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Abstract

The highly compact Electro-Hydrostatic Module (EHM) is a key technology for future Electro-Hydrostatic
Actuation (EHA) in the aerospace industry. Analyzing and improving the heat dissipation capability is crucial
for EHM. In order to accurately analyze the temperature distribution of EHM under various operating conditions,
a new evaluation method for friction losses of EHM under mixed friction conditions is proposed. A multi-physics
coupling method, including flow field, electromagnetic field, and temperature field, is introduced for temperature
rise calculation. The electromagnetic losses obtained from electromagnetic analysis are directly mapped to the
temperature field and incorporated into the boundary conditions of the flow field through multiple iterative
couplings. This paper compares the thermal analysis results of two different temperature rise calculation
methods, analyzes the temperature distribution of EHM under different operating conditions, and discusses
the simulation results in comparison with experimental measurements. The multi-physics coupling simulation
method demonstrates an accuracy improvement of 17.58% compared to the traditional approach, validating
the superiority of the proposed coupling analysis method in enhancing the accuracy of motor temperature rise
calculation. From the perspectives of reliability and efficiency, this research provides theoretical reference
points for thermal management of novel EHM.

Keywords: EHA, servo electro-hydrostatic module, thermal management, Magne-thermal bidirectional
coupling, finite element method, CFD

1. General Introduction

In recent years, electrostatic hydraulic actuators (EHA) have gained increasing prominence across
diverse fields, owing to their commendable attributes such as high efficiency, reliability, and facile
maintenance[1]-[6]. At the heart of the EHA system, the Electro-Hydrostatic Module (EHM) plays a
pivotal role in defining the upper threshold of the EHA's output performance. The motor within this
component transforms electrical energy into rotational speed and torque, thereby enabling the pump
to generate the desired flow and pressure. The configuration of the EHA and EHM is visually depicted
in Figure 1.
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hydraulic energy

Figure 1 — Configurations of EHA and motor-pump assembly[1]
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Figure 2 —Internal structure of the coaxial co-casing EHM [7]

The EHM represents a novel form of electro-hydraulic power unit, seamlessly combining the
hydraulic pump, wet motor, and drive electronics to address the drawbacks associated with the
traditional "three-stage" pump source, including large volume, high weight, elevated noise levels,
significant leakage, low efficiency, and suboptimal dynamic characteristics (refer to Figure 2). In this
innovative assembly, the integration of the motor and pump is achieved through two distinct modes.
First, by eliminating the axial connection between the motor and pump, the hydraulic pump rotor is
integrated onto the motor rotor, and the dynamic sealing between the motor and hydraulic pump is
eliminated. Second, the assembly adopts a coaxial co-housing integration mode, where the hydraulic
pump and the motor rotor share a coaxial housing (as illustrated in Figure 2). This design marks a
significant departure from conventional configurations, offering a more compact, efficient, and noise-
resistant solution. Owing to its absence of external leakage, reduced noise levels, and enhanced
motor heat dissipation, the latter structure, employing the coaxial co-housing integration mode, has
found widespread application in demanding sectors such as aerospace[1][2][8][9][11]. The object of
this study is the coaxial integrated EHM applied to the aileron Electro-Hydrostatic Actuator (EHA) on
civil aircraft, as shown in Figure 3. Due to the rapid variation of aerodynamic loads during mission
processes[2], the EHM needs to face operating conditions characterized by 'high frequency, wide
range, and constant changes.' Additionally, the EHM is small in size, with a compact arrangement of
internal components.

