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The hybrid electric vehicle combines dual propulsion systems: one employs the 
traditional internal combustion engine, while the other utilizes a PMDC or BLDC 
motor. Generally, BLDC motors exhibit an efficiency of 85% to 90%. Conversely, the 
PMDC motor inherently achieves an efficiency of 88% under optimal running 
conditions. Moreover, improving the efficiency of both motors is impeded by their 
design constraints. Power losses in these motors primarily stem from factors such as 
heat generation in the rotor (I²R losses), bearing friction, vibrations, and noise. This 
paper aims to investigate energy loss in a 4 kW BLDC motor manufactured by Bosch, 
attributable to speed-induced acoustic noise effects. Harmonic analysis of the phase 
current reveals the presence of odd-order harmonics, specifically those below the 
11th order, resulting in current ripples. These dominant harmonic frequencies 
interact, ultimately generating noise and consuming a certain amount of power. 
These predominant frequencies correlate with fundamental electrical parameters: 
current frequency (Hz), RMS current (A), and threshold (%r), all associated with the 
motor's input power source. The 'K' factor, a parameter dependent on these three 
electrical factors, is calculated to determine harmonic stability. Variations in stable 
speeds (ranging from 1280 to 7500 RPM) are used to record 'K' factor readings. 
Based on IEEE Standard 85-1980 guidelines, motors are classified as either 
acceptable (OK) or not acceptable (not OK) according to their harmonic stability 'K' 
factor. Readings for each speed step are captured at a specific predominant 
frequency, facilitating subsequent comparisons. To validate the experimental 
findings, MATLAB/Simulink and a Fluke scope meter are employed to conduct power 
analyses for each motor, thus assessing energy loss attributed to noise. The 
waveform of the phase current proves instrumental in quantifying energy 
consumption in the BLDC motor. Notably, higher-frequency noise waves with shorter 
wavelengths entail greater energy consumption. Evaluating energy loss significantly 
contributes to the analysis of BLDC motor speed acoustics, serving to inform the 
design of energy-efficient hybrid electric vehicle models powered by BLDC motors, 
which are intended for customer service.  
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1. Introduction 
 

Hybrid electric vehicles (HEVs) utilize both an internal combustion engine and electric motors, 
drawing power from energy stored in batteries [1]. The energy, whether generated by the internal 
combustion engine or the electric motor, is transmitted through the gear train to the wheel end. It 
is noteworthy that internal combustion engines typically achieve an efficiency of 60-65%, while 
electric motors can reach an efficiency of 85-90% [2]. This discrepancy highlights the advantages of 
electric motors.  

HEV models often employ BLDC (Brushless DC) motors due to their superior efficiencies [2, 3]. 
With no use of brushes, the BLDC motor offers numerous advantages, including a high torque-to-
inertia ratio, high speed, power density, and lower cost compared to conventional brushed-type 
motors [4]. This research has been conducted to analyze the contribution of noise to energy 
dissipation by comparing simulation results with experimental observations [5]. This study can be 
further enhanced to test the EMS performance of motors [4, 5]. It has already been proven that 
electromagnetic forces and structural modes are not the major noise sources, as the noise 
characteristics are not closely related to the motor RPM [6]. Acoustic modal analysis has revealed 
that the acoustic mode of the internal airspace of the motor is the primary source of the noise [7]. 
As stated by Sir Nikola Tesla, "If you wish to understand the universe, think in terms of energy, 
frequency, and vibration" [8]. Mechanical impedance occurs when a structure resists motion 
subjected to a harmonic force with acting velocities [8, 9]. The ratio of the applied force at a point 
on the structure to the resulting velocity at that point is the key input for speed-acoustic analysis. 
The type of torque generated by the BLDC motor initiates the sound waves. The mathematical 
relationship between BLDCM torque, air gap flux, and armature current is shown in Eq. (1) 
[9]:                                                                             
 
T=C˕∅I                                                                                                                                 (1) 
 
where T = Torque, CT = Torque Coefficient, ∅ = Air Gap Flux, I = Armature Current. 

In both scenarios, energy flows through transmission lines, overcoming frictional losses, heat 
dissipation, noise, and vibration [10]. In this context, the noise produced by the BLDC motor is 
quantified using electrical parameters such as current frequency, RMS current, and threshold 
frequency, which are measured using an experimental setup across equally spaced speed ranges 
[11]. The current frequency, measured in hertz (Hz), refers to the number of current cycles per 
second in an alternating current sine wave [11, 12]. The RMS current value of the sine current wave 
is determined by the area covered in a half-cycle, which typically exceeds the average current value 
[13]. The threshold frequency (ν) represents the motor's minimum operating frequency at which it 
starts to bear a loading torque [14]. These electrical parameters are measured before reaching the 
resonant frequencies, where the mechanical impedance remains lower. At these frequencies, less 
force is required to induce movement in the structure [14, 15]. 

