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Abstract—This paper presents a detailed electro-mechanical
performance analysis of the three-phase brushless DC (BLDC)
surface-mounted permanent magnet (SPM) motor. The BLDC
SPM motor operates at the rated load and rated constant rated
speed conditions. The electro-mechanical characteristics of the
BLDC SPM motor include the air-gap magnetic flux distribution,
mechanical torque, torque ripple, mechanical output power and
electro-mechanical losses. The two-dimensional (2D) finite element
analysis (FEA) is utilized to model and numerical analysis of the
BLDC SPM motor.

Index Terms—BLDC motor, electrical machines, electro-
mechanical conversion, finite element analysis, permanent magnet
(PM), SPM motor.

I. INTRODUCTION

ECENTLY, the permanent magnet synchronous motors

(PMSMs) are becoming a dominant solution to the modern
electric drive applications [1], because of their high efficiency
and power density, and excellent dynamic performances [2].
Among different PMSM configurations, the surface-mounted
permanent magnet (SPM) motors have gained significant
attention in applications, such as electric vehicles (EVs),
aerospace actuators, industrial automation, and renewable
energy systems [1]-[2]. The popularity of the SPM motors is
attributed to their simple rotor structure, reduced manufacturing
complexity, and reliable electromagnetic behaviour [3].

In an SPM motor, the permanent magnets (PMs) are mounted
directly on the rotor surface, resulting in a nearly uniform air-
gap magnetic field [4]. The SPM structure leads to a
predominantly sinusoidal back electromotive force (EMF) and
minimizes the magnetic saliency [4]. Therefore, the SPM
motors have almost equal direct and quadrature (d and ¢q) axis
inductances. Hence, the control strategies are simpler, and field-
oriented control (FOC) proved suitable across a wide range of
operating conditions for the SPM motor [5].

At rated load operation, the electromagnetic behavior of the
SPM motor is governed by the combined magnetic field of the
PM excitation and the stator current excitation effects [4].
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Unlike the no-load conditions presented in [6], the interaction
between the armature reaction and the magnet field
significantly influences the air-gap flux distribution,
electromagnetic torque production, and losses [5]-[6]. Accurate
analysis of the rated-load electromagnetic characteristics is
indispensable for the realistic performance assessment and
robust motor design [7].

Compared to the interior permanent magnet (IPM) motor, the
defining features of the SPM motor is its negligible magnetic
saliency because the PMs are mounted on the rotor surface
without flux-barrier structures [8]. Therefore, almost equal d-
and g-axis inductances lead to torque production predominantly
from electromagnetic rather than reluctance-based sources [5].
Under rated-load conditions, the electromagnetic torque is
mainly proportional to the g-axis current; therefore, simplified
control strategies are adopted, and the electromagnetic field
distribution in the torque optimisation is emphasised [5].

The air-gap magnetic flux density under rated load
conditions deviates from its no-load conditions due to the
armature reaction produced by the stator currents [7]. This
reaction can cause the magnetic saturation in the stator teeth and
yoke, altering the effective flux linkage and impacting the
electromagnetic torque linearity [8]. Thus, nonlinear
electromagnetic effects need to be evaluated to ensure accurate
prediction of SPM motor performance [9].

The electromagnetic torque characteristics at rated load are
the key performance indicators for the SPM motors. The torque
ripples are generated due to the interaction of the harmonic
components in the air-gap magnetic field, winding distribution,
and inverter-supplied currents. The torque ripples lead to
vibration, acoustic noise, and reduced mechanical lifespan [10].
Therefore, improving the electromagnetic torque and reducing
torque ripple under rated load conditions are essential for
improving the motor drive smoothness and system reliability
[11].

The copper and iron losses are significantly influenced by the
electromagnetic conditions at the rated load [12]. At the rated
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current, the copper losses dominate due to the increased stator
current density, while the iron losses are affected by the
magnetic flux density levels and harmonic content in the
magnetic core [11]-[12]. Both losses directly impact the SPM
motor efficiency, thermal behaviour, and continuous operation
capability. Therefore, accurate electromagnetic evaluation is an
important aspect of the motor’s rated-load analysis [12].

The back EMF under stator’s current excitation is different
from the no-load back-EMF due to the magnetic saturation and
cross-coupling effects [10]-[12]. The variation in the back-EMF
influences the voltage utilization, the field-weakening
capability, and inverter sizing. Thus, the understanding of the
electromagnetic interactions of the SPM motor is important for
ensuring its stable operation at rated speed and torque [9], [11].

Analytical methods, numerical method such as finite element
analysis (FEA), and / or the experimental measurements are
commonly employed to evaluate the electro-mechanical
characteristics of the SPM motors [13]. While analytical models
offer physical insight and rapid evaluation, the FEA numerical
method enables the detailed investigation, especially when
there are the complex geometries, nonlinear magnetic behavior,
and slotting effects of the SPM machines [13]-[14].
Experimental validation remains indispensable for verifying the
accuracy of theoretical and numerical predictions [13].

