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Abstract: In this study, a brushless permanent magnet motor (BPM) with high performance and efficiency 
was modeled using Motor CAD. At first, the basic characteristics and various operating conditions have been 
determined. After evaluating the design, a two-dimensional model was created for electromagnetic analysis 
and various performance curves. Based on these results, losses and efficiency maps were created to evaluate 
the performance and efficiency of the BPM. The finite element method (FEM) was used to analyze various 
results for its accuracy and speed. The results include the curves of torque, currents, voltages, Airgap flux 
density and the torque speed curve in addition to the magnetic flux density, vector potential and current 
density. The maps include the map of electromagnetic torque, the stator current phase peak, the iron losses 
map of the stator and rotor and the losses in the magnet. 
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1. INTRODUCTION 
Brushless permanent magnet motors (BPM) 
are used in many industrial applications 
because of their high power density and 
efficiency. Its design requires careful analysis 
of electromagnetic and thermal performance. 
The BPM motor does not rely on excitation 
coils to create the magnetic field but rather 
relies on the use of permanent magnets. It 
does not require glass rings or brushes, 
which reduces noise and maintenance. It is 
characterized by low losses in iron and 
copper, which increases the efficiency and 
the torque is high due to the strong 
permanent magnets. 
The torque improvement strategy of BPM 
motor based on Metamodel and CRITIC–
TOPSIS method is studied in [1]. Several 
research papers have presented different 
designs of brushless permanent magnet 
motors for electric vehicle applications [2-3-4-
5]. Thermal and electromagnetic analysis of 
brushless permanent magnet motors were 
presented in [6]. The acoustic noise and 
vibration analysis of the BPM have already 
been presented in [7-8]. Various brushless 
permanent magnet motor control strategies 

have been presented in several research 
papers [9-10-11-12]. 
This paper aims to provide an advanced 
analysis of BPM based on loss and efficiency 
maps to evaluate the motor's performance, to 
determine the most efficient operating points 
and to identify areas where losses are high. 
The BPM was modelled using Motor CAD. 
Based on the analysis results of the two-
dimensional model the efficiency and losses 
maps were created. The results were 
analyzed using the finite element method 
FEM, which is characterized by speed and 
accuracy in performance analysis. 

2. MATERIALS AND METHODS 
The brushless permanent magnet motor was 
modelled using Motor CAD. M350-50A was 
used as the stator material and N30UH for the 
magnet. After determining the different 
operating conditions, based on the analysis of 
the 2D BPM model results and 
electromagnetic analysis, the loss maps were 
created in to evaluate the motor performance 
and determine the best operating areas 
where the efficiency is high. The finite 
element method is used to analyze the 
various results. 
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Fig. 1 2D model of the BPM  motor. 

 
Table 1  Parameters of the BPM  motor. 

Parameters Values 
Pole number of the rotor  4 
Length of rotor core (mm) 90 
Outer diameter of  the stator (mm) 130 
Inner diameter of  the stator (mm) 80 
Slot number of  the stator 18 
Stator core length (mm) 90 
Teeth width (mm) 7 
Shaft diameter (mm) 25 
Stator material  M350-50A 
Magnet N30UH 
Magnet arc (electrical degrees) 140 

 
The following equations represent the 
electrical and mechanical mathematical 
modeling of the BPM motor according to [13-
14]: 

Phase voltage of  the BPM motor: 

= + +                      (1) 

= + +                      (2) 

= + +                       (3) 

Where Va, Vb, Vc is the terminal voltage of the 
phases a, b and c;  ia,  ib,  ic is the stator 
current of the phases a, b and c; L is the 
armature self  inductance per phase; R is the 
armature resistance per phase. 

Back emf of the BPM motor: 
= ( )                             (4) 
=                     (5) 

=                     (6) 

Where Ke is the back emf constant; m is the 
rotor angular speed. 

Torque for each phase of the BPM motor: 

= ( )                               (7) 

=                        (8) 

=                        (9) 

Where Kt  is torque constant. 

The electromagnetic torque of the BPM is: 

= + +                           (10) 

= ( ) + +

+                                             (11) 

= + +                 (12) 

Where TL is the load torque; J is the inertia of 
the rotor and coupled shaft; Kf is the fiction 
factor. 

3. RESULTS AND DISCUSSION 
The first section presents the electromagnetic 
and performance curve results of a two-
dimensional brushless permanent magnet 
motor. The results obtained were used to 
create the efficiency and loss maps shown in 
the second section. These maps allow for a 
more detailed evaluation of the BPM motor’s 
performance under various operating 
conditions, helping to identify optimal 
operating points and areas of low efficiency. 
This analysis is crucial for detecting design 
defects and determining which parameters 
and parts should be focused on to improve 
efficiency and reduce losses. 

