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Abstract: The electro-hydraulic servo pump control system (EHSPCS) is a high-performance control
unit that integrates a permanent magnet synchronous motor (PMSM) and a closed hydraulic system
(CHS). The design features of high integration and a high power-weight ratio lead to the poor heat
dissipation capacity and high thermal balance temperature of the system. Excessive temperature will
seriously affect the system’s performance and service life. Therefore, the thermal balance analysis
method of the EHSPCS under different loads and different wind speeds was proposed in this paper.
Firstly, the PMSM and CHS were taken as research objects to analyze the heating source of the system.
The thermal power model was established, and the calculation was performed. The variation rule
of the thermal power generated by each component with the load torque under the typical rotating
speed was obtained. Secondly, the system’s temperature field thermal balance solution model was
established. ANSYS and AMESim software were used to calculate the thermal balance points of
the PMSM and CHS under different working conditions. The change rule of the thermal balance
temperature field of the EHSPCS under different loads was analyzed with the conditions of the
natural cooling and forced wind cooling of the PMSM. Finally, an experimental platform was built
for experimental research, and the experimental temperature of the system under different loads and
different wind speeds was measured. Through comparison and analysis with the simulation results,
the correctness and feasibility of the thermal balance theoretical analysis method were verified. The
research results will lay the foundation for thermal balance research on the EHSPCS, and have
guiding significance for system design, component selection, and load matching.

Keywords: electro-hydraulic servo pump control system (EHSPCS); permanent magnet synchronous
motor (PMSM); closed hydraulic system (CHS); thermal balance; temperature field

1. Introduction

Electro-hydraulic servo pump control technology plays a very important role in high-
precision control fields, e.g., aircraft rudder surface control [1], robot joint drives [2], and
wind power variable paddle control [3], and is a core technology in industrial development.
The electro-hydraulic servo pump control system (EHSPCS) adopts the concept of volu-
metric speed regulation under the permanent magnet synchronous motor (PMSM) drive
mechanism. By changing the output speed and torque of the PMSM, the output flow and
pressure of the fixed displacement pump can be controlled to achieve high-precision control
of the position and force of the hydraulic cylinder. The introduction of electro-hydraulic
servo pump control technology reduces the installation, operation, and maintenance costs
of the system, improves the power-weight ratio and reliability [4–6], and solves the inher-
ent defects of traditional valve control technology, namely, a high throttling loss, a high
maintenance cost, and low integration [7], but the highly integrated design characteristics
of the EHSPCS greatly reduce the effective heat dissipation area. Part of the heat converted
by the electrical conductivity loss of the motor, the leakage loss of the fixed displacement
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pump and the hydraulic cylinder is dissipated into the surrounding environment through
the shell, and the other part is trapped inside the component, causing the temperature
of the system to rise [8,9]. When the PMSM temperature is too high, a high temperature
alarm and shutdown will often occur. If the hydraulic oil temperature is too high, it will
cause the oil to oxidize and decrease its viscosity, increase system leakage, and increase
component wear. To ensure that the system can run stably for a long time, the research on
the thermal balance temperature field of the EHSPCS becomes crucial.

In recent years, relevant experts and scholars have continued their research on the
heating problem of the PMSM and the closed hydraulic system (CHS) in the EHSPCS.
Currently, calculation methods of the motor thermal field include the Lumped Parameter
Thermal Network Method (LPTN), the Finite Element Method (FEM), and Computational
Fluid Dynamics (CFD) [10]. In [11,12], an LPTN model for thermal design and analysis of
the PMSM was presented, and the model predicted the temperature of each part of the mo-
tor with high precision. References [13,14] presented an electromagnetic-thermal coupling
analysis method of the PMSM, which was based on current harmonics and improved the
(µ + 1) evolution strategy. In [15], the thermal issues of a high-speed permanent-magnet
motor were studied based on CFD and numerical heat-transfer calculations, and the rea-
sons for the overheat of the prototype in the experimental test were thoroughly analyzed.
In [16], a PMSM comprehensive CFD model was presented, and the comparison between
measured and simulated temperatures showed that the model sufficiently described the
thermal behavior of the motor. The thermal modeling analysis of the CHS mainly in-
cludes modeling software and the lumped parameter method. In [17], the characteristics
of thermal generation and the dissipation of hydraulic components were analyzed, and
the AMESim thermal model of the whole hydraulic system was established. In [18], a
thermal-hydraulic model of a piston pump was constructed in AMESim. In [19], a set of
lumped parameter mathematical models was developed. These models were based on
the conservation of mass and energy, and the connection rule and method of the thermal-
hydraulic components were proposed. In [20], a novel thermal-hydraulic pump model
by the lumped parameter method was proposed, and a precise model of leakage flow
and dynamic viscosity was introduced into it. Aiming at the thermodynamic research of
EHSPCS, in [21,22], a lumped-parameter thermal-hydraulic model of the hydraulic part
in the EHSPCS was proposed, and both the steady state and the transient temperature
behavior of the system were quickly and accurately given by the model.