This paper presents a detailed and comprehensive analysis of
the electro-mechanical behavior of the brushless DC (BLDC)
SPM motor operating at rated load. Thus, the air-gap magnetic
flux distribution, the mechanical torque production, electro-
mechanical loss mechanisms, and saturation effects are
discussed and computed using the 2D FEA tutored by [14-16].

II. BLDC SPM MOTOR

The BLDC motor is characterized by the specific geometric
and physical dimensions, designed for the pump applications.
The BLDC SPM motor assembly comprises a fixed part stator
and a movable part rotor, separated by an air gap, as shown in
Fig. 1. The stator includes yoke, slots, and three-phase
windings, while the rotor iron holds the surface-mounted PMs.

Key physical characteristics of the BLDC SPM motor
include 24 stator slots, a 3-phase Y-connection, and 2 pole
pairs, as shown in Fig. 1. The three-phase BLDC SPM motor
utilizes the NdFeB magnets mounted on the rotor. Whereas, the
stator of the BLDC SPM motor’s winding is 3-phase with a
classical concentric type having a throw of 5 coils, and 1 coil
per pole per phase, as shown in Fig. 2.

The three-phase BLDC SPM motor's outer diameter is 48
mm, and its stack length is 50.308 mm. The airgap length is
0.503 mm. The rotor's shaft radius is 9.003 mm, and the rotor's
external radius is 25.154 mm. The PMs are mounted on the
rotor and has a thickness of 6.987 mm with a PM pole arc of
150°. The stator slots are square-shaped with a radial depth of
14 mm, slot opening of 1.5 mm and the tooth width of 3.4 mm.

III. METHODOLOGY

The 2D FEA simulation method for the BLDC SPM motor
performance at constant speed, specifically focusing on the
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Fig. 1. Three-phase BLDC SPM motor.

Fig. 3. Meshing of the BLDC SPM motor.

electromagnetic torque is addressed [14]. The 2D FEA
simulates the BLDC SPM motor operating at a constant speed
of 1000 rpm, driven by a 3-phase bridge electric circuit. Thus,
the BLDC SPM motor performances are computed, including
shaft torque and electrical power consumption, while
considering factors like airgap magnetic field, spectrum
analysis, core and magnet losses, and current components.

Geometry: The geometry step defines the physical shape of
the BLDC SPM motor being simulated, as shown in Fig. 1. The
main parts of the BLDC SPM motor, such as, the stator, rotor,
PMs, air gap, shaft, and surrounding air region are created with
their actual dimensions. Symmetry and periodicity are utilized
to reduce the geometrical size and computation time.

Meshing: Meshing discretized the geometry and divides the
geometry into a large number of small elements, as shown in
Fig. 3 to compute the electro-mechanical quantities, using the
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Fig. 4: Stator current excitation circuit for the three-phase quasi square current.

Fig. 5: Magnetic flux lines when the rotor is at 0.003 sec.
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Fig. 6. Electromagnetic torque of the three-phase BLDC SPM motor.

FEA. Line meshing is adopted, and finer mesh regions are
applied where the field changes rapidly, such as in the air gap,
PMs, and stator teeth as shown in Fig. 3. However, coarser
meshes are used elsewhere to reduce the FEA computation
time. The better meshing ensures the numerical accuracy and
stability of the solution.

Physical application: For the FEA for the electromagnetic
analysis of the BLDC SPM motor at rated load conditions and
constant speed, a 2D transient magnetic application is selected.
Hence, the magnetic field is solved as a function of time. The
respective materials are selected and assigned to different
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regions, such as electrical steel for the stator and rotor core, the
PM material for the magnets and air for the air gaps and
surroundings. Mechanical sets are defined to differentiate the
fixed parts, such as, stator, its windings and stationary airgap
from the moving parts such as, rotor, its PMs and rotatory
airgap. The electrical circuits are also created to represent the
windings, power supply, and switching elements, as shown in
Fig. 4.

Physics: The BLDC SPM motor operates at constant speed
under electrical excitation. The rotor speed of the BLDC SPM
motor is imposed and kept constant at 1000 rpm. However, the
stator is fixed and is driven by the three-phase inverter
supplying quasi-square-wave currents, as shown in Fig. 4. The
electrical circuit of the BLDC SPM motor is modified to
include switches, voltage sources, and control logic based on
the rotor position. Eddy current effects in the PMs and losses in
the iron are enabled by assigning the appropriate material
properties, such as, magnetization characteristics and
directions. Thus, the realistic interaction between the
electromagnetic fields, motion, and electrical supply is properly
assigned and guided [17-19].

Solving: The time-controlled simulation scenario of the
BLDC SPM motor is created, and the solver advances step by
step in time, updating the rotor position, magnetic field
distribution, currents, and voltages at each time step. The time
step is chosen carefully to capture both the electrical switching
and the mechanical motion accurately. The solver iterates until
convergence is reached at every step, producing a complete
transient solution over one or more electrical periods.

