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Abstract: The control of mechanical energy loss is especially key in the design of permanent magnet
drive motors for special vehicles. This paper takes a 300 kW high-efficiency motor as an example,
and under the operating condition of 9000 rev/min, in order to control the size of the mechanical loss
Pmech, improve the efficiency of the motor, as well as enhance the ventilation and heat dissipation
performance of the motor, the structural parameters of the motor’s Axis fan are identified by using the
Reverse Engineering (RE), and the fan performance is simulated and analysed by using the standard
k-ε turbulence model of Computational Fluid Dynamics. The mechanical loss calculation model is
investigated, and the effects of different blade numbers, wrap angles, and mounting angle parameters
of the fan on the mechanical loss Pmech are derived. And finally, the scheme is calculated to show that
when the blade number Z is 13, the wrap angle ∆ϕ is 60◦, the front mounting angle
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Abstract: The control of mechanical energy loss is especially key in the design of permanent magnet 

drive motors for special vehicles. This paper takes a 300 kW high-efficiency motor as an example, 

and under the operating condition of 9000 rev/min, in order to control the size of the mechanical 

loss 𝑃𝑚𝑒𝑐ℎ , improve the efficiency of the motor, as well as enhance the ventilation and heat 

dissipation performance of the motor, the structural parameters of the motor’s Axis fan are 

identified by using the Reverse Engineering (RE), and the fan performance is simulated and 

analysed by using the standard k-ε turbulence model of Computational Fluid Dynamics. The 

mechanical loss calculation model is investigated, and the effects of different blade numbernumbers, 

wrap angleangles, and mounting angle parameters of the fan, on the mechanical loss 𝑃𝑚𝑒𝑐ℎ are 

derived. And finally, the scheme is calculated to show that when the blade number Z is 13, the wrap 

angle Δ𝜑 is 60°, the front mounting angle 𝛷1 is 45°, and the rear mounting angle 𝛷2 is 30°, the 

mechanical loss 𝑃𝑚𝑒𝑐ℎ decreases from 8.0 kW to 2.54 kW, and the motor efficiency 𝜂0 is greatly 

improved, increasinged from 94.2% to 96.1%. Meanwhile, based on finite element simulation 

experiments, the effects of the motor Axis fan on the steady statesteady-state temperature field of 

the pre-optimised and post-optimised fans are compared, and the optimised axis fan makes the 

motor ventilation and heat dissipation more reasonable. The maximum temperature of the motor 

under the same working condition decreased by 16.7 K, and the efficiency 𝜂0 of this motor was 

greatly improved, and the efficiency 𝜂0 increased from 94.2% to 96.1%. 
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1. Introduction 

Permanent magnet synchronous drive motors for special vehicles play a pivotal role 

in national modernisation and defence construction. Permanent magnet synchronous 

motors (PMSMs), with their high efficiency and small size, have become one of the key 

components of electric drive systems in special vehicles [1–5]. Such drive motors have an 

extremely high power density, reaching more than four times the power density of 

general industrial motors. Special vehicles havewith small spaces, heat dissipation 

difficulties, and motor operations at high ambient temperatures. At the same time, the 

special performance requirements of special vehicles, includeto acceleratione, 

deceleratione, high torque, low speed, high speed, constant power, and other states 

between the frequent conversions [6]. Easily caused by the permanent magnet 

synchronous motor loss increase, motor components local overheating, resulting in the 

winding and permanent magnets, there are serious safety hazards [7]. This poses a great 

challenge to the temperature rise of the motor. The temperature rise of the motor is not 
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2 is 30◦, the mechanical loss Pmech decreases from 8.0 kW to 2.54 kW, and the
motor efficiency η0 is greatly improved, increasing from 94.2% to 96.1%. Meanwhile, based on finite
element simulation experiments, the effects of the motor Axis fan on the steady-state temperature
field of the pre-optimised and post-optimised fans are compared, and the optimised axis fan makes
the motor ventilation and heat dissipation more reasonable. The maximum temperature of the motor
under the same working condition decreased by 16.7 K, the efficiency η0 of this motor was greatly
improved, and the efficiency η0 increased from 94.2% to 96.1%.

