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Brushless DC (BLDC) motors are widely employed in modern power
electronic applications due to their high efficiency and dynamic
performance. However, conventional pulse width modulation (PWM)
techniques often generate concentrated harmonic components, leading to
acoustic noise, torque ripple, and reduced inverter efficiency. This paper
proposes an artificial neural network—assisted dual random pulse width
modulation (ANN-DRPWM) strategy to enhance the output quality of a
three-phase voltage source inverter driving a BLDC motor. In the proposed
approach, supervised ANN training enables dual randomization of the
carrier and modulation signals, effectively dispersing harmonic energy while
maintaining improved DC-link voltage utilization. A passive LC filter is
subsequently integrated to further suppress residual harmonics and ensure
compliance with harmonic standards. The system is modeled and simulated
in MATLAB/Simulink and evaluated against conventional sinusoidal PWM
and flying capacitor multilevel inverter (FCMLI) techniques. Results
demonstrate that the proposed ANN-DRPWM method achieves a post-filter
total harmonic distortion (THD) of 2.17%, along with a 6-9% improvement
in inverter efficiency and a noticeable reduction in torque ripple. Overall, the
proposed strategy offers an efficient and intelligent modulation solution for
high-performance BLDC motor drives, suitable for applications such as
electric vehicles, renewable energy systems, and industrial drives.
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1. INTRODUCTION

Brushless DC (BLDC) motors are widely used in electric vehicles, robotics, and renewable energy
systems due to their high efficiency, power density, and dynamic performance. These motors are commonly
driven by voltage source inverters (VSIs) employing pulse width modulation (PWM) techniques. However,
conventional sinusoidal PWM (SPWM) produces concentrated harmonic clusters around the switching
frequency, leading to acoustic noise, torque ripple, electromagnetic interference (EMI), and reduced inverter

efficiency [1], [2].

Multilevel inverter topologies improve waveform quality but require increased switch count,
complex control strategies, and higher cost [3]-[6]. As an alternative, random pulse width modulation
(RPWM) distributes harmonic energy across a broader spectrum, reducing concentrated EMI peaks and
audible noise. Nevertheless, classical RPWM techniques suffer from fixed randomness levels, limited DC-
link utilization, and residual harmonic clustering [7].
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Recent advancements in artificial intelligence have enabled intelligent modulation strategies
[8]-[10]. Artificial neural networks (ANNSs) have been applied to PWM optimization; however, most reported
approaches focus on deterministic switching or single-parameter tuning [11]-[13]. This paper proposes an
ANN-assisted dual random PWM (ANN-DRPWM) strategy for a three-phase VSI-fed BLDC motor. The
method combines dual randomization of carrier parameters with supervised ANN optimization to enhance
harmonic spreading while preserving voltage utilization and efficiency. A passive LC filter ensures
compliance with harmonic standards IEEE 519.

The proposed system is modelled and simulated in MATLAB/Simulink and validated through
comparative analysis with conventional sinusoidal PWM (SPWM) and flying capacitor multilevel inverter
(FCMLI) schemes. The main contributions of this paper are summarized as follows:

- Development of a dual-randomized ANN-assisted PWM strategy for BLDC motor drives.

- Integration of ANN-based spectral dispersion with passive LC filtering for enhanced harmonic suppression.
- Comparative validation against SPWM and FCMLI techniques.

- Validation of IEEE 519 harmonic compliance with reduced torque ripple and improved motor performance.

2. THEORETICAL CONCEPT
2.1. Principle of the random pulse width modulation

To reduce acoustic noise in motor drives, various studies introduced randomness into inverter
switching patterns. Methods such as randomized switching frequency [10], [11], asymmetric multicarrier
modulation [5], and modified zero-vector distribution spread harmonic energy, reducing narrow-band noise
[12]-[15]. However, these approaches often increase waveform distortion, switching losses, and
implementation complexity [16]-[18].