The designated armature current frequency is denoted as ƒ𝐈𝐈 and is related to the number of 
poles. The mathematical relationship between motor speed, frequency, and current is illustrated in 
Eq. (2) [15]. 
 

𝜂𝜂 = 60ƒ𝐼𝐼
𝑃𝑃�                                                                                                  (2) 

     
where the k-factor also referred to as the stability factor, determines the total harmonic current 
that a motor can endure. 
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Drawing from ANSI/IEEE C57, while staying within the specified current threshold limits, the K-
Factor in the realm of electrical parameters is quantified for non-linear loads [16]. The K-Factor 
represents the ratio between supplementary losses arising from harmonics and the eddy current at 
a frequency of 60Hz [17]. Measurement of the K-Factor involves the utilization of the Fluke 125 
industrial oscilloscope meter to detect audible noise (vibration waves) in motors (with recognition 
of Fluke 125B+) [17, 18]. Readings are obtained from the BLDC motor test bench, with revolutions 
reaching a maximum of 7500 RPM under no-load conditions at free speed [19]. Figure 1 illustrates a 
comprehensive graph depicting the relationship between torque, power, speed, current, and 
efficiency [19, 20]. 
 

 
Fig. 1. BLDCM/PLDCM Connected to a Laptop-Based MATLAB/Simulink Model 

 
The acquired reading data for these parameters is tabulated along with the K factor to classify 

noisy and okay motors, based on the ISO 7919-2:2001 guidelines [21]. For okay motors, 
experimental readings are manipulated in MATLAB/Simulink to prepare the motor control 
algorithm [22]. All of the following parameters: current frequency (Hz), RMS current (A), and 
threshold (%) are compared on the MATLAB/Simulink platform for signal analysis [23]. 
MATLAB/Simulink is employed to simulate and evaluate the overall energy contribution of noise in 
energy dissipation in BLDC motors marked as okay [24-26]. Readings are typically collected at the 
stable speed state of the BLDC motor, where the noise-embedded frequency is higher [27]. The 
study of energy consumption is conducted to test the proposed hypotheses through this simulation 
analysis [28]. 

Zi-Qiang Zhu (1991) estimated, using Finite Element Method (FEM) and Fourier analysis, that 
the acoustic noise in the Brushless DC (BLDC) motor is generated from a radial field of the internal 
rotor [1]. Yang Quan Chen et al., (2009) simulated a numerical fractional-order motor controller for 
instant start and stop [2]. Jose Carlos Gamazo et al., (2010) improved the functional reliability of 
shaft encoders, resolvers, or Hall-effect probes for higher performance [3]. Shalabh Rakesh 
Bhatnagar (SRB) (2012) used piezoelectric material to convert sound energy into electricity [4]. 
Madhurima Chattopadhyaya et al., (2012) derived mathematical expressions based on motor 
working principles to achieve precise motor tracking torque [5]. 

Dong Ming Zhang et al., (2014) proposed a Phase-Locked Loop (PLL) solution for noise rejection 
through PLL-based linear filtration [6]. Hong Joo Lee et al., (2015) revealed that the major noise 
source is the internal air space among the poles [7]. Li Yaohua et al., (2015) testified to the 
effectiveness of the Hybrid Electric Vehicle (HEV) individual element Simulation [8]. Rajamani 
Senthil Kumar et al., (2015) introduced a Particle Swarm Optimization (PSO) based Fractional-Order 
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Proportional-Integral (FOPI) controller for excellent time-domain performance, disturbance 
rejection, and robustness [9]. Guoyuan Qi (2017) identified energy dissipation sources and critical 
parameters for energy consumption [10]. Kun Xia et al., (2017) studied Electromagnetic Torque 
Ripple-induced acoustic noise in BLDCM [11]. Dr. S. K. Mahobia (2017) experimented with voltage-
based RPM control using a speed controller [12]. R. M. Pindoriya et al., (2018) introduced methods 
for suppressing acoustic noise in BLDC motor drives [13]. Sathish Kumar et al., (2018) controlled the 
speed of the DC motor by varying stator winding voltage [14]. Durgesh Sarankar et al., (2018) 
developed a fifth-order three-switch converter for boosting operation [15]. Rabah Djekidel et al., 
(2018) introduced Simplex Simulated Annealing (SIMPSA) to provide optimal position and number 
of fictitious charges for accurate calculation of Core Saturation Magnetization (CSM) for power 
consumption in BLDCM [16]. Saurav Prajapati et al., (2018) compared the FOPI controller with the 
integer-order Proportional-Integral (IOPI) controller for improved performance [17]. Jongkyong Lee 
et al., (2018) proposed an Electromagnetic Compatibility (EMC) model of low voltage BLDCM for 
analyzing frequency response and minimizing noise [18]. Yogesh Singh (2019) analyzed 
electromagnetic forces causing vibration and acoustic noise in BLDCM [19]. Fredy E. Hoyos et al., 
(2019) observed smaller load resistance values and errors in estimating power losses [20]. Abrar 
Ahmed et al., (2019) developed a simulation model to compare BLDCM performance against 
conventional engines [21]. Yongchao Wang et al., (2020) simulated noise optimization methods for 
electromagnetic Noise, Vibration, and Harshness (NVH) verification [22]. Ishita Gupta (2020) 
analyzed BLDCM for enhanced performance using simulations [23]. Allan G. Soriano-Sánchez et al., 
(2020) proposed a non-integer Proportional-Integral-Derivative (PID) controller for regulating 
voltage in a DC-DC Buck converter [24]. Virlan Bogdan et al., (2021) developed special software for 
increasing motor speed at low resistance torque, employing 24 stator slots and 22 rotor permanent 
magnets [25]. Zhaoyang Fu et al., (2021) investigated fault signal diagnosis methods for dual 
redundancy BLDCM winding fault analysis [26]. Chaithanya D et al., (2021) demonstrated the 
conversion of sound, a non-continuous form of energy, into electrical energy using piezoelectric 
material [26]. Mervin A. Boco (2022) converted sound energy into clean and renewable electricity 
[27]. Lucy Maybury (2022) investigated mathematical models for improving BLDCM efficiency [28]. 