Keywords: high-efficiency motor; mechanical loss; axis fan; temperature field; turbulence model

1. Introduction

Permanent magnet synchronous drive motors for special vehicles play a pivotal role
in national modernisation and defence construction. Permanent magnet synchronous
motors (PMSMs), with their high efficiency and small size, have become one of the key
components of electric drive systems in special vehicles [1–5]. Such drive motors have an
extremely high power density, reaching more than four times the power density of general
industrial motors. Special vehicles have small spaces, heat dissipation difficulties, and
motor operations at high ambient temperatures. At the same time, the special performance
requirements of special vehicles include acceleration, deceleration, high torque, low speed,
high speed, constant power, and other states between frequent conversions [6]. Easily
caused by the permanent magnet synchronous motor loss increase, motor components
local overheating, resulting in the winding and permanent magnets, there are serious
safety hazards [7]. This poses a great challenge to the temperature rise of the motor. The
temperature rise of the motor is not only an important index to measure the performance
of the motor but also the temperature of the permanent magnets, which determines its
anti-demagnetisation capability. Therefore, in the design of permanent magnet motors for
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special vehicles, it is of great significance to comprehensively analyse the temperature field
of the motor and a detailed thermal management design is required [8–11].

Conventional motor development studies generally calculate the temperature rise of
the windings and magnets of the motor. Literature [12] studied the electromagnetic design
of a 350 kW permanent magnet propulsion motor for tanks. The losses of the motor are
analysed and calculated, and the steady-state temperature rise of the motor is calculated
by the finite element method. In [3], a three-dimensional fluid-solid coupling simulation
model of the motor was established, and a hybrid ventilation and heat dissipation system
was proposed. In [13], the effects of different cooling methods on the motor are investigated,
and the advantages and disadvantages of various cooling methods are compared. Ref. [14],
for hybrid electric vehicle motors, the performance of the air-water hybrid cooling system is
investigated, and a reduced-order thermal model is used to predict the internal temperature
of the motor. This literature mainly conducted relevant research on two methods of motor
ventilation and heat dissipation, namely air cooling and water cooling. The impact of motor
fan structure on motor temperature rise performance has not been addressed.

The axis fan of the permanent magnet drive motor for special vehicles is a very
important ventilation and heat dissipation component in the drive motor. The performance
of the fan directly affects the size of the mechanical loss of the motor as well as the heat
dissipation ability of the motor, thus affecting the performance and service life of the motor.
In [15], a thermofluid analysis of the air cooling of a permanent magnet motor with a shaft
fan was carried out, but the thermal performance of each component of the motor was not
analysed in detail. Ref. [16], the effect of an auxiliary cooling fan on the ventilation and
heat dissipation of the motor was studied, and a more accurate thermal model of the motor
was developed. Ref. [17], the method of internal and external aerodynamic analysis based
on computational fluid dynamics (CFD) was used to analyse and calculate the internal
mechanical losses of the motor. In Refs. [18–21], theoretical and numerical analyses as
well as motor temperature field studies have been carried out for shaft fans (axial fans) or
forced fans of electric motors. The above literature has studied the thermal field calculation
method and structural design of motor ventilation and cooling systems, especially the
new motor ventilation and cooling system. But the problem is that there is no accurate
calculation model for the mechanical loss of the motor fan. The control of the mechanical
energy loss of the motor fan is not addressed. The reduction of mechanical energy losses
in the fan reduces the temperature rise of the motor, which in turn improves the overall
performance of the motor.

Reverse Engineering (RE), also known as inverse design, refers to the measurement of
existing models or parts to get the required data and importing the measurement data into
3D software (ANSYS-CFturbo 2022) to get a complete CAD model. On this basis, the model
can be improved and optimised more easily by analysing the designer’s design intention
and adding new ideas [22]. RE inverse engineering can be used to optimize the design
of the cooling fan, optimize and innovate the fan structure, save R&D costs, and shorten
the R&D cycle. In Refs. [23–25], the key aspects of data measurement, data analysis and
processing, and surface reconstruction in the reverse engineering of ventilation cooling fans
are studied, and the characteristics of curves/surfaces such as Bezier, B-Spline, and NURBS
are compared and analysed. The finite element analysis method is used to simulate and
analyse the internal flow field, structure, and modal state of the fan. Ref. [22], the surface
of the motor fan is reconstructed using inverse engineering, and the flow characteristics
of the inverse fan model are analysed using hydrodynamics and verified experimentally,
which fails to make a detailed study on the thermal performance of the motor fan and the
efficiency of the motor.

None of the above studies have dealt with the reverse design (RE) of the axis fan of
special vehicle drive motors, in particular. There are very few studies on the effect of fan
structure parameters on motor fan performance and mechanical energy loss, and too few
studies on the effect of fan optimisation on the motor ventilation and cooling system as
well as on the efficiency of the motor.



Energies 2023, 16, 7685 3 of 15

With the increasingly high requirements for motor efficiency, how to be able to further
control to reduce the mechanical loss of the motor has become the focus of research. The
cooling fan of the motor plays an important role in the mechanical loss, vibration, noise, and
temperature rise of the motor. The design of a new type of motor fan in line with fluid flow
characteristics to meet the needs of the development of high-efficiency, ultra-high-efficiency
motors is a very meaningful work [26].