To solve the problems of the poor heat dissipation capacity and the high overload
temperature in the EHSPCS, the heat source of the system was analyzed. A thermal
power model of the PMSM and CHS under different working conditions was established.
Maxwell and Matlab software were used to solve and calculate the thermal power of the
PMSM and CHS under typical rotation speeds and different loads. The thermal balance
solution model of the motor temperature field was established, and the temperature field
of the motor under different loads was obtained with the conditions of natural cooling and
forced wind cooling through ANSYS software. AMESim software was used to establish
the simulation model of the CHS, and the temperature parameters of the thermal balance
point of each part of the system under different working conditions were obtained. Finally,
the thermal balance action law of the system was obtained. The experimental platform was
built to conduct experimental research on the temperature field of the PMSM under the
conditions of natural cooling and forced wind cooling, and the thermal balance temperature
of the system under different loads and different wind speeds was obtained. Through the
comparison of experimental data and theoretical analysis, the correctness and feasibility of
the solution method for the temperature field of the EHSPCS were verified.

2. Working Principle of the EHSPCS

In the EHSPCS, the PMSM coaxial drives the fixed displacement pump, the suction
and discharge ports of the fixed displacement pump are directly connected to the two load
ports of the hydraulic cylinder, and the controller outputs control instructions to the PMSM
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to change the rotation speed and torque of the fixed displacement pump, so as to adjust
the displacement and force of the hydraulic cylinder. The accumulator and check valve are
used to replenish oil in the oil filling circuit. The safety circuit uses the pressure relief valve
to prevent the pressure of the two chambers of the hydraulic cylinder from being too high.
The hydraulic circuit of the system is shown in Figure 1.

Figure 1. Hydraulic circuit of the electro-hydraulic servo pump control system (EHSPCS).

In this study, this system is a position control system. The system collects the difference
between the actual position and the given position of the hydraulic cylinder through the
displacement sensor, controls the PMSM speed through the control algorithm, and then
controls the output flow of the fixed displacement pump to control the position change
of the hydraulic cylinder, so as to realize the normal operation of the system. The fixed
displacement pump in this study uses a radial piston pump.

3. Thermal Power Analysis

The thermal power loss of the EHSPCS can be divided into PMSM thermal power loss
and CHS thermal power loss. The thermal power loss of the CHS can be further divided
into the thermal power loss of the hydraulic pump, auxiliary parts, and hydraulic cylinder.
In this study, a thermal power loss calculation model was established for the heating source
of the system, and the thermal power of the heating source was solved and analyzed.

3.1. Establishment of PMSM Thermal Power Model

The loss in the working process of the motor is the main source of motor heating.
Motor losses are mainly divided into stator iron loss, winding copper loss, and mechanical
loss [23–27], the motor loss can be expressed as:

Pm = PFe + PCu + Pme (1)

where Pm is the total motor loss (W), PFe is the stator iron loss (W), PCu is the winding
copper loss (W), and Pme is the mechanical loss (W).

3.2. Solution of PMSM Thermal Power

PMSM power loss was calculated based on ANSYS software. PMSM basic parameters
are shown in Table 1.
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Table 1. Permanent magnet synchronous motor (PMSM) basic parameters.

Parameters Value

Rated voltage (V) 380
Rated power (W) 7367

Rated speed (r/min) 2500
Copper wire resistivity (kg/m3) 1.75× 10−8

Number of series turns per phase winding 72
Copper wire diameter (m) 1.12× 10−3

Rotor radius (m) 3.45× 10−2

Rotor axial length (m) 0.34

Since the electromagnetic performance of each part in the PMSM is symmetrical about
the axial center plane, it is only necessary to establish a 1/2 model about the axial center
plane when solving the electromagnetic field. The PMSM analytical model is shown in
Figure 2.

Figure 2. PMSM analytical model.

Based on the PMSM thermal power analytical model, the thermal power loss of the
stator iron loss, winding copper loss, and mechanical loss at a typical rotating speed of the
PMSM (500 r/min) is shown in Table 2 and Figure 3.

Table 2. PMSM part losses under different torques.

Torque Iron Loss Copper Loss Mechanical Loss Total Loss

(Nm) (W) (W) (W) (W)

0 12.51 0 0.5 13.01
10 20.22 60.5 0.5 81.22
20 32.23 137.91 0.5 170.64
28 38.58 220.43 0.5 259.51

It can be seen in Table 2 and Figure 3 that the copper loss and iron loss are the main heat
sources, and the mechanical loss accounts for the smallest proportion. From the perspective
of the proportion, iron loss is the main heat source of PMSM under low torque, and the
copper loss gradually becomes the main heat source of PMSM as the torque increases.

3.3. Establishment of the CHS Thermal Power Model

The CHS includes a radial piston pump, a hydraulic cylinder, hydraulic pipelines,
valve blocks, hydraulic valves, etc. The thermal power analysis of these components is the
basis for studying the thermal balance characteristics of the system.
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Figure 3. PMSM part losses under different torques.