Continuous operations of the BLDC motor involve loading up to the rated torque, starting from 
a standstill speed and accelerating. Extra torque is required to overcome load and rotor inertia. The 
motor delivers higher torque up to the maximum peak point if it follows the speed-torque curve, as 
shown in Figure 1. As speed increases to the maximum motor torque value, the torque range is 
consistently maintained up to the rated speed. Beyond the rated speed, the motor's torque starts 
to decrease. Noise performance of the motor is better with half load than with full load, where 
energy dissipation is also lower. 

The problem with previous research on BLDC motor noise frequency is identified. Users have 
limited ability to change motor parameters, unlike state-space models of BLDC motors. Flexibility in 
speed and torque control parameters in BLDC motors is restricted. Under motor overload 
conditions, parameters like the speed-torque plot can enter the negative region due to drastic 
changes in motor characteristics. Large oscillations occur under overload conditions, leading to 
jerky motor operation. Various mitigation techniques are employed to enhance BLDC motor 
efficiency and passenger acoustic comfort. This study can be extended to identify different 
nonlinear variables related to the motor and its control. 

The research's objective is to minimize energy dissipation in a BLDC motor. Energy dissipation 
occurs due to noise, vibration, heating, harmonics, etc. This study demonstrates the conversion of 
sound energy into electrical signals in BLDC/PMDC motors. It evaluates energy consumption by the 
motor up to full RPM under no-load conditions. Furthermore, the study highlights noise energy's 
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contribution to the overall efficiency of the BLDC motor. The research optimizes motor control 
parameters in coordination with noise frequency tests to develop an energy-saving Hybrid Electric 
Vehicle (HEV) model. Power electronics components for noise generation are studied using 
hardware-in-the-loop (HIL) testing. 
 
2. Methodology 
 

The process of identifying noise sources in a BLDC motor considers both electromagnetic forces 
and structural acoustic modes. A thorough analysis of the acoustic noise in BLDC motor drives will 
be conducted following the ISO standards. The steps for conducting the simulation experiment on 
the BLDC motor are depicted in Figure 2. 

It has been analyzed the BLDC motor product to identify the parameters contributing to noise. 
We established a methodology for conducting experiments on it. Additionally, reviewed the 
literature to ascertain that harmonics are critical parameters responsible for noise generation in 
any signal waveform. These harmonics are typically present in phase current and voltage signals. 
The modulation of the waveform's width of these current and voltage signals would reveal the 
harmonic contents within them. 
 

 
Fig. 2. Methodology for Variable Measurement 

 
i. The frequency represents the rate at which the current changes direction per second. 

Thirty motors that were procured for production underwent motor testing. 
ii. The tests were conducted at four speeds: 10 km/h, 15 km/h, 31 km/h, and 63 km/h. 

iii. During the testing phase, significant amplitude peaks were identified from the results of 
each test for every speed. The corresponding frequency values at these significant peaks 
were recorded, along with the average frequency range for each peak. 

iv. This frequency range establishes a provisional measurement zone against which the 
amplitude can be assessed. 

v. A datasheet was compiled, encompassing all these amplitude values, their 
corresponding frequencies, and the range of limits for the four speeds, encompassing 
the 30 distinct motors. 

vi. Using this datasheet, the average amplitude and maximum amplitude for each peak 
were calculated after excluding motors with the highest and lowest relative amplitudes. 

vii. With these frequency ranges derived from the pool of 30 motors, it is possible to 
examine the NOT OK motors to identify any notable discrepancies in the amplitude 
peaks within these frequency ranges. 
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2.1 Technical Specifications of a 5 HP BLDC Motor with a Shaft Diameter of 14.90 mm 
 

The BLDC motor of the electric vehicle CTL H105A is utilized for the experimentation. The 
specifications of the BLDC motor for the electric vehicle CTL H105A are as follows: 
 