The object of this paper is the axis cooling fan for permanent magnet drive motors for
special vehicles. A new way of thinking is proposed to study the influence of motor fan
structure on the temperature rise performance of the motor, especially on the calculation
of the mechanical energy loss of the motor fan, to establish a more accurate finite element
calculation model. Reduced motor temperature rise by reducing mechanical energy losses.
Then it improves the overall performance of the motor. The structural parameters of the fan
are identified by using the inverse solving technique. And the fan structure parameters are
improved and optimised, and the effects of different fan structure parameters on mechanical
energy loss are analysed. The fan structure is optimised and an accurate mechanical loss
calculation model is established. At the same time, the mechanical loss of the motor was
reduced. And reduced motor temperature rise, which in turn improved the overall motor
efficiency. Finally, finite element simulation experiments were carried out on the motor to
compare the effects of the fan before and after optimisation on the steady-state maximum
temperature Tmax and maximum temperature rise ∆T of the motor.

2. Motor Axis Fan Model and Basic Theory
2.1. Motor Overall Structure and Cooling Fan Model

The motor adopts an air-water composite cooling structure, and its motor structure
and cooling circuit are shown in Figure 1. The motor mainly consists of stator and rotor
cores, windings, permanent magnets, rotor shafts, chassis, waterways, axis fan (rotor shaft
fan), air-cooling device, and other components. The motor adopts the composite cooling
method of water cooling in the spiral water channel of the casing and the cooling fan of the
rotor shaft to disturb the internal air circulation. The motor base is equipped with a spiral
water jacket. The cooling water flows into the motor from the inlet of the water channel,
then flows along the axial spiral, and finally flows out of the outlet of the water channel to
take away the heat to cool the motor. At the same time, the motor uses a rotor cooling fan
to disturb the internal air cooling. The air passes through the rotor vent into the fan side of
the end cavity, the side of the end cavity of the air part of the air gap, and the other part of
the water-cooled device through the seat after the collection of the other side of the end
cavity into the rotor vent, forming a circular loop. The red arrow shows the water cooling
circuit, and the green arrow shows the internal air circulation cooling circuit.
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2.2. Calculation of Mechanical Energy Loss in Electric Motors

As shown in Equation (1), the total power P of the motor in this paper is 300 kW, and
the efficiency η0 is 94.2%. In addition to the external active power output P1 of the motor,
the various energy losses are copper consumption Pcu, iron consumption Pf e, magnetic
steel eddy current consumption Pmag, mechanical loss Pmech, and stray loss Pσ [27]. Among
them, the mechanical energy loss Pmech is 8 kW. And the objective of this study is to control
the mechanical energy loss below 4 kW so that the efficiency of the motor can be increased
to more than 95.5%.

P = P1+Pcu + Pf e + Pmag + Pmech+Pσ

η0 =
P1

P
(1)

During the high-speed rotation of the motor, the fan, as well as the rotor, generate
mechanical energy losses Pmech. The total motor fan torque magnitude can be obtained
by using the CFD post-processing function [28]. Equation (2) is then used to evaluate the
power loss Pmech of the fan component.

Pmech = Mω (2)

where M is the total fan torque magnitude in Nm; ω is the rotor angular velocity in 1/s.

3. Basic Theory of Fan Blades
3.1. Calculation of Fan Blades and Flow Rate Based on Empirical Equations

The impeller is the most important part of the ventilator fan, and the basic methods
commonly used are introduced here. Fan blade size can be determined according to the size
of the motor fan installation space, and the main dimensions of the fan impeller, as shown
in Figure 2. The main dimensions are shaft diameter size Dh, impeller inlet diameter Ds,
outer diameter size D2, blade inlet width b1, front mounting angle
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Abstract: The control of mechanical energy loss is especially key in the design of permanent magnet 

drive motors for special vehicles. This paper takes a 300 kW high-efficiency motor as an example, 

and under the operating condition of 9000 rev/min, in order to control the size of the mechanical 

loss 𝑃𝑚𝑒𝑐ℎ , improve the efficiency of the motor, as well as enhance the ventilation and heat 

dissipation performance of the motor, the structural parameters of the motor’s Axis fan are 

identified by using the Reverse Engineering (RE), and the fan performance is simulated and 

analysed by using the standard k-ε turbulence model of Computational Fluid Dynamics. The 

mechanical loss calculation model is investigated, and the effects of different blade numbernumbers, 