Al-based PWM optimization has recently gained attention. Studies in ANN- and fuzzy-based
techniques improve harmonic suppression and waveform quality [19]-[21], yet deterministic switching still
causes harmonic concentration near the carrier frequency [22]-[24]. Other optimization methods, including
genetic algorithms and particle swarm optimization, require extensive tuning and slow convergence [25]-[27].

The proposed ANN-assisted RPWM overcomes these limitations by adaptively controlling the
switching process, achieving faster convergence and improved THD reduction with lower complexity. In
conventional RPWM, three sinusoidal references are compared with a randomized triangular carrier defined
[3], by switching period T and delay factor f. When both are constant, the scheme reduces to SPWM.
Simultaneous randomization of T and B forms dual random PWM (DRPWM), which enhances spectral
spreading and reduces harmonic clustering [21] and [22].

In this study, T varies around a 3 kHz mean frequency within predefined bounds [Tmin, Tmax], While
B is randomized within a controlled range [Bmin, Bmax] using a linear congruential generator (LCG),
ensuring stable modulation and effective harmonic dispersion [23] and [26]. Figure 1 illustrates the
modulation principle of the DRPWM scheme applied to a three-phase VSI.
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Figure 1. The modulating principle of the RPWM scheme [14]
2.2. ANN-based signal generation

To enhance adaptability, an ANN is integrated into the DRPWM framework to optimize the
randomization process dynamically. The ANN architecture is illustrated in Figure 2, showing the
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interconnections between layers and associated synaptic weights and bias terms. A feedforward
backpropagation network was implemented with:

- Input layer: 4 neurons (three sinusoidal references + randomized carrier-related signal)

- Hidden layer: 10 neurons (sigmoid activation)

- Output layer: 3 neurons (optimized modulation signals)

Training employed the Levenberg—Marquardt algorithm (trainlm) with mean square error (MSE) as the
performance index. The dataset was split 70% for training and 30% for validation. Convergence was
achieved at an MSE of 9.8x107° within 312 epochs.

The ANN adaptively adjusts the randomness intensity to balance harmonic dispersion and DC-link
voltage utilization. Compared to fixed-random RPWM, this adaptive approach reduces residual harmonic
peaks and improves inverter efficiency. The chain rule was applied to evaluate the gradient vector during the
backpropagation phase. During implementation, the ‘feedforwardnet’ command in MATLAB was used to
achieve comparable results for its simplicity and efficiency in solving fitting problems, as well as its fast
convergence rate. These networks can approximate any finite input-output function arbitrarily well. The
finalized ANN configuration and training parameters are summarized in Table 1, while training performance
and error convergence are shown in Figures 3 and 4.

—
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Figure 2. The artificial neural network architecture of the proposed method

Table 1 ANN training parameters

Parameters Value
Network type Feedforward/backpropagation
Learning algorithm Trainlm
Epochs 1000
Convergence limit (Goal) 1e™?
Hidden layers 10
Input layer 4
Output layer 3
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Figure 4. Mean square error output curve after training

2.3. Implementation of the proposed ANN-DRPWM scheme

The proposed method extends conventional RPWM by integrating ANN-generated signals into the
modulation process of a three-phase VSI driving a BLDC motor. In this study, the ANN output is combined
with the sinusoidal reference signals and a dual-randomized triangular carrier to generate the inverter gating
pulses. In addition, a passive LC low-pass filter is employed at the inverter output to further attenuate
residual high-frequency harmonics, resulting in improved waveform quality and reduced total harmonic

distortion (THD).