Table 1 
Technical Specification of BLDC Motor (Source: Bosch Technical Data Sheet for 
Customized BLDC Motor) 
Description Value 
Motor Type  BSD 48V 4kW 
E-Vehicle Type 48V 30A PMSM two-wheeled type 
Voltage  50.4 ±0.5V 
Battery DC Current Limit 
Phase current Limit 

≤ 90A 
≤ 200A (Peak Value) 

No Load DC Current 
No Load RPM 

≤ 10A@7500 rpm 
7500 rpm@50.4 V DC 

Rated Operating Point 7.4 Nm@5000 ±3% rpm,3.8 kW 
Rated Efficiency  > 85.8%@7.4 Nm,5000rpm 
Max. Torque   16± 0.5 Nm (From 0 to 2000 rpm) for 6 Min. w/o external cooling 
Pick the Power of the Motor 
Mechanical Speed Limit 
Phase Sequence 
Poles 

3.4 kW (16Nm@2200rpm) at 120A Phase current (rms) for 6 Min. 
9000 rpm for 2 min. 
U: Yellow, V: Green, W: Blue 
Stator: 12 Poles: Rotor:10 poles   

 
2.2 Finalizing IoT Parameters for BLDC Motor Experimentation 
  

The BLDC motor model is prepared in MATLAB/Simulink in a manner analogous to that of a 
three-phase synchronous machine. As the rotor is equipped with a permanent magnet, its dynamic 
characteristics are depicted differently. The flux linkage from the rotor depends on the properties 
of the mounted permanent magnet. Similar to a typical three-phase motor, the BLDC motor's 
structure is energized by a three-phase input voltage source, where KE represents the back emf 
constant, and ω signifies the angular speed of the rotor. 

The permanent magnet also influences the produced torques due to the trapezoidal flux linkage 
resulting from its characteristics. KT stands for the torque constant. The mathematical relationship 
between the resultant torque and the load torque, involving motor inertia (Ϳ), angular acceleration 
(𝝎𝝎), damping constant, and angular velocity as shown in Eq. (3), is corroborated by Newton's 
second law of motion. 
                                                               
Tᴇ₍ₜ₎–Tւ₍ₜ₎=J 𝒹𝒹𝒹𝒹₍ₜ₎

𝒹𝒹𝒹𝒹
+ ℬ ∗ 𝜔𝜔₍ₜ₎                                                                                                   (3) 

 
where TE, Engine Torque; TL, Load Torque; are in N-m; J, Rotor Inertia in [kgm^2]; and d/dt 𝝎𝝎(t), 
Acceleration; B, Damping Constant 

The analogs of electrical parameters of the BLDC motor, such as current frequency (Hz), RMS 
current (A), and Threshold (%r), are measured on the test bench to evaluate the harmonic stability 
factor 'K' for various stable speeds. The energy of the sound wave is calculated using the following 
Eq. (4).  

 
𝐸𝐸 = 1

4
(𝛢𝛢2𝜔𝜔2𝜆𝜆)                                                                                                                     (4) 
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where A represents the amplitude of the wave (in meters), ω denotes the angular frequency of the 
wave oscillator (in hertz), and λ stands for the wavelength (in meters) 
 
2.3 Test Setup for Experimentation 
 

Figure 3 below depicts the models of a BLDC (Brushless DC) motor and a PMDC (Permanent 
Magnet DC) motor, each accompanied by an electronic speed controller. These motor models are 
interconnected with a MATLAB/Simulink simulation through an Arduino unit, which is energized by 
a solar photocell. This configuration facilitates the supply of motor inputs for the simulation. 
 

 
Fig. 3. BLDCM/PLDCM Connected to a Laptop-Based MATLAB/Simulink Model 

 
The experimental setup for the BLDC motor test bench, including its components such as the 

motor control unit, battery management unit with battery, and Fluke device, performs a 125 B 
power analysis, as illustrated in Figure 4a, 4b, 4c, and 4d, respectively. 
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(a) Motor Test bench set up (b)  Motor Controller, Motor, BMS module, Battery 

  
(c) Digital Oscilloscope Meter (d) Digital L-C-R Meter 

Fig. 4. Test Bench Setup of BLDCM/PLDCM with Its Components and Instruments: A Technical and 
Scientific Perspective 

 
2.4 BLDC Motor Simulink Model  
 

The block diagram for BLDC motor control is constructed within the Simulink model, 
incorporating the necessary control circuit elements. A MATLAB/Simulink model of a BLDC motor is 
created using mathematical equations for simulation purposes, as depicted in Figure 5. This paper 
presents a simulation-based investigation of a brushless direct current (BLDC) motor under varying 
no-load operating conditions. The analysis encompasses the assessment of the impact of 
alterations in operating conditions on the acoustic noise and vibration generated by this drive 
model. 
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Fig. 5. Open-loop control of a 4 kW BLDC motor (utilizing 6-Step Commutation) using 
MATLAB/Simulink  

 
The torque and power curve characteristic of a BLDC motor is typically shown as a function of 

motor rotational speed, as depicted in Figure 1. However, the motor-induced torque is not only 
dependent on the stall torque but also on the speed. Additionally, the rotational speed under no-
load conditions remains constant [20]. 
 