[ Specially for aerospace

Co-housing structure No coupling

Figure 3 — The application scenario and structural characteristics of the EHM

The thermal coupling between the pump and motor in the new integrated form of the EHM component,
where a large flow field exists coaxially, causes heat generation through flow field interaction. It is
unknown whether this temperature coupling has a significant impact on the thermal characteristics
of the two components. Furthermore, due to the small size and compact structure of the new EHM,
the heat generation and cooling of highly integrated hydraulic EHM have become a pressing issue
to be addressed [12]. The thermal characteristics within the cavity have been proven to have a
significant influence on its performance operating at high speeds, various losses[13] (refer to Table
1) become predominant factors influencing the performance of high-speed servo EHM[7]. These
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losses manifest as heat generation at different sites within the EHM, leading to a deterioration in
overall performance. Notably, the diminished bearing capacity of the oil film between friction pairs in
the hydraulic pump results in lubrication failure and increased wear[14]. Additionally, the high-speed
operation of the wet motor's stator and rotor introduces substantial stirring losses in the oil gap,
elevating temperatures on the rotor surface[15]. This heightened temperature poses risks to the
permanent magnet and undermines the long-term stability of rotor operation. Furthermore, the
elevated motor temperature accelerates the aging of winding insulation materials, significantly
diminishing insulation performance and consequently reducing the motor's service life[16]. Hence,
the central objectives of this research revolve around the establishment of an evaluation method for
energy consumption in transient wide-range unsteady states. The aim is to discern the heat
generation and heat dissipation mechanisms inherent to each component of the EHM. By doing so,
the research endeavors to optimize the thermal characteristics of the EHM, ultimately enhancing its
overall performance. In addressing these crucial aspects, the study seeks to contribute valuable
insights into the efficient management of energy consumption and thermal dynamics in the transient
and wide-ranging operational states of the EHM.

Table 1 The factors that may affect the thermal characteristics of integrated EHM[13]

Friction heat Electromagnetic heating Other factors

1) Mechanical friction 1) Iron loss 1) Leakage loss of friction pair
2) Power loss of friction pair 2) Copper loss 2) Throttle loss of damping
3) Stirring loss (stirring effect of cylinder and piston/slider 3) Stirring loss of motor rotor hole

pair) 4) Stray losses

In the thermal field modeling research of EHM, the computational fluid dynamics (CFD) method can
provide accurate flow field characteristics. By combining material properties, the convective heat
transfer coefficient between fluid and solid can be calculated. Utilizing the electromagnetic field finite
element method (FEM) calculation to obtain the electromagnetic heat generation as thermal input
can yield more accurate temperature prediction results, which greatly helps in understanding the
complex coupling of heat generation and heat transfer mechanisms inside EHM. Reference [17]
conducted simulation studies on the flow and temperature distribution in the cavity of a three-phase
asynchronous motor-axial piston electro-hydraulic pump (EHP) housing. Reference [18] and others
established a temperature field model of EHM based on Newton's cooling law and used CFD
simulation software to investigate the influence of different heat dissipation structural parameters on
the heat dissipation performance of EHM. Reference [12] established mathematical models for the
flow field, electromagnetic field, and temperature field of hydraulic EHM; numerical simulations were
used to study the distribution and coupling factors of the flow field, electromagnetic field, and
temperature field of hydraulic EHM, as well as to verify the performance of heat dissipation structures.
However, previous studies on EHM did not consider the impact of changes in the mixed friction state
of hydraulic pumps under variable operating conditions on the overall heat generation. Furthermore,
since the thermal analysis of the motor reflects the interaction of electromagnetic fields, temperature
fields, and fluid fields, it cannot be simply superimposed. The increase in temperature has a certain
influence on material properties, loss distribution, and flow field conditions, and the electromagnetic
loss determines the heat source of the temperature field [19]. Hu et al. [20] and Guo et al. [21]
conducted bidirectional thermal-magnetic coupling studies on high-speed magnetic levitation motors
and hub motors for electric vehicles, respectively, considering the influence of temperature rise on
material heat generation characteristics. They verified that this method has a good effect on
improving the accuracy of thermal simulation models. Additionally, since most EHA (electro-hydraulic
actuator) EHM are designed for overload to meet short-term high power requirements while reducing
weight, the electromagnetic losses during overload account for a significant portion of the total losses.
Therefore, it is necessary to conduct modeling and research on electromagnetic bidirectional
coupling for EHM.