 
Fig. 2 Meshed model of the BPM  motor. 
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Fig. 3 Magnetic flux density distribution. 

 
Fig. 4 Vector potential. 

Figure 3 shows the magnetic flux density 
distribution in a BPM motor. The flux density 
is highly concentrated in the air gap between 
the stator and the rotor. This concentration is 
essential for generating high torque. The flux 
density distribution is related to the motor's 
performance. A uniform flux density 
distribution improves motor efficiency and 
reduces losses. The flux lines indicate the 
path of the magnetic flux. In Figure 4 The 
vector potential represents the electromotive 
force acting on an electric charge in a 
magnetic field. Areas of closely spaced lines 
indicate areas of high magnetic flux density. 

 
Fig. 5 Current density. 

In Figure 5, the flux density distributions 
change with the current frequency applied to 
the coils, this data improves the design of the 
BPM by modifying the arrangement of the 
coils or changing the shape of the permanent 
magnets to achieve a more efficient magnetic 
field distribution. 

 
Fig. 6 Torque. 

 
Fig. 7 Currents. 

 
Fig. 8 voltages. 

 
Fig. 9 Airgap flux density. 
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Fig. 10 Torque speed curve. 

The results in Figures 6 to 8 represent the 
BPM motor performance curves: torque, 
current and voltage curves. The presented 
motor is characterized by high torque, which 
changes smoothly and consistently and has 
little ripples, indicating low noise and 
vibration. The rated torque is estimated at 
11.3 Nm. Figure 10 shows the variations in 
the torque curve. Based on the results of the 
2D BPM motor, various maps were created in 
the D and Q axes to facilitate the simulation 
process and create the maps in a shorter 
time. 

 
Fig. 11 Electromagnetic torque (Nm). 

Figure 11 shows the electromagnetic torque 
efficiency map, which is used to determine 
the optimal operating points of the motor in 
terms of current and speed to achieve the 
highest possible efficiency with minimal 
energy loss. The warm areas on the map 
indicate high-efficiency operation, meaning 
that the ratio of mechanical energy output to 
electrical energy input is high at those points. 
Conversely, the blue areas represent a low-
efficiency operation, often due to mechanical 
losses or losses in the iron or copper 
components. The optimal operating area 
marked in red indicates where the motor 
achieves its highest possible efficiency. 

 
Fig. 12 Stator current phase peak (A). 

The map in Figure 12 shows the distribution 
of the Stator current phase peak in  a  BPM  
motor. This type of map plays an important 
role in understanding the behavior of the 
motor and identifying critical areas that may 
be susceptible to damage or overheating. 
The red and orange areas represent high 
current density, while the blue colors 
represent low current density. It is clear from 
the map that the distribution of current 
density is not uniform throughout the stator. 
This is due to various factors such as the 
distribution of coils, the shape of the 
electrodes and the resistance of the 
materials. 

 
Fig. 13 Iron loss stator (W). 

 
Fig. 14 Iron loss (W). 
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Fig. 15 Iron loss rotor (W). 

 
Fig. 16 Magnet loss (W). 

The maps in Figures 13 to 16 represent the 
iron losses of the stator and rotor and the 
magnet losses of the BPM motor. The red 
areas indicate high iron losses. These areas 
generate significant heat due to eddy 
currents. Iron losses increase with increasing 
frequency of the current applied to the motor 
and with increasing the magnetic flux density 
in the iron core. These are critical areas that 
require special attention in terms of cooling to 
avoid thermal damage. The blue and green 
areas indicate low iron losses. Map 15 shows 
the rotor losses where they are very few. The 
magnet losses are very low less than 54 W in 
most operating areas. 

4. CONCLUSION 
Define abbreviations and acronyms the first 
time they appear in the text, even after they 
have been defined in the abstract. Avoid 
using abbreviations in the title or heads 
unless it is unavoidable. Efficiency and loss 
maps are powerful tools in analyzing BPM 
motor performance as they help in improving 
designs by identifying the operating points 
where the motor is most efficient. Machine 
performance can be improved, total losses 
reduced, and efficiency increased through 
advanced analysis using loss and efficiency 
maps by focusing on different operating 
conditions, identifying design errors on areas 
where the largest losses occur and may need 
improvement. Flux density distribution is 
directly related to motor performance. A 
uniform flux density distribution reduces 
losses and improves performance. This data 
can be used to improve motor control 

strategies and to identify areas that may be 
exposed to overheating due to magnetic 
losses. The finite element method (FEM) is a 
versatile tool that is accurate and fast in 
analyzing various data. 
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