3. Simulation Analysis 
 

The data for the threshold frequency are collected using a FLUKE-125B power analyzer to 
analyze the phase current at various harmonic states and stable speeds. Total Harmonic Distortion 
(THD) refers to the arithmetic deviation in voltage or current waveforms from their ideal sinusoidal 
shapes. THD quantifies the undesired harmonics in the voltage or current waveforms through fast 
Fourier analysis. This analysis is critical for maintaining and enhancing the stability of the power 
supply system. Harmonic stability determines the frequency of a generated sound wave. Harmonic 
distortion is a term that relates threshold (%r) to stable speed, used to identify whether motors are 
in an acceptable condition (OK) or not (NOT OK). The threshold frequency is the minimum 
frequency of incident light at which the emission of electrons begins.   

The frequency-amplitude spectrogram of the BLDC motor is depicted in Figure 6(a) and 6(b). 
These figures illustrate that at specific frequencies, higher amplitudes are observed. This 
phenomenon is accompanied by broader wavelengths, indicating significantly lower energy 
dissipation compared to the PMDC motor. This distinction is highlighted by the acoustic noise 
characteristics. 
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(a) 

 
(b) 

Fig. 6. Frequency-Amplitude Spectrogram of BLDC (a) Motor 1 (b) Motor 2 
 

The frequency-amplitude spectrogram of the PMDC motor is depicted in Figure 7(a). This 
illustration demonstrates that at lower frequencies, a greater amplitude is observed, accompanied 
by a shorter wavelength. These observations indicate enhanced energy dissipation through the 
acoustic noise characteristics. 

The frequency-amplitude spectrogram of the PMDC motor is depicted in Figure 7(b). It shows 
that at a specific frequency, the amplitude is generally shorter, except for point P4, which exhibits a 
shorter wavelength and lower energy dissipation compared to PMDC motor 1, as indicated by its 
acoustic noise characteristics. 
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(a) 

 

 
(b) 

Fig. 7. Frequency-Amplitude Spectrogram of PMDC (a) Motor 1 (b) Motor 2 
 
3.1 3D Graphical Analysis 
 

Graphical 3D surface plots are used to visually compare the expressed readings exclusively at a 
specific predominant frequency for each speed increment, with a) Mt. Bruno Elevation, and b) 
Volcano Surface Plot, facilitating in-depth analysis as depicted in Figure 8(a) and 8(b). 
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I.                                                                                             (b) 

Fig. 8.  Effects of RPM Input on Threshold and Harmonic Distortion Factor: A Study using the FLUKE-
125B Power Analyzer with (a) Mt. Bruno Elevation and (b) Volcano Surface Plot 

 
It appears that the Harmonic Stability K factor (KF) is calculated as follows: 

 
𝐾𝐾𝐾𝐾 = 𝑅𝑅𝑅𝑅𝑅𝑅 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝒹𝒹 (𝐴𝐴)

𝑅𝑅𝑅𝑅𝑅𝑅×𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝒹𝒹 𝐹𝐹𝑐𝑐𝑐𝑐𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐𝐹𝐹 (𝐻𝐻𝐻𝐻)× 𝚃𝚃𝚃𝚃𝚃𝚃(%𝑟𝑟)
100

                                                                                  (5) 

 
where KF is the Harmonic Stability factor, RMS is the Root Mean Square, A represents current in 
Amperes, RPM stands for Revolutions Per Minute of the Motor, and THD denotes Total Harmonic 
Distortion. 

MATLAB/Simulink should be used to plot the general scale for RMS current (in amperes), 
current frequency (in hertz), and threshold (in the percentage of r) for BLDC motor 1, covering the 
range from 1280 to 7500 RPM, as illustrated in Figure 9.  
 

 
Fig. 9.  The graphical trends of RMS current (A), current frequency (Hz), and Threshold (%r) for BLDCM 
are presented (Stacked Plot) 
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The graph illustrates the inverse relationship between RPM and harmonic stability in the energy 
dissipation of a BLDC motor. The diminishing harmonic stability with increasing RPM points to 
reduced energy dissipation efficiency, attributed to heightened inductance in the motor windings at 
higher RPMs causing current ripples and subsequent losses. The graph shown in Figure 10, also 
indicates an optimal RPM for maximum energy dissipation efficiency, subject to motor design and 
load specifics. While a valuable tool for BLDC motor engineers, it's important to note the graph's 
simplification, its dependency on motor characteristics and load, and its representation of a 
singular operating scenario rather than a comprehensive performance overview. 
 