3.3.1. Thermal Power Model of the Radial Piston Pump

The losses of radial piston pumps include volume loss and mechanical loss, volume
loss refers to the heat generated by the oil leaking into the shell through the three major
leakage pairs (piston pair, sliding shoe pair, and distribution pair) during the operation of
the piston pump, and mechanical loss refers to the heat generated by the friction between
oil and rotor, shaft and bearing with the rotation of the radial piston pump [28]. Compared
with volume loss, mechanical loss is negligible at low speed.

In the working process of the piston pump, under the action of centrifugal force, the
piston and the cylinder bore generate eccentric clearance. The differential pressure of the
pump causes the differential pressure flow in the clearance. The leakage between a single
piston and the cylinder bore can be expressed as:

QL1 =
πdpδ3

p∆p
12µLP

(
1 + 1.5ε2

)
(2)

where QL1 is the leakage between a single piston and the cylinder bore (m3/s), dp is the
piston diameter (m), δp is the clearance between the piston and the inner wall of the rotor
piston bore (m), ∆p is the differential pressure of suction and discharge ports of the radial
piston pump (Pa), µ is the oil dynamic viscosity (Pa·s), Lp is the contact length between the
piston and the cylinder bore, and ε is the eccentricity ratio.

The leakage of sliding shoe pair of radial piston pump is the result of oil fluid flowing
around through the clearance between the sliding shoe and the stator. The pressure of the
oil cavity in the center of the sliding shoe and the pressure of the shell cause the clearance
to produce differential pressure flow. The leakage between a single sliding shoe and the
swash plate can be expressed as:

QL2 =
πh3∆p
6µln r2

r1

(3)

where QL2 is the leakage between a single sliding shoe and the swash plate (m3/s), h is the
thickness of the oil film between the stator and the sliding shoe (m), r1 is the inner radius
of the slipper seal oil belt (m), and r2 is the outer radius of the slipper seal oil belt (m).

The leakage caused by the matching clearance between the flow distribution shaft and
the rotor is usually simplified as the parallel surface clearance flow. The leakage between
the flow distribution shaft and the rotor can be expressed as:

QL3 =
ϕvrvδ3

v
12uLv

∆p (4)
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where QL3 is the leakage between the flow distribution shaft and the rotor (m3/s), ϕv is the
leak angle (rad), rv is the flow distribution shaft radius (m), δv is the clearance between the
piston and the rotor (m), and Lv is the contact length (m).

According to the above analysis, the total heat generation power of the radial piston
pump can be given by:

Pp =

[
N

∑
i=1

(QL1 + QL2) + QL3

]
∆p (5)

where Pp is the total heat generation power of the radial piston pump (W). N is the number
of pistons of the radial piston pump.

3.3.2. Thermal Power Model of the Hydraulic Cylinder

The internal leakage caused by the clearance between the piston of the hydraulic
cylinder and the inner wall of the cylinder can be regarded as an annular clearance flow,
and the heat generation power of the hydraulic cylinder is can be expressed as:

Pcy =
πdcyδ3

cy

(
pcyh − pcyl

)
12µlcy

(6)

where Pcy is the thermal power loss of hydraulic cylinder (W), pcyh is the high pressure
chamber pressure of the hydraulic cylinder (Pa), pcyl is the low pressure chamber pressure
of the hydraulic cylinder (Pa), dcy is the hydraulic cylinder’s inner diameter (m), δcy is the
clearance width between the piston and the cylinder wall of the hydraulic cylinder (m),
and lcy is the clearance length (m).

3.3.3. Thermal Power Model of the Hydraulic Accessories

The thermal power generated by the pressure loss of oil flowing through the hydraulic
pipeline can be expressed as:

Psp = q

(
n

∑
i=1

40lpiρ0νvpi

d2
pi

+
m

∑
j=1

ξ j
ρ0v2

pj

2

)
(7)

where Psp is the thermal power loss of hydraulic pipeline (W), q is the main oil circuit flow
(m3/s), dpi is the hydraulic diameter of each pipeline (m), lpi is the length of each pipe (m),
ρ0 is the hydraulic oil density (kg/m3), v is the hydraulic oil kinematic viscosity (m2/s), vpi
is the average flow velocity of oil in each pipeline (m/s), ξj is the local loss coefficient of
each bend pipeline, and vpj is the average flow velocity of oil in each bend pipeline (m/s).

The thermal power generated by the pressure loss of oil flowing through the valve
block can be expressed as:

Pvb = q

(
n

∑
i=1

75lhiρ0νvhi

2d2
hi

+ kyq

)
(8)

where Pvb is the heat power loss of valve block (W), lhi is the length of each channel (m), vhi
is the average flow velocity of oil in each channel (m/s), dhi is the hydraulic diameter of
each channel (m), and ky is the hydraulic component pressure factor.