2.4. Dual random carrier and reference signal generation
A randomly varied triangular signal C(t) is generated by setting two parameters: the period T and the
fall-delay time p. The waveform’s first and second halves are defined by (1) to (4):

- Tmin)

T = Tpin + (rand X (Trax
B =Ty X (bin + (rand X (byax
T =Ty X (bpin + (rand X (byax —

B =T, X (bpin + (rand X (bpax

- bmin))

bmin)))

- bmin)))

rt

@
)
@)
(4)

where; Trae =TS X (1 + %t) and Ty = Ts X (1 - —). Tmax represents the random upper period limit,

2

and Tmin represents the random lower period limit. With rt = 0.2; as the period randomness level and

where:

Brax = 05 X (1 +2) byin = 05 x (1-2)

bmax represents the random upper amplitude limit, while bmin represents the random lower amplitude limit.
Where; rb = 2 as the amplitude randomness level.

Eventually, C(t) was generated with t as the time input factor for the MATLAB function block and
was used as the principal part of the input data of the ANN. Three sinusoidal signals with a phase shift of
120° were generated for training purposes using (5) to (7).

R,(t) = sin (100mt)

R,(t) = sin (1007‘[1: + 2?11)

Rs(t) = sin (1007‘[t - 2?")

Subsequently, four signals served as the input signals in the ANN training.

Input_Net = [R,(t),R,(t), R5(t), C(t)]

®)
(6)

("

(®)
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Three target outputs Y1, Yo, and Y3 were obtained from the ANN supervised training using the four input
signals for the proposed method, by applying the mathematical (9) to (11) for the proposed method.

() = [Ry(8) = C(0)]
Y(6) = [R,(t) — C(©)]
Y3(t) = [R3(t) — C(D)]

3. PASSIVE LC FILTER DESIGN

©)
(10)

(11)

Passive filters using inductors and capacitors are widely applied to suppress high-frequency
components [21]. To improve waveform symmetry and reduce THD, a first-order low-pass filter was
employed. The spread-spectrum nature of the DRPWM produced a gradual attenuation, requiring a lower
cut-off frequency. Several EMI filter configurations (RC, RL, and LC) were assessed to balance performance
and cost. The LC low-pass filter provided effective attenuation with minimal drawbacks and reasonable cost.
As shown in Figure 5, the filter was designed using (12) and (13) and evaluated against alternative passive
and active filters. The values of L and C were calculated as (12) and (13).

vdc

- axfsxAla = 0.0625H (12)
10 \2 /1
C= (mm) (Z) — 0.0162 F (13)

Where, Vg = input voltage of the inverter and %, = 20% of the load current.

L

(Lk

LC filter

Figure 5. Single line diagram of LC low pass filter
4. MATLAB SIMULATION OF THE VSI SYSTEMS
MATLAB/Simulink models of the SPWM, FCMLI, and the proposed method applied to a BLDC-

driven three-phase VSI are shown in Figure 6. These models were developed to evaluate the performance of
the proposed approach. The BLDC motor parameters are summarized in Table 2.

Table 2. Parameters of BLDC motor used in the experiment

BLDC motor parameters Value
Stator phase resistance (Rs) 0.2 Q
Stator phase inductance (Ls) 0.5 mH
Flux linkage 0.175
Back EMF flat area 120°
Inertia 0.12 Kg/m?
Viscous damping 0.005 Nms
No. of pair poles 4
Nominal load (M) 100 HM
Frequency 50 Hz
Sample time 50e®
Duration 10s

4.1. SPWM simulation

The SPWM employed a fixed triangular carrier compared against three sinusoidal references to
generate switching pulses. Figure 7 shows the switching pulses for one inverter leg. Figure 8 presents the
output voltage waveforms before and after LC filtering, respectively.
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Figure 7. Switching pulse generation for SPWM
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Figure 8. Output voltage waveform with and without LC filter for SPWM
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4.2. FCMLI simulation

A twelve-switch flying capacitor multi-level inverter (FCMLI) was simulated using phase
disposition modulation as a benchmark for the proposed method. The switching controller, illustrated in
Figure 9, generated control pulses for one inverter leg. The inverter configuration is shown in Figure 10. The
resulting output voltage waveform, presented in Figure 11, was analyzed for THD, with the findings
discussed in the results and discussion section. From the diagram above, the simulation of the FCMLI at 0.3
Nm input torque yielded the output voltage waveforms before and after the LC filter, in Figure 11 below,
which was analyzed for its THD content level.