 
Fig. 10.  The graphical trends of RMS current (A), current frequency (Hz), and Threshold (%r) for 
BLDCM are presented (Stacked Plot) 
 

The MATLAB/Simulink graphical plot in a logarithmic scale is used for displaying RMS current (in 
Amperes), current frequency (in Hertz), and threshold (in percentage of rated current) for PMDC 
motor 1. The plot covers the RPM range from 1280 to 7500 RPM, as depicted in Figure 11 of the 
reference. 
 



Journal of Advanced Research in Applied Mechanics 
Volume 111, Issue 1 (2023) 38-61 

 

51 
 

 
Fig. 11. Graphical logarithmic trends of RMS current (A), current frequency (Hz), and 
Threshold (%r) for PMDCM (Stacked Plot) 

 
The provided graph in Figure 12 illustrates the correlation between RPM and harmonic stability 

in the energy dissipation of a BLDC motor. With RPM on the x-axis and harmonic stability on the y-
axis, the declining trend of harmonic stability as RPM increases suggests reduced energy dissipation 
efficiency at higher rotational speeds. This phenomenon arises due to heightened motor winding 
inductance at elevated RPMs, resulting in more pronounced current ripple and associated losses 
that compromise efficiency. Notably, the graph highlights an optimal RPM point characterized by 
peak harmonic stability, indicating the motor's most efficient energy dissipation state. The 
determination of this optimum RPM hinges on motor design specifics and operational load 
considerations. While a valuable tool for BLDC motor design and troubleshooting, the graph's 
simplified nature underscores that the genuine RPM-harmonic stability relationship can be intricate 
and nonlinear.  
 

 
Fig. 12. Graphical logarithmic trends of RMS current (A), current frequency (Hz), and Threshold (%r) 
for PMDCM (Parallel Plot) 
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3.2 Simulation Results 
 

MATLAB/Simulink simulations were conducted to generate spectrograms from the oscilloscope 
data, investigating the influence of RMS current (in μA), current frequency (in Hz), and threshold 
(expressed as %R), on harmonic distortion and the overall threshold for a BLDC motor operating in 
the range of 1280 to 7500 RPM, as depicted in Figure 13. 
 

 
Fig. 13.  Harmonic distortion and threshold spectrogram need to be corrected in terms of grammar, 
technical accuracy, logical coherence, and scientific validity 

 
Harmonic distortion and threshold spectrogram need to be corrected in terms of grammar, 

technical accuracy, logical coherence, and scientific validity as shown in Figure 14. 
 

 
Fig. 14.  Frequency versus Time Spectrum Analysis of Sound Using BLDCM for Decibel Distribution 
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The PMDCM Spectrum Analysis of Frequency vs. Time for sound intensity distribution, as shown 
in Figure 15, indicates that at the higher density of frequencies towards the end, the noise intensity 
is observed with higher peaks, and there is a sudden restoration when the frequency returns to the 
initial state. 
 

Fig. 15.  Frequency versus Time Spectrum Analysis of Sound in Decibel Distribution 
 

The spectrum analysis of a Brushless Direct Current Motor (BLDCM), depicted in Figure 16, 
reveals intriguing insights into energy distribution over frequency and time domains. Specifically, as 
illustrated, in regions of higher frequency density, the sound energy spectrum exhibits elevated 
peaks. These peaks indicate a substantial increase in energy dissipation compared to that of a 
Permanent Magnet Direct Current Motor (PMDCM). 
 

 
Fig. 16.  Frequency and Time Domain Analysis of Sound Energy Distribution in a BLDCM Spectrum 



Journal of Advanced Research in Applied Mechanics 
Volume 111, Issue 1 (2023) 38-61 

 

54 
 

The Spectrum Analysis of PMDCM Frequency vs. Time for Energy Distribution, as depicted in 
Figure 17, indicates that towards the end, the frequency becomes uniform. This uniformity in 
frequency is accompanied by a uniformly observed sound energy spectrum. Consequently, the 
energy dissipation is significantly lower compared to that of a BLDCM. 
 

 
Fig. 17.  Spectrum Analysis of PMDCM: Frequency and Time-Based Distribution of Sound Energy 

 
BLDCM Spectrum Analysis: Frequency versus time for energy distribution, as shown in Figure 

18, indicates that the overall energy distribution is quite uniform. Therefore, energy dissipation 
appears to be moderate. 
 

 
Fig. 18.  Analysis of the Spectrum of Frequency versus Time for Overall Energy Distribution in a BLDCM 
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PMDCM Spectrum Analysis: Frequency versus time for energy distribution, as shown in Figure 
19, indicates that the overall energy distribution is varying abruptly. Therefore, uniform energy 
dissipation is not observed. 
 

 
Fig. 19.  Perform a PMDCM Spectrum Analysis of Frequency versus Time for the comprehensive 
distribution of energy 

 
The analysis of the power density spectrum for frequency versus energy distribution of the 

BLDCM, as shown in Figure 20, indicates that the power density is relatively uniform. Consequently, 
precise prediction of energy dissipation is feasible. 
 

