels. This
corresponds to a maximum suppression rate of 80%, demon-
strating the effectiveness of the PLL in mitigating waveform
distortions and ensuring accurate position detection.

4.2. Suppression Effect of Wideband Electromagnetic Noise
Given the continuous spectrum and persistent random fluctua-
tions of wideband electromagnetic background noise, this study
focuses on the fundamental-wave tracking and clutter rejection
capabilities to evaluate its efficacy in suppressing this type of
interference.
Figure 12 compares the phase jitter and fluctuation ampli-

tudes of the electrical angle signal of the encoder with and
without the PLL under wideband electromagnetic noise. With-
out the PLL, both parameters increase with the coupling volt-
age owing to the continuous noise intrusion and energy accu-
mulation via spatial radiation. With the PLL, the phase jitter
is confined to 0.01–0.06 rad and the fluctuation amplitude to
0.009–0.129 rad, achieving suppression rates exceeding 75%
and 82%, respectively. These results demonstrate that PLL sig-
nificantly enhances both the timing and amplitude stability of
the signal.
Figure 13 illustrates the variation in the signal-to-noise ratios

of the electrical angle signal of the encoder with and without the
PLL. Without the PLL, the signal-to-noise ratio collapses from
41.9 dB at 0.05V to 19.4 dB at 1.0V due to the accumulating

FIGURE 13. Comparison of signal-to-noise ratios of electrical angle
signals with and without PLL.

FIGURE 14. Comparison of distortion rates of electrical angle signals
with and without PLL.

energy of wideband interference. With the PLL, the signal-to-
noise ratio was sustained at a significantly higher level, show-
ing an improvement of 12.1 to 15.0 dB across the voltage range.
This demonstrates the excellent suppression capability of the
PLL against the wideband electromagnetic background noise.
Figure 14 presents the distortion rates of the electrical angle

signal of the encoder with and without the PLL under wideband
electromagnetic noise. Without the PLL, the distortion rate in-
creases nonlinearly from 1.5% to 21.3% as the coupling volt-
age rises from 0.05V to 1.0V, reflecting the signal’s degrada-
tion under continuous spectrum interference. With the PLL, the
distortion rates were markedly reduced to 0.3%, 0.8%, 1.4%,
3.0%, and 4.1% at the corresponding voltages, achieving a
maximum suppression of 80.8%. These results confirm the ef-
fectiveness of the PLL in mitigating waveform distortion and
ensuring angle detection accuracy.

4.3. Comparison of Hardware and Software EMI Suppression
Approaches
Compared to hardware design approaches that are more com-
monly employed in engineering practice, this paper proposes a
software method based on a Phase Locked Loop (PLL) for elec-
tromagnetic interference suppression. Hardware approaches to
suppress electromagnetic interference in position encoder sys-
tems primarily include shielding, filtering, grounding, and ac-
tive filters. The fixed parameters of these hardware methods
render them inflexible and unable to adapt to changing inter-

176 www.jpier.org



Progress In Electromagnetics Research C, Vol. 168, 170–178, 2026

TABLE 1. Comparison of hardware and software EMI suppression approaches.

Hardware approach PLL-based software approach
Implementation Cost Medium-High Low
Space Requirement Significant Negligible
Real-time Response Immediate Minimal delay

Reliability in
Extreme Environments

High Dependent on controller stability

Effectiveness for
High-intensity Interference

Strong Limited

Adaptability
Fixed characteristics;
difficult to modify
post-installation

Parameter-tunable;
adaptable to varying
interference types

ference environments. Moreover, the additional components
required increase system volume and cost, and the physical
components are subject to degradation and failure, necessitat-
ing regular maintenance. In contrast, the PLL-based software
approach offers distinct advantages by dynamically estimating
and compensating for phase errors introduced by interference
through its closed-loop tracking mechanism. It requires no
additional physical components as it can be implemented en-
tirely within existing controller firmware, thereby overcoming
the space, cost, and flexibility constraints inherent to hardware
based solutions. Table 1 presents a comparison of hardware and
software EMI suppression methods.
Hardware methods excel as the foundational protective bar-

rier, physically preventing interference from entering the signal
chain. Their superiority lies in handling high-intensity interfer-
ence, ensuring reliability in safety-critical systems. Software
methods, including PLL-based filtering, serve most effectively
as supplementary refinement mechanisms that enhance signal
quality when hardware alone proves insufficient or when phys-
ical modification is impractical. The most robust industrial
implementations typically employ hybrid architectures, where
hardware suppresses most of the interference, and software al-
gorithms address residual disturbances and adaptive compen-
sation requirements.

4.4. Limitations and Future Work
EMI is essentially a physical phenomenon involving complex
coupling paths, parasitic parameters, and environmental vari-
ations. This study is based on simulation models that in-
volve some idealized assumptions, including interference char-
acteristics, simplified lumped parameter coupling models, etc.
These simplifications may not fully represent the complexity
of actual industrial electromagnetic environments, as in real
environments, factors such as the actual cable routing geom-
etry, frequency-dependent shielding effectiveness, grounding
impedance variations, and multipath interference superposition
effects all play significant roles.
Future work will focus on experimental validation through

the construction of a hardware-in-the-loop test platform with
programmable interference injection and comparative evalua-
tion using commercial encoders in controlled electromagnetic
environments.

5. CONCLUSION
This study established a PMSM control system model incor-
porating an encoder and a phase-locked loop to address elec-
tromagnetic interference issues. The mechanisms of two typi-
cal EMI typeswere investigated: switching-frequency coupling
introduces periodic spikes with nonlinear distortion growth,
whereas wideband background noise causes continuous ran-
dom fluctuations. The proposed PLL-based filtering strategy
effectively suppressed both interference types via closed-loop
control, achieving maximum distortion reduction rates of 80%
and 80.8%, respectively. The contributions of this paper are
established at the theoretical and simulation validation level,
providing foundational support for the PLL filtering method
in electromagnetic interference suppression for PMSM posi-
tion encoders. Nevertheless, comprehensive validation neces-
sitates future experiment verification to address physical non-
idealities, including actual coupling path characteristics, para-
sitic parameters, and environmental variability.
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