The heat production of hydraulic valve is mainly caused by the throttling loss, and
the power loss of the hydraulic valve can be expressed as:

Pv = ∆pvqv (9)

where Pv is the thermal power loss of the hydraulic valve (W), ∆pv is the pressure drop
after the oil flows through the hydraulic valve (Pa), and qv is the flow through the hydraulic
valve (m3/s).
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3.4. Solution of CHS Thermal Power

In order to study the heat generation power and heating law of the CHS, Mat-
lab/Simulink was used to build the heat generation model, as shown in Figure 4.

Figure 4. Thermal power model of the closed hydraulic system (CHS).

The basic parameters of the radial piston pump are shown in Table 3.

Table 3. Radial piston pump parameters.

Parameters Value

Piston diameter (m) 0.011
Clearance between piston and inner wall of the rotor piston bore (m) 2× 10−5

Oil dynamic viscosity (Pa·s) 3.6× 10−2

Contact length between piston and cylinder bore (m) 0.03
Thickness of oil film between stator and sliding shoe (m) 1.5× 10−5

The heat generation power of each part in the CHS under different torques is shown
in Table 4.

Table 4. Heat generation power of each part in the CHS under different torques.

Torque (Nm) Radial Piston Pump (W) Hydraulic Cylinder (W) Accessories (W)

0 0.00 0.00 0.00
10 12.2 3.32 2.62
20 35 11.14 4.80
28 53 18.04 6.11

3.5. Thermal Power Analysis of the EHSPCS

Through the analysis of the previous thermal power model, the heat generation power
of the PMSM and CHS at 0 Nm, 10 Nm, 20 Nm, and 28 Nm were obtained. In order to
facilitate comparison and observation, the thermal power loss of each part in the EHSPCS
under different torques is plotted as a line graph in Figure 5.

Figure 5 shows that, as the load increases, the current of the PMSM coil increases, and
the copper loss becomes larger and larger, resulting in a power loss much higher than that
of other parts, and its heating ratio is above 77% under all working conditions. The second
heat source is the radial piston pump, which accounts for 15.7% of the total power loss
when fully loaded. The power loss of hydraulic cylinders and accessories accounted for
less than 6%. Therefore, it can be seen that, when the EHSPCS works at a high torque, the
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PMSM and hydraulic pump temperature can be optimized to achieve the normal operation
of the system.

Figure 5. Thermal power loss of the EHSPCS under different torques.

4. Research on the Thermal Balance Temperature Field

System thermal balance analysis refers to calculating the total heat generation power
and heat dissipation power of all components of the system. When the total heat generation
power and total heat dissipation power of the system reach dynamic balance, the final
steady-state temperature of each component of the system is solved.

In this study, the steady state temperature of the PMSM under different working
conditions in ANSYS software (Canonsburg, PA, USA) was imported into the AMESim
model of the CHS. PMSM temperature was used as input of external heat of the CHS,
and the steady state temperature of the CHS was obtained through simulation, and then
the steady state temperature of the CHS is imported into the PMSM model for heat
balance simulation again, and the simulated temperature is imported into the CHS model
again. After several repeated iterations, the heat balance temperature of the EHSPCS is
finally obtained.

4.1. Thermal Balance Analysis of the PMSM Temperature Field

There are many heat sources in a PMSM, including stator cores, rotor cores, windings,
and permanent magnets. Part of the heat generated is transferred to the shell through the
air gap, and then convectively exchanged between the shell and the air; the other part
directly contacts the air through the end face of the heat source [29]. It can be seen that
the heat transfer is quite complicated. In this study, in order to improve the efficiency and
accuracy of the solution, the finite element method was adopted to analyze the thermal
balance of the temperature field of the motor.

4.1.1. Establishment of the PMSM Temperature Field Model

In this study, the PMSM is the axial motor, and both sides of the motor are symmetrical
about the axial center plane, so the 1/2 model was selected with the axial center plane as
the boundary. Since this motor is evenly distributed in the circumferential direction, the
1/4 model is taken in the circumferential direction. A three-dimensional temperature field
analysis model was established using ANSYS Workbench software, as shown in Figure 6.

In order to facilitate the solution, the following assumptions are made for the temper-
ature field analysis model of the PMSM:

(1) The internal temperature field of the PMSM is continuous along the circumference
and axial direction.

(2) The influence of the winding skin effect is ignored.
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Figure 6. Three-dimensional analysis model of the PMSM’s temperature field.

4.1.2. Calculation of the PMSM Temperature Field Parameters

A PMSM has many heat generating parts and complex heat transfer methods, but
heat dissipation is carried out by convection heat dissipation or radiation heat dissipation
through the shell and the outside. Compared with convection heat dissipation, radiation
heat dissipation is very small. Therefore, when solving the PMSM temperature field,
only two heat dissipation methods, thermal conduction and thermal convection, need to
be calculated.