This study focuses on an integrated servo EHM used in the aileron electro-hydraulic actuator (EHA)
for commercial aircraft, and it investigates the losses and temperature rise characteristics of the EHM.
The influence of temperature on the electromagnetic characteristics of the magnets is analyzed in
detail using Maxwell's electromagnetic method, considering the iron losses, copper losses, and eddy
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current losses of the magnets. The ANSYS-Workbench platform is utilized for data transfer and to
consider the non-uniform distribution of losses in different components during the actual operation
of the motor. Combined with previous research, the friction losses under variable operating
conditions are calculated using experimentally obtained mixed friction coefficients of the spool valve,
and the impact of the friction state of critical friction pairs under variable operating conditions on heat
generation is taken into account. By improving the accuracy of motor losses and temperature rise
calculations, the study reveals the heat generation trends and mechanisms of the EHM under
variable operating conditions. The modifications made in this study are summarized in Figure 4.
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Figure 4 — The paper structure

2. Models and methods

2.1 Physical model and operation condition

The 3D structure of the EHM is shown in Figure 4. It mainly consists of the axial piston pump
component, wet-type permanent magnet synchronous motor component, sensing and measurement
components (thermocouples and rotary sensors), and power drive components. The motor rotor and
the cylinder block piston shoe assembly of the pump are connected by a main shaft and supported
by a pair of angular contact bearings to improve dynamic characteristics. The cylinder block is
additionally supported by ball bearings. The EHM housing is designed in a corrugated manner to
increase the heat dissipation area. Heat dissipation channels are created inside the EHM housing,
in contact with the motor stator. The oil outlet is located at the end of the heat dissipation channels,
establishing an internal leakage path for hydraulic oil to facilitate the removal of heat through the flow
channels and the air gap between the motor stator and rotor, which helps dissipate heat from the
leaking hydraulic oil of the piston pump. Samarium-cobalt (SmCo026H) magnet material is used,
which can withstand operating temperatures of up to 350°C and reduces the risk of demagnetization
under high-speed operation. The rotor adopts a sleeve structure to ensure that the permanent
magnet is not damaged under high-speed operating conditions. The basic design parameters are
shown in Table 2.

Table 2 Main design parameters of the EHM

Parameters unit Values
Rated power kW 5.5
Rated speed rpm 12500
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Theoretical displacement of EHM mi/r 1.845
Rated voltage \% 270DC
Winding layer 2

Slot number 9
Stator outer diameter mm 74
Stator inter diameter mm 40
Rotor outer diameter mm 38
Rotor inter diameter mm 18

Poles number 3
Core length mm 80
Constant rotor clearance mm 05
Thickness of PM mm 4.8

To meet the requirements of rapid actuation, the EHM needs to have the ability to operate in a wide
range of operating conditions. Its three main operating points are shown in Table 3:

Table 3 operating condition of EHM

. ) . operating condition | operating condition Il operating condition IlI
Operating points Unit
Low speed high torque unloaded High speed low torque
Bus voltage VDC 270 270 270
Bus current A 15 6.4 21
Inlet and outlet pressure difference MPa 34 1 10.78
Outlet flow L/min 0.45 21.14 21.14
Rotational velocity rpm 1400 12100 12500
Motor operating torque Nm 11.6 0.98 3.72

2.2 Mathematic model

2.2.1 Temperature Field Mathematical Model

In the analysis of motor temperature rise, based on the law of heat exchange, when the variation of
thermal conductivity with temperature is not considered, the mathematical model for calculating the
three-dimensional temperature field can be expressed as follows:

oT 0T  0%T = 9°T
pese=2(5a+ 5+ 55) +pa @
oT or oT
2 (anx +5omy + a—znz) = a(T, —Tf) 2)

Where p is the density; c is the specific heat; T is the temperature; ¢t is the time; 1 is the thermal
conductivity; q is the heat generation rate; n,, n,, and n, are the normal vectors; « is the convective
heat transfer coefficient; T,, is the temperature of the solid; T; is the temperature of the fluid.