wrap angleangles, and mounting angle parameters of the fan, on the mechanical loss 𝑃𝑚𝑒𝑐ℎ are 

derived. And finally, the scheme is calculated to show that when the blade number Z is 13, the wrap 

angle Δ𝜑 is 60°, the front mounting angle 𝛷1 is 45°, and the rear mounting angle 𝛷2 is 30°, the 

mechanical loss 𝑃𝑚𝑒𝑐ℎ decreases from 8.0 kW to 2.54 kW, and the motor efficiency 𝜂0 is greatly 

improved, increasinged from 94.2% to 96.1%. Meanwhile, based on finite element simulation 

experiments, the effects of the motor Axis fan on the steady statesteady-state temperature field of 

the pre-optimised and post-optimised fans are compared, and the optimised axis fan makes the 

motor ventilation and heat dissipation more reasonable. The maximum temperature of the motor 

under the same working condition decreased by 16.7 K, and the efficiency 𝜂0 of this motor was 

greatly improved, and the efficiency 𝜂0 increased from 94.2% to 96.1%. 

Keywords: high- efficiency motor; mechanical loss; axis fan; temperature field; turbulence model 

 

1. Introduction 

Permanent magnet synchronous drive motors for special vehicles play a pivotal role 

in national modernisation and defence construction. Permanent magnet synchronous 

motors (PMSMs), with their high efficiency and small size, have become one of the key 

components of electric drive systems in special vehicles [1–5]. Such drive motors have an 

extremely high power density, reaching more than four times the power density of 

general industrial motors. Special vehicles havewith small spaces, heat dissipation 

difficulties, and motor operations at high ambient temperatures. At the same time, the 

special performance requirements of special vehicles, includeto acceleratione, 

deceleratione, high torque, low speed, high speed, constant power, and other states 

between the frequent conversions [6]. Easily caused by the permanent magnet 

synchronous motor loss increase, motor components local overheating, resulting in the 

winding and permanent magnets, there are serious safety hazards [7]. This poses a great 

challenge to the temperature rise of the motor. The temperature rise of the motor is not 
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2, blade wrapping angle ∆ϕ and so on. The principle of determining the main dimensions
is to minimise the flow losses to improve the efficiency of the motor [29].
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3.2. Number of Leaf Blades

In ventilators, increasing the number of impeller blades increases the theoretical
pressure of the impeller because it reduces the effect of relative eddies. However, an
increase in the number of blades will increase the friction losses in the impeller channel,
which will reduce the actual pressure of the fan and increase energy consumption. Also,
the number of blades in a fan cannot be determined theoretically [30]. The fan blades of the
scheme before optimisation in this paper were 10.

3.3. Specific Speed

Most of the similarity criterion expressions for impeller machinery contain the char-
acteristic length l, which has some limitations in its use. The specific rotational speed is a
similarity criterion consisting of several parameters without the characteristic length. The
use of specific rotational speeds can bring much convenience to the design, testing, and
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classification of impeller machinery [31]. Taking the fan in this paper as an example, the
specific rotational speed is as follows:

ns = 5.54n
Q

1
2(

1.2
ρ P

) 3
4
= 4.83n

Q
1
2(

P
ρ

) 3
4

(3)

In this paper, the fan-specific speed ns is 320. It is known that the fan type is
mixed flow.

3.4. Determination of Blade Meridian Surfaces

The meridian curve is a Bezier curve, as shown in Figure 3. The Bezier curve is simple,
flexible, has high order continuity and good convexity preservation, and is widely used for
the optimal design of the flow within the impeller machinery [32]. The Nth Bezier curve is
defined as follows:

P(t) =
n

∑
i=0

B(i,n)(t)Pi 0 ≤ t ≤ 1 (4)

where B(i,n)(t) is the Bernstein basis function, i.e.,

B(i,n)(t) = Ci
n

(
1− t)n−iti (5)

where, Pi is any point on the curve; t ∈ (0, 1) is the covariate. Ci
n is the number of

combinations; generally called the fold P0P1P2 · · · Pn is the control polygon of the curve
P(t); Pi is the control vertex of the Bezier curve.
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4. Theory Related to Finite Element Fluid-Structure Coupling Calculations

(1) When the pressure variation through the interior of the motor is small (i.e., a few
tens of Pascals), with reference to an isentropic transformation [18], the relative change in
density can be calculated from Equation (6):

∆ρ

ρ
=

[
1 +

∆p
p

] 1
k
− 1 (6)