Post-processing: The results are post processed to analyze
and interpret the simulation results. The magnetic flux density
plots are examined to verify the magnetic field distribution and
saturation levels. The magnetic flux flow path is shown in Fig.
5. The mechanical torque and mechanical power are calculated
from the electromagnetic forces. The electrical quantities such
as the phase currents and Joule losses are evaluated. Thus, the
raw simulation data is transformed into a meaningful
performance indicator of the three-phase BLDC SPM motor.

IV. RESULTS AND DISCUSSIONS

A. Mechanical performance

The mechanical torque output waveform of Fig. 6 illustrates
the torque generated by the BLDC SPM motor over time. The
mechanical torque waveform provides the insights into the
dynamic performance of the three phase DLDC SPM motor
under rated load operating conditions. The average mechanical
torque of the BLDC SPM motor is 1.979 Nm.

The mechanical torque waveform shows a fluctuating
pattern, indicating the torque ripple of 1.727 Nm. The torque
ripple needs to be reduced as it is unwanted for the smooth
operation of the BLDC SPM motor. The torque ripples in the
BLDC SPM motor are generated due to the various factors,
including the motor's design, the interaction between the PMs
and stator slots, and the motor control strategy. Thus, analyzing
the electro-mechanical characteristic of the three-phase DLDC
SPM motor is important for understanding the motor's
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Fig. 7. Mechanical output power of the BLDC SPM motor.

smoothness of operation and the potential vibrations.

From the mechanical torque t, the output mechanical power
P is computed using the P = tw relation, where angular
velocity is w. The average output mechanical power is 206 W,
as shown in Fig. 7. The output mechanical power is calculated
from the relation of the mechanical torque and angular speed.
Mechanical power is important for evaluating the BLDC SPM
motor's overall power delivery capability.

Understanding the mechanical torque waveform is important
for the electrical motor designers to optimize the motor
performance, minimize undesirable torque ripples, and ensure
the efficient electro-mechanical power conversion. When the
three phase BLDC SPM motor operates at a constant speed of
1000 rpm, the motor exhibits various types of losses that
contribute to the reduction of overall efficiency. These losses
include the Joule losses, mechanical losses, core losses, and
magnet losses. Thus, the overall efficiency of the motor is
calculated based on these losses and the output mechanical
power.

B. Electro-Mechanical Losses

Joule losses commonly known as the copper losses or R
losses occur primarily due to the resistance of the stator
windings. Thus, the Joule losses are calculated from the root
mean square (rms) value of the current / passing through the
coil conductors. Thus, the rms current of 10.33 A, leads the
Joule losses of 22.77 W for the three phases, as shown in Fig.
8. Similarly, the mechanical losses of the three-phase BLDC
SPM motor are determined to be 7.5 W.

C. Electrical performance

The current waveform of the BLDC SPM motor is shown in
Fig. 9, and it is determined by removing the current component
from the Joule losses of Fig. 8. The calculated rms output
current of the BLDC SPM motor is 10.12 A. Similarly, the
voltage induced during the interaction of the magnetic and
electric excitation of the three-phase BLDC SPM motor is
shown in Fig. 10. The calculated rms voltage of the three-phase
BLDC SPM motor is 9.166 V.

V. CONCLUSION
The three-phase BLDC SPM motor for pump application is

18

25.0

Joule losses [W]

0.0

0.00 0.01 0.02

Time [sec.] 0.03

Fig. 8. Joule losses waveform.
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Fig. 9. Joule losses waveform.
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Fig. 10. Voltage when the three-phase BLDC SPM motor’s stator is excited.

investigated and numerically simulated using the 2D FEA. The
BLDC SPM motor runs at the rate load with constant speed and
its stator is excited along with the rotor. Thus, the electro-
mechanical characteristics of the three phase BLDC SPM motor
are analyzed due to the interaction of the current and magnetic
excitation.

At constant speed, the BLDC SPM motor provides critical
insights into its electromagnetic torque characteristics, thus, the
mechanical characteristics are analyzed. The mechanical torque
characteristics reveals torque ripple, which is a common
phenomenon in the BLDC SPM motors, and it is influenced by



the design and its control strategies. The reduction of the torque
ripples enhances the mechanical torque, and it is aimed for the
future investigation. Reducing the torque ripple is essential for
ensuring the smooth operation and reduction in vibration of the
BLDC SPM motor.

The mechanical torque quantifies the output mechanical
power, and the yielded average mechanical power is 206 W.
The mechanical output power is crucial for assessing the BLDC
SPM motor's overall power delivery capabilities under its
specific operating conditions.

The electrical performance of the three-phase BLDC SPM
motor is quantified by measuring current, voltage, and electrical
losses. The total Joule losses are 22.7 W, and mechanical losses
are 7.5 W; thus, the efficiency of the BLDC SPM motor reduces
when both electromechanical losses and core and magnetic
losses are accumulated..

The future work is aimed at reducing the torque ripples and
control strategies to ensure the motor’s smooth operation. The
core losses and magnetic losses need to be numerically
determined. Thus, a comprehensive future study is aimed at the
electromagnetic performance of the three-phase BLDC SPM
motor at no load, rated load and over and under load operation
conditions for the pump application.
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