2.2.2 Basic Equations of Fluid Flow
In the fluid field, the continuity equation and the motion equation are used to calculate the velocity
distribution of the fluid:

ap | 0(puj) _
6t+ axj 0 ®)
D) +6(pﬂj#)=i( a—#)+ f-2 (4)
ot ax;  ox\Pax;) T PIx T %y
apm) |, 9w _ 9 (2 oT
at + ox;j a ox;j (c,,'axj) +P(CI +T)/CU (5)

Where p is the fluid pressure, the subscript j represents spatial direction, and c, is the constant
volume specific heat capacity of an ideal gas.

2.2.3 The EHM loss Mode

The losses of EHM can mainly be divided into three parts: volumetric losses, mechanical losses,
electromagnetic losses, and other losses. In the volumetric losses of EHM, leakage losses of the
distribution sub-flow account for a significant portion objectively [22], so only the distribution sub-flow
is considered in the volumetric losses. Mechanical losses include stirring losses of various rotor
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components, viscous friction losses of various pump friction pairs, and mechanical friction losses of
various pump friction pairs. Electromagnetic losses include copper losses, iron losses, permanent
magnet eddy current losses, and stray losses, as summarized in Figure 5 (b). The uncontrollable
stray losses are neglected in this study.

Thermal generation in EHM
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Figure 5 — (a) Main structural parameters of the EHM (b)Types of Losses in the EHM

1) Volumetric Losses
Leakage losses can be expressed as the product of the leakage flow rate and the pressure difference,
that is:

P = Q X Ap (6)
where Q,, represents the leakage flow rate of the distribution sub-flow, obtained through simulation
using an AMESIm model[22] developed in previous studies, and Ap represents the pressure
difference between the inside and outside of the distribution sub-flow.

2) Friction Loss

During the normal operation of the axial piston pump, the collision between the cylinder block and
the valve plate leads to a complex boundary/mixed friction state at the interface. There are two
commonly used calculation methods for the friction loss of the axial piston pump: one method
considers the mechanical loss as the sum of the viscous loss generated by the friction force between
the friction pairs in the oil film and the Coulomb friction loss under the fluid hydrostatic support:

P1=Pc+ Dy (7)
Since the Coulomb friction coefficient under fluid hydrostatic support is a constant value, this method
cannot reflect the changes in the mixed friction state of the friction pairs under variable operating
conditions. The second calculation method is based on the mixed friction coefficient y, as a variable
characterizing the mixed friction state between the friction pairs. Its value lies between the Coulomb
friction coefficient u, and the viscous friction coefficient y, and is an artificially specified value
synthesized from the two under different proportions ¢ :

ta =Sle + (1 —uy 8
The friction loss can be represented as the product of the mixed friction coefficient and the positive
pressure:

P2 = g X N 9)
In this way, by obtaining the mixed friction coefficient of the same friction pair under different
operating conditions through experiments or model simulations, it is possible to characterize the
friction loss under different mixed friction states, thereby providing a detailed description of the friction
loss in the axial piston pump. However, this method requires a certain experimental basis. In previous
studies [22], friction simulation experiments were conducted on the valve plate of the EHM studied
in this paper. The mixed friction coefficients of this friction pair at different speeds were obtained.
Considering that this friction pair has the highest heat generation among the friction pairs in the axial
piston pump, the mechanical loss of this friction pair was calculated using The second calculation
method, while The first calculation method was used to calculate the mechanical losses of the other
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friction pairs.
a) Viscous friction loss at the piston pair:

2 2
_ Hgilyw
Pvp = 2ZnR3 5, (10)

where: q; is the theoretical displacement of the pump, I is the contact length between the piston

and the cylinder block when the swash plate inclination angle is 0, 6, is the piston pair oil film

thickness.

b) Viscous friction loss at the slipper pair:

(R2,—R2)R3Zuw?

vs = 55c0s ;: (11)

where: §; is the clearance thickness of the slipper pair oil film, Ry; and R, are the diameters of the

inner and outer sealing strips of the slipper, S is the swash plate inclination angle, Z is the number of

pistons, R, is the piston pitch circle radius.