The flow can be approximated as incompressible and the air density change is negligible.
(2) The standard k-ε model requires solving the equations for turbulent kinetic energy

and its dissipation rate. This model assumes that the flow is fully turbulent and that the
effect of molecular viscosity can be neglected [33]. The equations for turbulent kinetic
energy k and dissipation rate ε for the standard k-ε model are of the following form:

ρ
dk
dt

=
∂

∂xi

[(
µ +

µt

σk

)
∂k
∂xi

]
+ Gk + Gb − ρε−YM (7)

ρ
dε

dt
=

∂

∂xi

[(
µ +

µt

σε

)
∂ε

∂xi

]
+ C1ε

ε

k
(Gk + C3εGb)− C2ερ

ε2

k
(8)
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where Gk denotes the turbulent energy production due to the mean velocity gradient, Gb
denotes the turbulent energy production due to the buoyancy effect, and YM denotes the
effect of the pulsating expansion of the compressible turbulence on the total dissipation
rate. The turbulent viscosity coefficient µt = ρCµ

k2

ε . In commercial CFD, the default
constants are generally C1ε = 1.44, C2ε = 1.92, C3ε = 0.09. The turbulent Platt’s numbers
for turbulence kinetic energy k and dissipation rate ε are σk = 1.0, σε = 1.3, respectively. In
this paper, the standard k-ε turbulence model is used.

(3) The rotation of the motor coaxial fan is the main power source for airflow around
the motor. For this strong rotation problem of fluid fields, this paper adopts the rotating
coordinate system method (MRF) of computational fluid dynamics software. This method
can better simulate the airflow brought about by the fan rotation, and at the same time,
it can guarantee a certain calculation accuracy, and the calculation speed is fast, which is
suitable for the coupled calculation of the fluid field and temperature field.

5. Inverse Design Motor Fan and Optimisation Analysis

The existing motor fan is reconstructed, and parameters are identified using the RE
inverse technique. Then finite element simulation experiments are carried out to analyse
the effect of different fan structure parameters on mechanical energy loss. Finally, the fan
model that meets the requirements is obtained by correcting the fan parameters through
feedback. The specific process is shown in Figure 4.
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5.1. Fan Model Reconstruction

According to the above introduction of the fan as well as the main parameters of
the impeller, the existing motor fan model was first reconstructed using RE software
(ANSYS-CFturbo 2022), and the parameters were identified.

5.1.1. Inverse Meridian Schematic

Parametric identification of the meridian plane was performed, and the results are
shown in Figure 5 below.
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5.1.2. Fan Radial Main Parameters

The main dimensional parameters are shown in Table 1.
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Table 1. Inverse the main radial dimensional parameters of the model.

Parameters Numerical Value/mm Schema

Ds 295.3
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5.1.3. Inverse Model Front and Rear Mounting Angles

Capturing the front and rear mounting angles of the original model can be used to
build a new model with different combinations of front and rear mounting angles. The
front and rear mounting angles are shown in Figure 6, and the original model has 90◦ front
and rear mounting angles.
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5.1.4. Impeller Wrap Angle Parameter

The fan impeller structure corresponding to different wrap angles ∆ϕ is shown in
Figure 7, and the original fan model has a wrap angle of 0◦.
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Figure 7. Schematic diagrams of fan impellers with different wrap angles.

5.1.5. Optimisation of Impeller Rim Edge

As shown in Figure 8, the leading edge and trailing edge of the impeller are chamfered
with Bezier curves instead of right angles in the original model.
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5.2. Simulation Analysis and Optimisation of Fan External Flow Field

To analyse and optimise the performance of the fan, the main research method is to use
CFD software to carry out finite element analysis on different parameters of the fan, and to
study the effect of the structural parameters of the fan on its aerodynamic performance. The
external flow field of the fan is created as shown in Figure 9, and the CFD hydrodynamic
analysis of the fan is carried out in the external flow field to determine the mechanical
energy loss and fan resistance according to the simulation results and further to determine
the optimal fan structure, so as to complete the optimisation and improvement of the
fan impeller.
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This paper focuses on the simulation analysis of the fan with different wrap angles ∆ϕ
and number of blades Z to achieve a reduction in the energy consumption of the fan based
on the flow rate of the new fan being greater than or equal to that of the prototype fan.
Therefore, compared to conventional fan optimisation, which is more concerned with full
pressure efficiency or static pressure efficiency, this paper focuses on the ability of the fan
to generate airflow and the magnitude of mechanical energy loss. The efficiency evaluation
index of the fan [34] is calculated as follows:

η =
Pv ×Qv

M× w
(9)

where Pv is the outlet dynamic pressure, Qv is the volume of gas flowing in and out of
the flow field per unit time, M is the torque supplied to the fan by the shaft, and w is the
fan speed.