4.3. ANN-DRPWM simulation

The proposed method integrated ANN-generated control signals with dual-randomized triangular
carrier and sinusoidal references to produce inverter switching pulses using the signal controller in Figure 12.
Output voltages, before and after LC filtering in Figure 13, were recorded for THD and waveform quality
assessment. The output voltage waveforms, before and after the LC filter connection in the implementation
of this method, are presented in Figure 13. Across all simulations, the generated voltage waveforms were
used to evaluate THD, efficiency, torque ripple, and robustness.
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Figure 9. Switching pulse controller for one leg of the FCMLI
T [ & [
+

Figure 10. Schematic of a twelve-switch flying capacitor multi-level inverter (FCMLI)

Int J Pow Elec & Dri Syst, Vol. 17, No. 2, June 2026: 966-980



Int J Pow Elec & Dri Syst ISSN: 2088-8694 a 973
Output Waveform Before LC Filter
300 :
200 A |
) | | | |
° o~
E Jamn ~. - — .
a 0 1 [ I i Il l
£
< 100
I
-200
300 I I I I 1
0 500 1000 1500 2000 2500 3000
Output Waveform After LC Filter
600 T
Phase A
400 — Phase B |-
Phase C
o 200 —
-]
2
s O 7
£
< 200 - \J
-400 — =
600 I ! ! | !
0 500 1000 1500 2000 2500 3000

Amplitude

Amplitude

N
o
o

o
o
5}

o

A
o
=)

-200

Times (Seconds)

Figure 11. FCMLI output voltage before and after LC filtering, analyzed for THD
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Figure 13. Output voltage waveforms for ANN-DRPWM before and after LC filtering
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5. RESULTS AND DISCUSSION

To strengthen the validation of the proposed ANN-DRPWM technique, additional simulation tests
were performed in MATLAB/Simulink to evaluate inverter efficiency, torque ripple, current ripple, and
system robustness under parametric and supply variations. These analyses complement the THD and motor
performance results presented, providing a broader assessment of the proposed controller’s performance.

5.1. THD analysis

The harmonic content of the inverter output voltages was analyzed before and after LC filtering for
all three control techniques: SPWM, FCMLI, and the proposed ANN-DRPWM. Figures 14-16 show the
corresponding FFT spectra. FFT analysis (sampling frequency 50 kHz, 40 harmonic orders) shows that
ANN-DRPWAM significantly reduces harmonic distortion. Post-filter THD values are summarized in Table 3.
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Figure 14. THD content of SPWM output voltage: (a) before and (b) after LC filtering
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Figure 15. THD content of FCMLI output voltage: (a) before and (b) after LC filtering
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Table 3. THD content of output voltage waveforms before and after LC filtering for
SPWM, FCMLI, and ANN-DRPWM

System THD before filter (%) THD after LC filter (%)
FCSM 43.71 7.60
FCMLI 12.29 8.64
Proposed method 35.59 2.17
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Figure 16. THD content of the proposed ANN-DRPWM output voltage: (a) before and (b) after LC filtering

5.2. BLDC motor performance

The rotor speed of the BLDC motor was evaluated under varying torque conditions of 0.3, 0.6, and
0.9 Nm. Figure 17 depicts the rotor speed responses for the SPWM, FCMLI, and the proposed method,
respectively, under 0.3 Nm torque loads.

5.3. Efficiency evaluation
The overall drive efficiency () was determined as the ratio of mechanical output power from the
BLDC motor to the electrical input power from the DC link, as expressed in (14)—(16):

Pin = Ve X Iy (14)
and,

Pyt =T X wpy (15)
therefore:

n = () x 100 (16)

where Vg and lqc are the DC-link voltage and current, Tm is the developed electromagnetic torque, and om is
the rotor speed in rad/s. Efficiency was recorded for torque loads of 0.3 Nm, 0.6 Nm, and 0.9 Nm, for all
three modulation methods, and the corresponding values were exported for post-processing. The summary of
the Inverter efficiency evaluated post-simulation is presented in Table 4.