The heat transfer process of the internal temperature field of the motor can be ex-
pressed as: 

λ d2t
dx2 = cρm

dt
dτ

λs
dt
dn

∣∣∣S1 = 0

λs
dt
dn

∣∣∣S2 = −α(t− te)

(10)

where λ is the thermal conductivity of various parts of the motor (W/(m ◦C)), t is the
temperature (◦C), c is the material specific heat capacity (J/(kg ◦C), ρm is the material density
(kg/m3), τ is the time constant (s), λs is the normal thermal conductivity of the adiabatic
surface and the heat dissipation surface (W/(m ◦C)), S1 is the motor adiabatic boundary
surface, S2 is the motor heat dissipation boundary surface, α is the convective heat transfer
coefficient of the heat dissipation surface (W/(m2 ◦C)), and te is the temperature of the
ambient medium around the heat dissipation surface (◦C).

First of all, it is necessary to give initial conditions to the three-dimensional PMSM
temperature field model. In this study, the initial ambient temperature is set to 25 ◦C.
Secondly, it is necessary to assign boundary conditions to the model. According to the
first formula of Equation (10), the thermal conductivity boundary conditions can be set
by assigning the thermal conductivity of the various components of the motor. The
second formula in Equation (10) is the adiabatic boundary condition, as shown in Figure 7,
assuming that the A, B and C planes are all symmetry planes, which are the adiabatic
planes in this study. The third formula in Equation (10) is the boundary condition of
convection heat dissipation, which includes the stator winding, stator core, rotor core, shell,
and permanent magnet contact surface with the air gap and outside atmosphere.

The calculation of the equivalent thermal conductivity of the stator winding is to
equate the copper wire in the stator slot as a whole piece of copper conductor. The slot
insulation and dipping varnish are equivalent to the ring-shaped insulating layer, and the
thermal conductivity of the equivalent insulating layer can be expressed as:

λeq =
∑n

i=1 δi

∑n
i=1

δi
λi

(11)

where λeq is the equivalent thermal conductivity (W/(m ◦C)), δi is the thickness of each
thermal conductor (m), and λi is the thermal conductivity of each thermal conductor
(W/(m ◦C)).
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Figure 7. PMSM temperature field boundary condition. Plane A, B and C are all adiabatic surfaces.

According to the installation characteristics of the stator core, insulating varnish is
applied between the layers, so the thermal conductivity between the layers is relatively
small. This direction is set as the z-direction; the other two directions perpendicular to the
z-direction are set to the x-direction and y-direction.

Through calculation and product samples, the thermal conductivity and specific heat
capacity of each part in the PMSM in this study are shown in Table 5.

Table 5. Physical properties of PMSM materials.

Materials Equivalent Thermal
Conductivity (W/(m ◦C))

Specific Heat Capacity
(J/(kg ◦C))

Stator core x-direction 40 465
Stator core y-direction 40 465
Stator core z-direction 0.95 465

Rotor core 45 445
Stator winding 378 380

Permanent magnet 8.9 386
Air gap 0.03 1000

Shaft 43 460
Motor casing 237.5 900

Insulating layer 0.18 1700

The convective heat transfer coefficient between the end face of the stator core and the
rotor core and the air inside the motor can be expressed as:

a = (1 + 0.25vm)/0.045 (12)

where vm is the wind speed inside the motor (m/s).
Assuming that the initial air temperature on the housing surface is atmospheric tem-

perature, the convective heat transfer coefficient on the housing surface can be expressed as:

α = α0(1 + k1
√

vw)
3

√
θ

25
(13)

where α0 is the convective heat transfer coefficient of the heating surface of the object in the
air, k1 is the air blowing efficiency coefficient, vw is the outer surface wind speed (m/s and
θ is the outer wall temperature of the motor casing (◦C).

The convective heat transfer coefficient of the stator core end face, rotor core end
face, and the outer surface of the casing are shown in Table 6 under the natural cooling
conditions of the motor.
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Table 6. Convective heat transfer coefficient of different parts in the PMSM.

Parts Convective Heat Transfer Coefficient (W/(m2 ◦C))

Stator core end face 22.22
Rotor core end face 22.22

Outer surface of motor casing 12.22

The convective heat transfer coefficient of the housing surface under different wind
speeds is shown in Table 7.

Table 7. Convective heat transfer coefficient of the housing surface under different wind speeds.

Wind Speeds (m/s) Convective Heat Transfer Coefficient (W/(m2 ◦C))

1 12.22
3 22.80
5 25.88

4.1.3. Thermal Balance Analysis of the PMSM in Natural Cooling

In order to explore the influence of the load torque on temperature rise, the temper-
ature field of the PMSM with different loads of 0 Nm, 10 Nm, 20 Nm, and 28 Nm was
simulated and analyzed under a constant speed of the PMSM (500 r/min).

A 3D model was built with SolidWorks software (Waltham, MA, USA), and it was then
imported into ANSYS and meshed, and it was finally imported into Fluent. According to
the PMSM temperature field parameters obtained above, the energy equation was turned
on, the boundary conditions and heat source were set, and the temperature field of the
PMSM under different loads was simulated. When the residual error was observed to
converge to the final setting error, temperature field-distributed cloud images of the PMSM
under different loads were obtained, as shown in Figure 8. The simulation time is 360 min.