Considering the complexity of the computational model and the time period of the
finite element computation of the flow and temperature fields, this paper is mainly based on
the optimisation method of the univariate function. The univariate function optimisation
design is carried out for the fan’s wrap angle and the blades, as the change of the fan’s
wrap angle and the blades often results in an optimised design with greater benefits.

The simulation analysis of the external flow field was done for the fan wrap angles
∆ϕ of 0◦, 30◦, 60◦ and 85◦, respectively, as shown in Figure 10a–d. The velocity trace,
velocity cloud, ZY-plane pressure cloud, and XY-plane pressure cloud are shown in the
figures, respectively.

From the above simulation cloud results, it can be seen that the velocity traces of the
outflow field have a significant difference as the wrap angle changes. At the same time,
with the maximum speed of the fan, the blade pressure also changes. From the results,
the corresponding outlet dynamic pressure Pv, flow volume Qv, and fan torque M can be
extracted, which in turn leads to the fan efficiency evaluation index η under different wrap
angles as shown in Figure 11. It can be seen that when the wrap angle ∆ϕ = 60◦, the fan
efficiency evaluation index η = 0.28 is the optimal value.
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From the above simulation cloud results, it can be seen that the velocity traces of the
outflow field have a significant difference as the wrap angle changes. At the same time, with
the maximum speed of the fan, the blade pressure also changes. Under different package
angles, the corresponding outlet dynamic pressure Pv, flow volume Qv, fan torque M and
other data can be extracted from the simulation results of the fan. And then, according to
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Equation (9), calculate the fan efficiency evaluation index η under different wrap angle,
and the results are shown in Figure 11. It can be seen that when the wrap angle ∆ϕ = 60◦,
the fan efficiency evaluation index η = 0.28 is the optimal value.

Similarly, the finite element simulation analysis of the external flow field of the fan
corresponding to different numbers of blades is carried out, and the results are shown in
Figure 12.
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Figure 12. Comparison of simulation results of fan outflow field under different blade numbers.
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For different numbers of blades, the corresponding outlet dynamic pressure Pv, flow
volume Qv, fan torque M and other data can be extracted from the simulation results of the
fan. According to Equation (9), the fan efficiency evaluation index η is calculated under
different blades, and the results are shown in Figure 13. It can be seen that when blade
Z = 13, the fan efficiency evaluation index η = 0.28 is the optimal value.
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Finally, combining Figures 11 and 13, it can be seen that the fan efficiency evaluation
index is optimal when ∆ϕ =60◦ and Z = 13.

5.3. Comparative Simulation Analysis of Motor Temperature Field

Based on the fan optimisation model derived from Section 5.2, the effect of the pre-
optimisation and post-optimisation fan models on the temperature field of the motor is
analysed. Table 2 shows the comparison of the relevant parameters of the motor fan before
and after optimisation.
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Table 2. Comparison of motor fan parameters before and after optimisation.

Item Edge
Wrap
Angle
∆ϕ/(◦)

Blade
Number Z

Front
Mounting

Angle Φ1/(◦)

Rear
Mounting

Angle Φ2/(◦)
3D Model

Before
optimisation

Right
angle 0 10 90 90

Energies 2023, 16, x FOR PEER REVIEW 11 of 15 
 

 

5.3. Comparative Simulation Analysis of Motor Temperature Field 
Based on the fan optimisation model derived from Section 5.2, the effect of the pre-

optimisation and post-optimisation fan models on the temperature field of the motor is 
analysed. Table 2 shows the comparison of the relevant parameters of the motor fan before 
and after optimisation. 

Table 2. Comparison of motor fan parameters before and after optimisation. 

Item Edge Wrap Angle 𝚫𝝋/(°) 
Blade Number 𝐙 Front Mounting 

Angle 𝜱𝟏/(°) 
Rear Mounting 

Angle 𝜱𝟐/(°) 
3D Model 

Before 
optimisation 

Right 
angle 0 10 90 90 

 

After 
optimisation 

Bezier’s 
angle 60 13 45 30 

 

In the thermal simulation analysis of the motor, the losses of each component of the 
motor are first calculated at 9000 rev/min operating conditions. In this paper, the 
electromagnetic loss of the motor is obtained by simulation calculation through the finite 
element method, and then the heat generation rate of each component in the motor is 
obtained according to the volume of each component [35]. The heat generation rate of each 
component is shown in Table 3. 

Table 3. Heat generation rate of motor components. 