The proposed controller maintains the highest efficiency across all load conditions, achieving an
average improvement of approximately 6-9% over SPWM and 3—-4% over FCMLI. The higher efficiency
results from reduced harmonic losses and smoother current profiles generated by the ANN-optimized random
modulation. Moreover, the voltage utilization of the DC-link was enhanced because of dynamic carrier
modulation, minimizing unnecessary switching transitions.
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Figure 17. Rotor speed response of the BLDC motor at 0.3 Nm input torque for SPWM, FCMLLI, and the
ANN-DRPWM methods

Table 4. Summary of inverter efficiency evaluated after testing
Torque (Nm)  SPWM (%) FCMLI (%) Proposed ANN-DRPWM (%)

0.3 86.5 90.3 93.8
0.6 84.2 88.6 92.5
0.9 82.7 86.9 91.2

5.4. Torque and current ripple analysis
Torque and current ripple indices were computed to evaluate the dynamic smoothness of motor

operation. The instantaneous torque T(t) and phase current i, (t) waveforms were captured after steady state
conditions were achieved at a 0.6 Nm load. The torque and current ripple factors were computed using (17)
and (18):

Ry = (Mez=Tnin) » 100 (17)
Tavy
and,
R, = (M) x 100 (18)
avg

where Tmax, Tmin, and Tayg denote the maximum, minimum, and average torque, respectively. Similar
definitions apply for ia. These quantities were compared across the SPWM, FCMLI, and proposed ANN-
DRPWM schemes and are represented in Table 5. Table 5 summarizes the average torque and current ripple
factor obtained from the post-processing study.

The ANN-DRPWM scheme yields the lowest torque and current ripples, confirming its ability to
distribute switching harmonics more uniformly and sustain smoother electromagnetic torque production. The
combined effect of dual-randomized carriers and ANN-based modulation reduces low-order harmonic
coupling that typically contributes to torque pulsations in BLDC drives. This performance improvement
directly complements the THD reduction earlier observed.
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Table 5. Summary of torque and current ripple factors

Control strategy Torque ripple (%)  Current ripple (%)
SPWM 14.2 10.8
FCMLI 9.7 8.2
Proposed ANN-DRPWM 4.6 5.1

5.5. Robustness and stability analysis
5.5.1. Parameter drift test

System robustness was analyzed by introducing controlled perturbations to key motor and inverter
parameters. Stator resistance (Rs), inductance (Ls), and back-EMF constant (Ke) were individually varied by
+10 % of their nominal values. For each variation, THD, efficiency, and torque ripple were recalculated. The
sensitivity of the system to parameter changes was then quantified by the deviation percentage:

Xvaried— Xnominal

ax = ( ) x 100 (19)

Xnominal

Where X represents any measured performance metric. Minimal variation in AX indicates a robust control
structure.

Even under +10 % parameter variations, the ANN-DRPWM controller maintained THD variation
within 4 % and efficiency deviation below 2%, outperforming the other two methods, whose THD
deviations reached 12 %. This demonstrates strong generalization of the trained ANN and resilience of the
modulation against parameter uncertainties

5.5.2. DC-link sag and recovery

A transient DC-link sag scenario was simulated by applying a step reduction of the inverter input
voltage from 300 V to 270 V at 0.1 s. The rotor speed recovery time and torque disturbance were recorded to
assess the controller’s resilience. The recovery time (tr) was defined as the duration required for the motor
speed to return within £2% of its nominal value. The proposed controller restored nominal motor speed
within 0.18 s, compared with 0.35 s for SPWM and 0.26 s for FCMLI. The ANN-DRPWM thus exhibits
faster dynamic recovery and improved transient stability under voltage disturbances.