¢) Mechanical friction loss at the piston pair:

1| 2m
Pep = fepMpsw Ratan B Y724 |sm ((p + 7nl)| (12)
where: f, is the friction coefficient between the piston and the cylinder block, m, is the piston mass,

@ is the angle rotated by the plunger from the starting position.
d) Mechanical friction loss at the slipper pair:

Zr(RZ,—RZ)Rpdf,
&
where: f, is the friction coefficient between the two materials of the slipper pair.
e) Mechanical friction loss at the ball joint of the slipper pair:

an'dflRpré
Per = " gcos g
where: f,; is the friction coefficient between the piston and the slipper.
f) Mechanical friction loss at the bearing:

(14)

foFpd
Peb = 2w (15)

where: F, is the radial force acting on the bearing.
F, === dZpg tany (16)
where: Z is the number of pistons, d, is the piston diameter, p, is the high-pressure oil pressure of

the piston pump.
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Figure 6 — Variation and fitting of the mixed friction coefficient of the valve plate pair of civil aircraft
EHM with respect to speed
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g) Friction loss at the valve plate pair

According to literature [22], the variation of the mixed friction coefficient at different speeds for the
valve plate pair of this EHM is shown in the following graph. After fitting, it can be represented by the
equation(16).

lig = —0.027In(x) + 0.2875, R? = 0.98 (17)
In this case, the mechanical loss at the valve plate pair can be represented as:

Py = o X N = pt, x TR 0% Ap (18)
where: u, is the mixed friction coefficient of the valve plate pair, N is the positive pressure at the
valve plate pair, Ap is the pressure difference between the inlet and outlet oil, and R, is the radius of
the distribution circle of the kidney-shaped holes.

h) Qil stirring losses in the cylinder block of the axial piston pump and in the motor stator

_ 2mpw?lLR?
Pcpl - ‘

(19)
Peye = 2mApR, > w31, (20)
where u is the fluid viscosity, L. is the length of the rotating part, w is the angular velocity, t is the
radial length between the rotating part and the housing, 4 is a coefficient related to the structure. In
laminar flow conditions, the source of stirring losses is primarily due to liquid viscosity, which is
greatly influenced by the fluid viscosity. However, in turbulent flow conditions, the cause of viscous
friction is the fluid inertia.
The main structural parameters of the EHM are shown in Table 4 and Figure 5 (a):

Table 4 Main structura parameters of the EHM

Parameters Symbol Unit Values
Kinematic viscosity n Ke 0.015
/ms
Outlet pressure P, MPa 1,11.78, 35
Inlet pressure P, MPa 1
Number of piston Z 9
swash plate inclination B ° 9
Piston diameter d, mm 7.5
Piston index circle radius R, mm 14.65
Piston pump friction pair Piston pair Sy pum 10
oil film height Slipper pair 8 pm 10
Valve pair 8, pm 15
Coulomb friction factor under Ball hinge of piston pair fen 0.005
static pressure support Slipper pair fes 0.008
Bearing feb 0.005
Mixing friction factor of the valve pair Uq Determined by the

mixed friction state

By combining the above equations, the mechanical loss values under various operating conditions
can be obtained, as shown in Table 5:

Table 5 Loss value under each operating condition W

Loss type operating condition | operating condition 11 operating condition IIT
p @12500rpm 3.72NM @12100rpm 0.98NM @1400rpm 11.26NM
Volumetric Loss 265 can be ignored 11475
Valve plate loss 1531 137.53 1274
Slipper 206.3 18.52 72.89
L Piston 45.19 16.39 0.03
Frictional loss . .
Piston ball hinge 34.46 3.09 12.17
Bearing 12.34 2.2 8.8
X i Slipper 114.2 107.06 1.43
Viscosity loss .
Piston 0.66 0.62 0.01
- PMSM 149.6 140.21 1.87
stirring loss .
Cylinder 3.42 3.21 0.04
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3) Electromagnetic Loss