Components Loss (W) Volumes (m3) Heat Generation Rate (W/m3) 
Winding copper consumption 5080 0.0098 518,367.3 

Stator iron consumption 2630 0.0098 268,367.3 
Rotor iron consumption 486 0.0068 71,470.6 

Magnets 1000 0.0021 476,190.5 

In the coupled simulation of the temperature field and flow field of the motor, certain 
boundary conditions are imposed on the simulation model according to the structure of the 
motor and the actual working environment. Mass flow boundary conditions are applied to 
the cooling water inlet, and pressure outlet boundary conditions are applied to the outlet. 
The boundary conditions imposed during the finite element analysis are shown in Table 4. 
The heat generation rate from Table 5 is applied as a heat source loaded on each heat-
generating part on average.  

Table 4. Calculation of boundary conditions. 

Position Boundary Conditions Value 
Water inlet Velocity inlet 2.04 m/s, 70 °C 

Water outlet Pressure outlet 1 Pa 
Outer wall surface 

of housing 
Natural Convection heat 

Dissipation 10 W/(m2 · K), 70 °C 

Rotating part Field of rotation 9000 rev/min 
Water jacket and stator OD 

contact surface 
Coupling surface 0.5 mm, 0.21 W/(m · K) 

  

After
optimisation

Bezier’s
angle 60 13 45 30

Energies 2023, 16, x FOR PEER REVIEW 11 of 15 
 

 

5.3. Comparative Simulation Analysis of Motor Temperature Field 
Based on the fan optimisation model derived from Section 5.2, the effect of the pre-

optimisation and post-optimisation fan models on the temperature field of the motor is 
analysed. Table 2 shows the comparison of the relevant parameters of the motor fan before 
and after optimisation. 

Table 2. Comparison of motor fan parameters before and after optimisation. 

Item Edge Wrap Angle 𝚫𝝋/(°) 
Blade Number 𝐙 Front Mounting 

Angle 𝜱𝟏/(°) 
Rear Mounting 

Angle 𝜱𝟐/(°) 
3D Model 

Before 
optimisation 

Right 
angle 0 10 90 90 

 

After 
optimisation 

Bezier’s 
angle 60 13 45 30 

 

In the thermal simulation analysis of the motor, the losses of each component of the 
motor are first calculated at 9000 rev/min operating conditions. In this paper, the 
electromagnetic loss of the motor is obtained by simulation calculation through the finite 
element method, and then the heat generation rate of each component in the motor is 
obtained according to the volume of each component [35]. The heat generation rate of each 
component is shown in Table 3. 

Table 3. Heat generation rate of motor components. 

Components Loss (W) Volumes (m3) Heat Generation Rate (W/m3) 
Winding copper consumption 5080 0.0098 518,367.3 

Stator iron consumption 2630 0.0098 268,367.3 
Rotor iron consumption 486 0.0068 71,470.6 

Magnets 1000 0.0021 476,190.5 

In the coupled simulation of the temperature field and flow field of the motor, certain 
boundary conditions are imposed on the simulation model according to the structure of the 
motor and the actual working environment. Mass flow boundary conditions are applied to 
the cooling water inlet, and pressure outlet boundary conditions are applied to the outlet. 
The boundary conditions imposed during the finite element analysis are shown in Table 4. 
The heat generation rate from Table 5 is applied as a heat source loaded on each heat-
generating part on average.  

Table 4. Calculation of boundary conditions. 

Position Boundary Conditions Value 
Water inlet Velocity inlet 2.04 m/s, 70 °C 

Water outlet Pressure outlet 1 Pa 
Outer wall surface 

of housing 
Natural Convection heat 

Dissipation 10 W/(m2 · K), 70 °C 

Rotating part Field of rotation 9000 rev/min 
Water jacket and stator OD 

contact surface 
Coupling surface 0.5 mm, 0.21 W/(m · K) 

  

In the thermal simulation analysis of the motor, the losses of each component of
the motor are first calculated at 9000 rev/min operating conditions. In this paper, the
electromagnetic loss of the motor is obtained by simulation calculation through the finite
element method, and then the heat generation rate of each component in the motor is
obtained according to the volume of each component [35]. The heat generation rate of each
component is shown in Table 3.

Table 3. Heat generation rate of motor components.

Components Loss (W) Volumes (m3)
Heat Generation

Rate (W/m3)

Winding copper
consumption 5080 0.0098 518,367.3

Stator iron
consumption 2630 0.0098 268,367.3

Rotor iron
consumption 486 0.0068 71,470.6

Magnets 1000 0.0021 476,190.5

In the coupled simulation of the temperature field and flow field of the motor, certain
boundary conditions are imposed on the simulation model according to the structure of the
motor and the actual working environment. Mass flow boundary conditions are applied
to the cooling water inlet, and pressure outlet boundary conditions are applied to the
outlet. The boundary conditions imposed during the finite element analysis are shown in
Table 4. The heat generation rate from Table 5 is applied as a heat source loaded on each
heat-generating part on average.