Figure 8. Temperature field-distributed cloud images of the PMSM under different loads: (a) 0 Nm load; (b) 10 Nm load;
(c) 20 Nm load; (d) 28 Nm load.
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The temperature curve of each part in the PMSM under different loads is shown in
Figure 9.

Figure 9. The temperature of each part in the PMSM under different loads.

It can be seen in Figure 9 that the temperature of the stator winding, stator core, and
motor casing are relatively close. This is because the stator winding and the stator core
themselves generate a high amount of heat, and the stator core and the motor casing are
in an interference fit, so the temperature difference between the three is very small, and
the maximum temperature under rated conditions is 120 ◦C. The temperature of the rotor,
permanent magnets, and shaft is relatively low, and its heat is mainly transferred from the
stator winding and the stator core through the air gap. The maximum temperature under
rated conditions is 96 ◦C.

4.1.4. Thermal Balance Analysis of the PMSM in Forced Wind Cooling

Under the condition of the same load torque and rotation speed, compared with
natural cooling, the thermal balance analysis of the temperature field under forced wind
cooling is only different in the convective heat transfer coefficient of the motor casing
surface. Steady-state temperature field-distributed cloud images are shown below. The
cross-sectional area of the fan is the same, and the PMSM operates at a constant speed
(500 r/min) under different loads of 0 Nm, 10 Nm, 20 Nm, and 28 Nm and at wind speeds
of 1 m/s, 3 m/s, and 5 m/s in Figures 10–12, respectively.

It can be seen in Figures 10–12 that the temperature of each part in the PMSM has
been reduced under forced wind cooling. The stator winding is still the main heat source
when loaded. For observation and analysis, the temperature curves of the stator windings
under different wind speeds and loads are shown in Figure 13.

It can be seen in Figure 13 that the greater the load torque of the system, the more
obviously the increase in wind speed reduces the temperature of the stator winding. At
the rated load of 28 Nm, the temperature difference between adjacent wind speed stator
windings at 0 m/s, 1 m/s, 3 m/s, and 5 m/s is 14 ◦C, 9 ◦C, and 4.5 ◦C, respectively.
Therefore, with the increase of wind speed, the gradient of system temperature decline is
gradually decreasing, and a higher wind speed does not necessarily lead to an improvement.
When the wind speed reaches a certain value, the value of the system temperature may be
small, and the benefit is very low.
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Figure 10. Temperature field-distributed cloud image of the PMSM under different loads at a 1 m/s wind speed: (a) 0 Nm
load; (b) 10 Nm load; (c) 20 Nm load; (d) 28 Nm load.

Figure 11. Temperature field-distributed cloud image of the PMSM under different loads at a 3 m/s wind speed: (a) 0 Nm
load; (b) 10 Nm load; (c) 20 Nm load; (d) 28 Nm load.
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Figure 12. Temperature field-distributed cloud image of the PMSM under different loads at a 5 m/s wind speed: (a) 0 Nm
load; (b) 10 Nm load; (c) 20 Nm load; (d) 28 Nm load.

Figure 13. Temperature curves of stator windings under different wind speeds and loads: (a) 1 m/s wind speed; (b) 3 m/s
wind speed; (c) 5 m/s wind speed.
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4.2. Thermal Balance Analysis of the CHS

In the EHSPCS, the PMSM and the radial piston pump are in direct contact, and there
must be a temperature difference between them, resulting in thermal conduction. The
thermal-hydraulic modeling architecture of the CHS is shown in Figure 14.

Figure 14. Thermal-hydraulic modeling architecture of the CHS.

Based on the previous analysis, the heat of the radial piston pump mainly comes
from leakage heat. Part of this heat is carried by the oil to the valve block, pipeline, and
hydraulic cylinder, and part of the heat is convectively heat exchanged with the rotor
and shell through the oil. The heat of the rotor conducts thermal conduction with the
shell, and finally uniformly dissipates into the air through the thermal convection and
thermal radiation of the shell. Part of the heat is transferred to the valve block through
thermal conduction. The valve blocks, pipelines, and hydraulic cylinders placed in the
atmosphere transfer heat by convection and radiation with the air. Due to the complicated
heat exchange form of the system, AMESim software was used in this study to analyze the
thermal balance of the temperature field of the CHS.

4.2.1. Establishment of the CHS Simulation Model

The simulation model of the CHS is shown in Figure 15.
The parameters of the CHS simulation model are shown in Table 8.

Table 8. Parameters of the CHS simulation model.

Parameters Value

Oil L-HM46
Rotor mass (kg) 1.7

Piston pump housing mass (kg) 2.5
Valve block mass (kg) 40

Total thermal dissipation area of valve block (m2) 0.2
Thermal conduction area of valve block (m2) 0.04

Thermal dissipation area of piston pump housing (m2) 0.55
Cooling area of hydraulic cylinder (m2) 0.3

Hydraulic cylinder diameter (m) 0.05
Hydraulic cylinder rod diameter (m) 0.03

Hydraulic cylinder stroke (m) 0.1
Pressure relief valve setting pressure (bar) 250

Check valve opening pressure (bar) 0.25
Outside temperature under natural conditions (◦C) 25
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Figure 15. Simulation model of the CHS.