The electromagnetic loss generated during the operation of the motor dissipates in the form of heat
energy, becoming a heat source during the main operation of the motor. It mainly includes iron loss,
copper loss, and eddy current loss. Accurate analysis of the electromagnetic field is a prerequisite
for accurately calculating temperature rise. When the temperature rises, the electromagnetic
properties of certain materials may change, resulting in changes in the electromagnetic parameters
of the motor. The influence of temperature on residual magnetism (B,.) and coercive force (H¢) is
shown in (6) and (7). The copper loss of the winding under temperature variation can be expressed
as:

B.(t) = [1 + (Tpm — To)apr/100](1 = IL/100)Byo (21)
He(t) = [1+ (Tpy — To)ac;/100](1 — IL/100)H,, (22)
Py = Xi=1 I7Ra[1+ a(T — Tp)] (23)

Where B,, and Hc, are the residual magnetism and coercive force at ambient temperature; az, and
ac; are the reversible temperature coefficients of B, and Hc; IL is the irreversible loss rate of B,; Tpy
is the operating temperature of the magnet; T, is the initial winding temperature; R, is the initial
resistance; a is the resistance temperature coefficient; I; is the effective value of phase current; T is
the actual temperature during motor operation.

From the above equation, it can be seen that the winding resistance of the motor increases linearly
with temperature, while the control current of the motor does not significantly increase with
temperature. Therefore, the copper loss of the motor increases linearly with temperature. In addition,
temperature has a significant impact on the permanent magnet, leading to irreversible
demagnetization.
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Figure 7 — Distribution of electromagnetic loss density

The electromagnetic losses are obtained through finite element analysis, and the density distribution
of the stator and permanent magnet is shown in Figure 5 using electromagnetic analysis methods.
It can be observed that the motor losses are unevenly distributed during actual operation. It can be
seen that the stator loss density is not uniformly distributed: the tooth region has a higher loss density,
the middle part of the yoke has a lower loss density, and due to the limitation of the outer diameter
of the stator, the loss density is also higher in the outer periphery of the stator yoke, as shown in
Figure 7 a); the external loss density of the permanent magnet is significantly higher than the internal
loss density, as shown in Figure 7 b). However, traditional temperature rise analysis methods
assume uniform distribution of losses in volume, which obviously cannot directly reflect the actual
temperature distribution. Moreover, considering the influence of temperature on material
electromagnetic properties, the losses in the windings and stator sections need to be calculated and
assigned to the simulation model through a bidirectional coupling method. The specific method will
be introduced in the next section.

2.3 Bidirectional analysis methods
In the coupling analysis process, the initial temperatures of various components of the motor in the
initial state need to be determined first. Then, based on the magnetic field distribution and prototype
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parameters, the losses of each component of the motor are calculated. The flow conditions of the
motor in the flow field are analyzed, and the convective conditions and cooling boundaries of the
temperature field are obtained. The non-uniform losses are mapped as heat sources into the
temperature field solving domain, using the boundary conditions obtained from the input flow field.
The solver simulates the motor temperature rise process in this time step, thereby determining the
overall distribution of the motor temperature in the next moment. Based on the new temperature
distribution of the motor, considering the changes in the parameters of the motor materials and fluid
state under temperature influence, the distribution of the electromagnetic field and flow field of the
motor is recalculated, and the cycle from the electromagnetic field and flow field to the temperature
field is repeated. The calculations continue until the predetermined solution time is reached or the
error between the initial preset temperature and the final coupled iterative temperature is less than
1%. Finally, the temperature rise curve of the motor during operation and the distribution of
temperature field at each iteration are obtained. The specific coupling process is shown in Figure 8.