Table 4. Calculation of boundary conditions.

Position Boundary Conditions Value

Water inlet Velocity inlet 2.04 m/s, 70 ◦C
Water outlet Pressure outlet 1 Pa

Outer wall surface
of housing

Natural Convection heat
Dissipation 10 W/(m2 · K), 70 ◦C

Rotating part Field of rotation 9000 rev/min
Water jacket and stator OD

contact surface Coupling surface 0.5 mm, 0.21 W/(m · K)
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Table 5. Comparison of motor performance.

Maximum
Magnet

Temperature
Tmax/(◦C)

Maximum
Winding

Temperature
Tcu/(◦C)

Maximum
Temperature

Rise
∆T/(K)

Mechanical
Energy Loss
Pmech/(kW)

Efficiency
η0

Before
optimisation 205.4 168.5 135.4 8.0 94.2%

After
optimisation 188.7 158.3 118.7 2.54 96.1%

According to the finite element software calculation and solution, a comparison of
the pre-optimisation and post-optimisation motor temperature field results is shown in
Figure 14. The temperature cloud data of the magnet, rotor core, windings, and XY
plane can be known. Comparing the temperature cloud data of each component, it can
be obtained:
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Figure 14. Comparison of motor temperature field results for two fan schemes. (a) Optimisation of
the previous fan solution; (b) Optimised fan solution.

(1) The results before optimisation are shown in Figure 14a. By extracting the finite
element simulation to calculate the temperature data of each component, it can be seen that
the maximum temperature of the motor is 205.4 ◦C at the magnet position. The calculation
by extracting the finite element simulation data shows that the fan torque after optimisation
is 8.4 Nm. According to Equation (2), the mechanical energy loss is Pmech =8.0 kW.

(2) The optimised results are shown in Figure 14b. By extracting the finite element
simulation to calculate the temperature data of each component, it can be seen that the
highest temperature of the motor is 188.7 ◦C at the magnet position. The calculation by
extracting the finite element simulation data shows that the optimised fan torque is 2.7 Nm.
According to Equation (2), the mechanical energy loss is Pmech =2.54 kW.

As shown in Table 5, it can be seen that the maximum temperature Tmax of the motor
decreases by 16.7 K, the electromagnetic performance of the motor is greatly improved, the
mechanical energy loss decreases by 5.46 kW, and the efficiency of the motor is improved
by 1.9%.

After optimising the design, the main dimensional parameters of the motor as well as
the fan are shown in Table 6.
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Table 6. Main structural parameters of motor and fan.

Motor Main Structure Parameters Main Structural Parameters of Fan

Parameter Value Parameter Value

Rated power (kW) 350 shaft diameter size (mm) 217.2
Rated speed (r/min) 9000 impeller inlet diameter (mm) 295.3

Stator outer diameter (mm) 450 outer diameter size (mm) 302
Stator inner diameter (mm) 320 Wrap angle (◦) 60
Rotor outer diameter (mm) 314 Blade number 13

Iron core length (mm) 180 Front mounting angle (◦) 45
Number of pole pairs 3 Rear mounting angle (◦) 30

6. Conclusions

In this paper, a parametric identification of the axis fan of a special motor is carried out
by applying Reverse Engineering (RE). Computational fluid dynamics methods are used to
analyse the effects of several geometrical parameters on the dynamic performance of the
fan blades. Simulation analysis is carried out for the fan parameters, and an optimisation
scheme is proposed to achieve an improvement in the performance of the motor fan. Further
finite element simulation comparison experiments are carried out on the motor fan before
and after optimisation. The final results show that, compared with the pre-optimisation
scheme, the maximum temperature of the motor decreases by 16.7 K, the mechanical energy
loss decreases significantly, and the motor efficiency increases by 1.9%. The following main
conclusions are drawn from the optimisation analysis of several fan parameters and the
simulation calculation of the motor temperature field:

(1) Using the inverse solution technique, the fan can be accurately modelled with pa-
rameter identification to improve the speed and accuracy of motor fan design calculations.

(2) The wrap angle of the motor axis fan has a large impact on the fan performance,
and there is an optimal wrap angle, which makes the motor axis fan have the highest
efficiency and the smallest mechanical energy loss, greatly reduces the temperature rise of
the motor, and improves the overall performance of the motor.

(3) A more accurate finite element calculation method for the mechanical loss of the
enclosed motor axis fan is proposed.
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