5.5.3. ANN convergence robustness

The ANN achieved rapid and stable convergence using the Levenberg—Marquardt algorithm,
reaching an MSE of 9.8x107 within 312 epochs. When subjected to #5% Gaussian noise in the input data,
the final MSE increased by less than 4%, indicating reliable learning performance and robustness against
input uncertainty. Table 6 summarizes the key performance indicators in the various tests conducted.

The additional evaluations demonstrate that the proposed ANN-optimized DRPWM achieves a
balanced enhancement in harmonic quality, efficiency, torque smoothness, and robustness. While FCMLI
provides moderately low THD, its higher switch count and reduced efficiency make it less attractive for
compact or low-cost applications. The ANN-DRPWM’s ability to maintain consistent performance under
parameter drift and DC-link variations validates its suitability for intelligent, real-time implementation in EV
drives and distributed renewable inverters.

Table 6. Summary of key performance indicators

Performance metric SPWM  FCMLI  Proposed ANN-DRPWM  Improvement over FCSM
THD (%) after filter 7.60 8.64 2.17 71 % lower THD
Efficiency (%) @ 0.6 Nm 84.2 88.6 925 +9.8%
Torque ripple (%) 14.2 9.7 4.6 —67.6%
Recovery time (s) 0.35 0.26 0.18 -48.6%
Parameter sensitivity (AX THD) (%) +12 +8 +4 Higher robustness

5.6. Results discussion

The THD values are summarized in Table 3. The proposed ANN-DRPWM achieves a post-filter
THD of 2.17%, significantly lower than 7.60% for SPWM and 8.64% for FCMLI. This confirms the ANN-
assisted dual-random modulation’s ability to spread harmonics more uniformly across the spectrum, thereby
reducing narrow-band EMI peaks and ensuring compliance with IEEE 519 harmonic distortion limits.
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5.6.1. BLDC motor performance

The rotor speed of the BLDC motor was evaluated under torque loads of 0.3, 0.6, and 0.9 Nm for
the three control methods. Figure 17 displays the responses for SPWM, FCMLI, and the proposed method,
respectively. All methods showed generally stable speed performance. SPWM stabilized around +0.5 rad/s
after 4 seconds, while FCMLI settled more quickly within -0.5 to 0.1 rad/s. The proposed method showed
greater initial variation, with fluctuations up to +4 rad/s between 4 and 5 seconds, but maintained consistent
performance overall across all torque levels.

5.6.2. Acoustic noise and EMI implications

By dispersing harmonics more evenly, the ANN-DRPWM minimizes concentrated switching
clusters near the carrier frequency, thereby reducing audible noise and radiated EMI peaks. The ripple values
confirm lower amplitude at switching frequency bands (3-9 kHz), demonstrating improved electromagnetic
compatibility (EMC) compared to deterministic PWM.

6. CONCLUSION

This paper presented an ANN-assisted dual-random PWM strategy for a three-phase VSI supplying
a BLDC motor. The proposed approach integrates the harmonic dispersion capability of dual-random PWM
with the adaptive learning properties of ANN to improve voltage quality, efficiency, and dynamic response.
Simulation results confirm a post-filter THD of 2.17%, efficiency improvements of 6-9%, torque ripple
reduction exceeding 65%, and faster recovery under DC-link disturbances. Robust operation under +10%
parameter variations and noisy inputs further demonstrates the controller’s suitability for real-time
applications.

Overall, the ANN-DRPWM scheme provides a low-complexity, cost-effective, and intelligent
modulation solution capable of delivering high efficiency, reduced acoustic noise, and enhanced
electromagnetic compatibility in modern VSI-based BLDC drive systems. Despite the promising simulation
results, experimental validation has not yet been conducted. Future work will focus on DSP or FPGA
implementation to assess real-time computational requirements, switching losses, and thermal behavior.
Further extensions may include hybrid ANN-PSO or recurrent neural network-based controllers, as well as
experimental EMI measurements to verify compliance with CISPR standards.
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