4.2.2. Thermal Balance Analysis of the CHS under PMSM Natural Cooling

Since the heat of the system hydraulic accessories is smaller than that of the radial
piston pump, the power loss of the pipeline, valve block, and valve is equivalent to the
power loss of the hydraulic cylinder, which is collectively referred to as the power loss
of the hydraulic cylinder. AMESim simulation software was used to calculate the heat
generation power and heat dissipation power of each part of the system under the PMSM’s
natural cooling conditions under different torques, as shown in Figure 16.

Figure 16. Heat generation power and heat dissipation power of each part in CHS under different
torques: (a) heat generation power; (b) heat dissipation power.

Figure 16a shows that the greatest amount of heat is conducted by the PMSM to the
CHS, followed by the radial piston pump and lastly the hydraulic cylinder. Figure 16b
shows that the heat dissipation power of the valve block is the largest, which is because
the heat dissipation area of the valve block is larger than that of the radial piston pump.
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The hydraulic cylinder has the lowest heat dissipation power because its temperature is
lower than that of the former two.

When the heat dissipation power of the system is equal to the heat generation power,
the system reaches thermal balance. The thermal balance temperature of each component
in the CHS under different torques under the PMSM’s natural cooling conditions is shown
in Figure 17.

Figure 17. Thermal balance temperature of each part in CHS under different torques.

Figure 17 shows that the greater the torque, the higher the thermal balance temperature
of each part of the system. In the presence of load, the temperature of the drain port of the
radial piston pump has always been at a maximum, and the oil temperature exceeds the
ideal value of 60 ◦C at the load of 20 Nm.

4.2.3. Thermal Balance Analysis of the CHS under PMSM Forced Wind Cooling

The motor casing temperature under the forced wind cooling of the PMSM was im-
ported into the AMESim simulation model. The heat generation power and heat dissipation
power of each component in the CHS were obtained under the wind speeds of 1 m/s,
3 m/s, and 5 m/s and at different load conditions, as shown in Figures 18–20, respectively.

Figure 18. Heat production power and heat dissipation power of each component under different
load conditions at a 1 m/s wind speed: (a) heat generation power; (b) heat dissipation power.

Figures 18–20 show that, as the wind speed increases, the thermal power input to the
CHS by the PMSM decreases, which in turn reduces the thermal balance temperature of
the CHS. The thermal balance temperature of each part in the CHS under different load
conditions of 1 m/s, 3 m/s, and 5 m/s is shown in Figure 21.
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Figure 19. Heat production power and heat dissipation power of each component under different
load conditions at a 3 m/s wind speed: (a) heat generation power; (b) heat dissipation power.

Figure 20. Heat production power and heat dissipation power of each component under different
load conditions at a 5 m/s wind speed: (a) heat generation power; (b) heat dissipation power.

Figure 21 shows that the greater the load torque of the system, the more obviously the
increase in wind speed reduces the temperature of the CHS. The drain port temperature of
the radial piston pump is always at a maximum, but when the load is 20 Nm, the drain port
temperature does not exceed 60 ◦C. When the load is 28 Nm, the drain port temperature is
between 60 ◦C and 70 ◦C.

4.3. Thermal Balance Analysis of the EHSPCS

According to the thermal balance analysis of the temperature field for the PMSM and
the CHS above, the stator winding is the PMSM component with the highest temperature,
and the drain port is the CHS component with the highest temperature. If the PMSM works
under a rated load with natural cooling, its steady-state temperature is likely to exceed its
alarm value, and the temperature of the CHS will exceed 60 ◦C, which will seriously affect
the service life of the system. Therefore, in this study, the ideal rated load of the system
was decided to be 2/3 of the highest load, i.e., 18 Nm. In this case, the temperature of the
stator winding is about 80 ◦C, and the temperature of the drain port is not more than 60 ◦C.

The load torque of the servo motor can be expressed as:

T = ∆pV (14)

∆p =
F
A

(15)
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where T is the servo motor torque (Nm), F is the external load force of the hydraulic
cylinder (N), V is the radial piston pump displacement (m3/rad), and A is the effective
area of the hydraulic cylinder (m2).

Equations (14) and (15) show that the load torque of the motor can be reduced by
choosing hydraulic pump with small displacement, and the pressure of the system can be
reduced by increasing the effective working area of the hydraulic cylinder or by using two
cylinders in parallel connection. If the system is limited by space, forced wind cooling can
be done to reduce the temperature of the PMSM. In the PMSM selection process, the rated
power, cooling method, and wind speed should be appropriately selected according to the
external load and the temperature to be controlled.

Figure 21. The thermal balance temperature of each component of the CHS under different wind speeds and torques:
(a) 1 m/s wind speed; (b) 3 m/s wind speed; (c) 5 m/s wind speed.