 
Fig. 20. Power Density Spectrum of BLDCM in the Frequency Domain 
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The analysis of the power density spectrum for PMDCM in terms of frequency versus energy 
distribution, as depicted in Figure 21, reveals that power density is not uniformly distributed. 
Consequently, predicting energy dissipation is not a straightforward task. 
 

 
Fig. 21. Power Density Spectrum of PMDCM in the Frequency Domain 

 
3.2.1 Observations 
 

Noisy motors exhibit high Total Harmonic Distortion (THD) levels across various speed steps 
ranging from 1280 to 7500 RPM. A meaningful one-to-one comparison can only be conducted at 
the predominant frequency associated with a specific speed. An increase in THD corresponds to a 
higher level of noise captured by the measuring instrument. 

Noisy motors typically manifest lower fundamental components and augmented non-
fundamental components. Even harmonic components tend to attenuate as they approach 
synchronous speed, while odd components persist. Nevertheless, the dissipation of noise-
embedded energy can be regulated by closely monitoring motors operating at their resonant 
frequencies, characterized by shorter wavelengths. 
 
3.2.2 Order of the harmonics 
 

Harmonics refers to voltages or currents occurring at frequencies that are multiples of the 
fundamental frequency. The universally accepted fundamental frequency is 60 Hz according to 
global standards. This results in harmonic orders at 120 Hz, 180 Hz, 240 Hz, and so forth. However, 
for most European countries operating on a 50 Hz frequency system, the harmonic orders become 
100 Hz, 150 Hz, 200 Hz, and so on. These orders can be identified by their harmonic numbers or as 
multiples of the fundamental frequency. 

The acoustic noise of the BLDC motor drive is assessed in terms of frequency (Hz), RMS current 
(A), and Threshold frequency (%r) concerning line or phase voltage. This analysis follows the 
guidelines set out in ISO 7919-2:2001. The acoustic noise signals surpass the prescribed range 
outlined in the 85-1980 IEEE Standard, registering at nearly twice the expected levels. The 
minimum energy required to liberate an electron from a specific metal and the longest wavelength 
of electromagnetic radiation causing this phenomenon is 235 kJ/mol and is measured in 
nanometers (nm), respectively. 
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𝐸𝐸 = ℎ𝑣𝑣ₒ + ½𝑘𝑘𝑉𝑉2                                                                                                                         (6) 
 
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿, 𝜆𝜆 = 𝚌𝚌

𝚟𝚟
, ∅ = 𝚟𝚟ₜₕ, 𝚟𝚟ₜₕ = ∅

ℎ
                                                                                             (7) 

 
∅ = 235 𝐾𝐾𝐾𝐾

1 𝑚𝑚𝑚𝑚𝑚𝑚𝑐𝑐
× 1 𝑚𝑚𝑚𝑚𝑚𝑚𝑐𝑐

6.022×1023𝑐𝑐−
× 1000𝐾𝐾

1𝐾𝐾𝐾𝐾
 ,     ℎ = 𝑃𝑃𝑃𝑃𝐿𝐿𝐿𝐿𝑘𝑘𝑃𝑃 𝐶𝐶𝐶𝐶𝐿𝐿𝑃𝑃𝐶𝐶𝐿𝐿𝐿𝐿𝐶𝐶 = 6 × 1034 𝐽𝐽. 𝑆𝑆                                 (8) 

 
where v₀ represents the harmonic stability threshold frequency or electron emission frequency. 
The variable k is associated with the stiffness-to-mass ratio, while v pertains to the velocity of 
electrons or the velocity of the machine. 
 
3.3 Waveform Analysis of Line Power Signals' Noise Vectors (Line and Phase Voltages) 
 

The data for BLDCM speed variation in meters per hour against the phase current variation for 
the noise signal has been simulated. However, the speed fluctuation does not appear to affect the 
phase current distribution, as illustrated in Figure 22. 
 

 
Fig. 22. Performing waveform analysis of the phase current versus speed characteristics of a BLDCM using 
the DSO-Scientific SM02104X power analyzer 
 
Observations 
• No variation in signals was observed in the case of noisy motors and functional (OK)  
• The feedback signals of the motors are devoid of high-frequency noise, owing to the frequency 

limitation of the measurement channel 
 

The speed variation data of PMDCM in meters per hour against the sinusoidal variation of 
motor phase current is simulated for noise signal analysis. However, the speed remains constant for 
the sinusoidal distribution of motor phase current, as depicted in Figure 23. 
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Fig. 23. Waveform analysis of phase current versus speed characteristics of PMDCM (Permanent Magnet DC 
Motor) using the DSO-Scientific SM02104X Power Analyzer 
 
Observations: 
• Distorted sinusoidal current waveform (resulting from current chopping) 
• Each phase is conducted for a specific ON time (Ton) governed by the MCU (for speed control) 
• Harmonic analysis needs to be conducted to capture anomalous noise 
 

As the motor operates at synchronous speed, noisy motors can be identified by analyzing the 
harmonic contents of the phase current. Other potential sources of noise include electromagnetic 
factors such as cogging torque and torque ripple, as well as mechanical factors like bearings and 
rotor vibrations. 
 