Set up Finite element model of the EHM

-
{' Setting the variation characteristics of materials with temperature for each component of EHM: B,., H, ag
| Setting motor drive parameters for solving operational conditions;

-

Setting initial temperatures for each component of EHM T'; \

‘ Setting flow field boundary conditions Electromagnetic Performance Calculation
\ ) (Copper Loss, Iron Loss, Eddy Current Loss)
- Ansys

temperature rise calculation
Ansys
2022 R2

Outputting flow field and |
temperature rise simulation results

-

Figure 8 — Coupling Analysis process

2.4 Finite Element Simulation Preprocessing

2.4.1 Model Simplification

To accelerate simulation convergence while ensuring solution accuracy, the following simplifications
were made to the EHM model:

(1) Internal components of the EHM, such as the cylinder body, shoe, piston, and tightening plug,
have a minimal impact on oil suction and heat dissipation and were neglected.

(2) Chamfers, fillets, and other features that have little effect on simulation results but affect grid
partitioning were removed from the components.

(3) The piston pump has a complex structure, and a simplified approach was applied by merging
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stationary components.

(4) The bearing section was simplified based on the principle of equal equivalent flow area.

(5) The winding part was simplified by considering the insulation layer wrapped around the copper
wire, taking into account the slot fill factor, and making adjustments to the thermal parameters of the
insulation layer.

Figure 9 — EHM Model Simplification

2.4.2 Mesh Generation

The mesh generation was performed using ANSYS-Meshing. The overall mesh size was defined as
3mm, while different partitioning methods were applied for local regions with local refinement, such
as the flow channel, motor winding, and insulation. The distribution component utilized a multi-scale
model, and the overall mesh size was defined as 0.15mm. Due to the simulation of rotor oil churning
effect using a sliding wall model, no dynamic mesh was set. The mesh partitioning of the fluid and
solid domains is illustrated in Figure 10.

Valve Fluid multiscale
_domain mesh

)

a)

[ Pump module ] [ Winding ]

- == o Fluid Solid
| ?ﬁa’m\] 'Domain mesh domain mesh

Figure 10 — EHM Mesh Generation

2.4.3 Finite Element Solution Settings
The relevant properties of the materials involved in the finite element simulation are shown in Table
6. The parameters of the insulation material were obtained through experimental data correction.

Table 6 Material Properties of EHM

Material name component name Density Thermal conductivity Specific heat
p (kg/) (W/(mC)) QJIkgC)
Air Outer air domain 1.29 0.023 1010
Skydrol 1d-4 Hydraulic oil 1008 0.115 1880
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7075 aluminum alloy Shell 2810 150 960
2A12 duralumin Barrier 2800 175 900
40CrNiMoA Mian shaft 7830 22.2 480
DW310-35 Stator core 8500 20 480
Cu Coil 8960 387.6 381
Smco26H Mag 8400 12 130
1Cr17Ni2 Bearing 7750 22.6 460
S30408 Sheath of rotor 7930 16.3 500
carbon steel Pump 8030 16.27 502.48
Polyimide Equivalent winding insulation material 1400 381 2.8

Due to the motor being a wet motor, the internal cooling is achieved through forced convection, while
the motor casing relies on natural convection for external cooling. Since the shaft, rotor, magnetic
steel, and rotor sleeve rotate together as a single unit, the oil churning effect in the large coaxial flow
field cannot be ignored. To simulate this phenomenon, a rotating wall boundary condition is
employed in the simulation. The K-epsilon turbulence model and the Coupled solution method are
selected. The inlet and outlet conditions, rotational speed of the rotating wall, and convective heat
transfer coefficient of the EHM casing are set as shown in the table7.

The EHM casing comes into contact with the surrounding air, and heat is primarily dissipated to the
ambient environment through natural convection on the surface of the housing and end cover. The
influence of thermal radiation is neglected, and the convective heat transfer coefficient on the outer
surface of the EHM casing is :

a=14(1+ 0.5\/5)33\/% (24)

Where, v represents the air velocity that blows over the surface of the housing, and the ambient
temperature is denoted as t. If simulating the onboard EHA (Electro-Hydrostatic Actuator)
environment, the reference air velocity would be the airflow inside the aircraft wing's control surface
compartment, which is typically less than 4.2m/s. If comparing with experimental data, the reference
air velocity would be based on the laboratory wind speed. The variable t represents the ambient
temperature.