5. Experimental Verification

The thermal balance of the temperature field of the EHSPCS under constant speed
and typical working conditions was tested and verified (500 r/min). By comparing the test
results with the theoretical solution results, the correctness of the analysis method for the
thermal balance of the temperature field of the EHSPCS was verified.

5.1. Introduction of the EHSPCS Experimental Platform

The experimental platform of the EHSPCS is shown in Figure 22, including a power
unit and an execution unit.
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Figure 22. Experimental platform of the EHSPCS: (a) power unit; (b) execution unit; (c) test bench.

The working hydraulic cylinder and the power unit are connected by hydraulic
pipelines. A jacking hydraulic cylinder and a working hydraulic cylinder are opposite
to each other to provide a constant load for the system. The EHSPCS entails a working
hydraulic cylinder in a static and jacking state. Once the thermal balance of the system is
stable, the thermal balance temperature of the EHSPCS can be measured under different
loads and under natural cooling and forced wind cooling. The PMSM has its own winding
temperature detection device, and the CHS is equipped with an external threaded tem-
perature sensor at the drain port, which can detect the temperature at the drain port in
real time.

5.2. System Temperature Rise Experiment under PMSM Natural Cooling

In this experiment, by changing the output force of the jacking hydraulic cylinder,
loads with torques of 0 Nm, 10 Nm, 20 Nm, and 28 Nm were added, respectively. The
simulation and experimental temperature rise comparisons of the stator winding and the
drain port under different loads are shown in Figure 23.
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Figure 23. Simulation and experimental temperature rise comparison of stator windings and drain ports under differ-
ent loads when PMSM is natural cooling: (a) stator winding temperature rise comparison; (b) drain port temperature
rise comparison.

Figure 23 shows that the simulation and experimental temperature rise curves of
the stator winding and the drain port under different loads basically coincide, and the
temperature rise curves are all rising smoothly. The steady-state temperature reached is
basically the same.

5.3. System Temperature Rise Experiment under PMSM Forced Wind Cooling

In this study, an fan was used for forced wind cooling for the PMSM. The simulation
and experimental temperature rise comparison curves of the stator winding and the drain
port were obtained under the wind speeds of 1 m/s, 3 m/s, and 5 m/s and under different
load conditions, as shown in Figures 24–26, respectively.

Figure 24. Simulation and experimental temperature rise comparison of the stator winding and the drain port under
different load conditions at a 1 m/s wind speed: (a) stator winding; (b) drain port.
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Figure 25. Simulation and experimental temperature rise comparison of the stator winding and the drain port under
different load conditions at a 3 m/s wind speed: (a) stator winding; (b) drain port.

Figure 26. Simulation and experimental temperature rise comparison of the stator winding and the drain port under
different load conditions at a 5 m/s wind speed: (a) stator winding; (b) drain port.

Figures 24–26 show that the simulation curve and the experimental curve basically
coincide. With the increase in fan speed, the steady-state temperature under different loads
also decreases. The maximum difference between the simulation and the experimental
temperature does not exceed 3 ◦C, which is within the allowable deviation range.

In summary, the deviation between the simulation value and the experimental value
of the EHSPCS under natural cooling and forced air cooling is not more than 3 ◦C, which ba-
sically verifies the effectiveness of the thermal balance analysis method of the temperature
field of the EHSPCS.

6. Conclusions

In this paper, a method of thermal balance analysis of the EHSPCS under different
loads and different wind speeds is presented. The thermal power model of the EHSPCS
was established. The analysis shows that the power loss of the PMSM’s stator winding
is the largest, and its heating proportion is above 77% under all working conditions. The
second heat source, the radial piston pump, accounts for 15.7% of the total power loss at
full load. The PMSM’s stator winding has the highest temperature. With the increase in
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system load torque, the increase in wind speed more obviously reduces the temperature
of stator winding; however, with the increase in wind speed under the same torque, the
gradient of system temperature decline is gradually decreasing, and a higher wind speed
does not necessarily lead to an improvement. The PMSM’s conduction primarily explains
the temperature rise of the CHS; the heat production of the radial piston pump plays a
smaller role. The drain port temperature of the radial piston pump is the highest of the
CHS. The higher the load torque is, the higher the heat balance temperature will be, and the
PMSM’s forced wind cooling will cause the temperature of the drain port to decrease. In
this study, the ideal rated load of the system is 2/3 of the highest load, i.e., 18 Nm. The heat
balance temperature of the EHSPCS can be reduced by, e.g., choosing hydraulic pump with
small displacement, connecting tow cylinders in parallel, forcing air cooling, or increasing
the area of hydraulic cylinder under considering the relationship between pressure and
flow comprehensively. Heat balance optimization can be achieved by adding built-in
cooling devices such as cooling fans to the PMSM. The temperature rise experiments of
the EHSPCS under natural cooling and forced wind cooling were carried out, and the
correctness of the temperature field obtained by the thermal balance analysis method was
verified by comparison with simulation results, which provides a reference for the design
of PMSM cooling device and the selection of components.
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