4. Results 
 

Noisy motors are identified based on the analysis of phase current harmonic content through 
waveform analysis of power signals. However, there are additional potential sources of noise 
induced in the motor due to electromagnetic factors, such as cogging torque, torque ripple, and 
mechanical aspects like bearings and rotor vibrations. Moreover, the motor's operation can be 
affected by various field-oriented control (FOC) methods employed by the motor control unit 
(MCU). 

Analyzing the acoustic trends in BLDC/PMDC motor criticality presents challenges for hardware 
design. To address these challenges, the development of software for modifying control logic using 
artificial intelligence has become essential to optimize the performance of the BLDC motor. It's 
important to note that critical considerations arise due to limitations in system and parameter 
measurements in BLDC motor design. 

The insights gained from experimentation and simulation analyses significantly contribute to 
the advancement of research in areas such as BLDC/PMDC motor dynamics, motor-integrated 
powertrain, CAN bus communication, and the associated power density analysis. 
 
5. Discussion 
 

The simulation results illustrate that the system's response to a step input is of paramount 
importance. It governs how effectively the system is designed to achieve its objectives. There exist 
two primary types of responses: transient response and steady-state response. This simulation 
experiment employs the BLDC/PMDC motor speed as a step input. This approach serves not only to 
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identify the system parameters within the control loop but also to optimize its overall performance. 
The step response reveals the settling time of the operational components within the control loop. 
Settling time denotes the duration the BLDC motor requires to reach a stable speed in response to 
the commanded input. Typically, a settling time of 20 seconds is recorded for achieving a steady 
state. 

Initially, the motor produces high torque due to its lower speed. As acceleration commences, 
the motor departs from the zero-speed range. Once the speed reaches a steady state, the 
acceleration diminishes to zero again. Within the zero-acceleration zone, precise noise readings can 
be obtained. This simulation study demonstrates that the resulting speed of the BLDC motor aligns 
with the desired reference speed, characterized by minimal errors and unfavorable readings in this 
zone. Before this, it is imperative to ascertain the appropriateness of the selected PI gains. 

The step response of the motor concerning current and voltage input showcases the desired 
energy and power curve. The motor generates power to overcome its inertial resistance and the 
applied load. To support this imposed load, the motor draws proportionate power from the battery 
source. In the context of this proposed 4 kW motor, the speed stabilizes into a steady state, and 
acceleration approaches zero. Nevertheless, the input and output power of the motor theoretically 
equate. 

The energy delivered to the motor is partly utilized to balance power through noise generation, 
vibration, and subsequent friction-induced heating. The spectrogram depicts the simulation results 
of energy dissipation with noise frequencies of shorter wavelengths. This study can be further 
exploited to develop strategies for mitigating the acoustic noise originating from the BLDC/PMDC 
drive during the design phase. 
 
5.1 Outcome 
 

i. The noisy motor has a lower fundamental component and higher non-fundamental 
components.  

ii. Even harmonic frequency components tend to disappear when interfacing with odd 
components.  

iii. The odd-order harmonics beyond 11 are negligible and should be ignored, as they give 
rise to dominant frequencies. 

 
6. Conclusion  
 

This paper presents a systematic approach to identifying the noise scale for BLDC motors 
induced by the internal airspace of both its stator and rotor. The occurrence of acoustic modes as a 
source of noise in electric motors seems to be quite rare. However, the conventional mechanical 
and electromagnetic techniques make it challenging to identify the noise sources through the 
earlier approach focused on the acoustic mode. This paper introduces an experimental study aimed 
at verifying the influence of acoustic noise under no-load operating conditions of BLDC motors. To 
evaluate the harmonic stability of the noise analog's 'K' factor, electrical parameters like current 
frequency, RMS current, and threshold frequency are measured. Subsequently, the motors are 
classified based on their signal readings for simulation analysis. The simulated analysis undeniably 
clarifies that electromagnetic forces are the primary cause of acoustic noise in BLDC motors. It has 
been demonstrated that torque ripple and cogging torque are not responsible for the noise source. 
However, the acoustic noise signals were found to be almost twice the prescribed range as per the 
IEEE Standard 85-1980. The contribution of noise scale to overall energy dissipation can be easily 
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predicted based on this approach. The analysis indicates that approximately 3-4% of the input 
energy is wasted in this BLDCM/PMDCM setup concerning frequency variation. This is 
demonstrated in spectrograms showing frequency versus noise amplitude and watts. The 
predominant frequencies align with where the noise is generated and these frequencies primarily 
consume the power. This power analysis aids in identifying and segregating noisy motors during 
assembly. 

The scientific power analyzer made by DSO provides power signals along with all associated 
parameters for analyzing the motors' power characteristics. This analysis helps in identifying energy 
dissipation due to various factors occurring in such devices. Researchers can leverage this 
information to design low acoustic noise BLDC motors, especially for more energy-efficient HEV 
models in customer service. 
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