Table 7 Simulation boundary conditions of flow field under different operating conditions

operating condition | operating condition operating condition
boundary conditions Unit @12500rpm 1I il
3.72NM @12100rpm 0.98NM @1400rpm 11.26NM
Ambient temperature c 25 25 25
Rotor speed rpm 12500 12100 1400
Coefficient of convective heat transfer of Wi(m2-K) 4 4 4
shell
Inlet velocity m/s 7.195 7.433 0.825
Inlet pressure MPa 1 1 1
Inlet oil temperature T 35 35 35
outlet 1 mass flow Kgls 0.355 0.355 0.00756
outlet 2 mass flow Kgls 0.024 0.00185 0.03402

2.4.4 Bidirectional Coupling Settings

The thermal-magnetic bidirectional coupling is implemented based on the ANSYS Workbench
platform. Maxwell calculates the electromagnetic losses in the motor based on the material
properties and operating conditions. These losses are then mapped as heat sources into Fluent.
Fluent, in conjunction with fluid boundary conditions and heat sources, calculates the temperature
rise. The results from both Maxwell and Fluent are iteratively exchanged through the Feedback
Iterator. The temperature rise results obtained from Fluent are fed back to Maxwell, where the
electromagnetic properties of the materials are modified, and the heat source values are updated.
The updated data is then imported back into Fluent for temperature rise calculations.

For a wet motor, its structure can be considered as an axial stretching of a certain face. Therefore,
a 2D finite element method can be used to solve the losses of the wet motor, while a 3D finite element
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method is employed to solve the overall temperature field of the EHM. The settings in Workbench

are shown in the following figure.

Since the low-speed high-torque operating condition is the EHM's overloaded condition, there is a
risk of excessive heat generation, which can impact the lifespan and output performance. Therefore,
bidirectional coupling analysis is utilized to analyze the temperature rise of the entire EHM under this

operating condition.
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Figure 11 —~ANSYS-Workbench Bidirectional Coupling Settings

3. Experimental Validation

3.1 Experimental Setup

In order to validate the accuracy of the simulation results, a temperature rise experimental platform
was constructed. It mainly consists of an embedded temperature measurement system, data
acquisition system, and load simulation system. The host computer obtains operating condition
simulation instructions through a human-machine interface, controls the load simulation hydraulic
system to perform load simulation, and simultaneously operates the EHM under specified operating
conditions through a controller and driver. The embedded temperature measurement system collects
temperature at characteristic points, and the data is transmitted to the host computer through the
data acquisition system for data display and storage. Within the embedded temperature
measurement system, a thermal resistance temperature sensor is embedded at the winding terminal
and oil discharge port to measure the temperatures at two specific points, referred to as Point 1 and
Point 2, respectively. The temperature of the EHM housing is measured using a thermal imaging
camera, referred to as Point 3. The testing platform is shown in Figure 12.
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Figure 12 — The architecture of the test system
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3.2 Comparison of Theoretical and Experimental Results

For the studied novel EHM, temperature measurements of characteristic points were obtained
through performance testing at multiple operating points. Simultaneously, the temperatures of the
corresponding characteristic points were calculated using the electromagnetic-thermal bidirectional
coupled finite element model established in this study, as shown in Figure 13.
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Figure 13 — The comparison between experimental data and bidirectional coupled simulation data
under multiple operating conditions.

The EHM's temperature rise reaches a relatively stable state after running for 2 minutes under three
typical operating conditions. The comparison between the simulation results and experimental
results is shown in Figure 13.

Under the low-torque operating condition, the temperature rise mainly occurs at the winding location,
with an experimental temperature of 91°C. The experimental temperatures at the housing and oil
discharge port are 58°C and 65°C, respectively. Compared to the experimental results, the
temperature error at the winding location using the bidirectional thermal-magnetic coupling method
is 0.6°C. This error is within an acceptable range since the winding structure is derived from an
equivalent winding, resulting in a discrepancy from the actual structure. The temperature errors at
the oil discharge port and housing are 16°C and 2°C, respectively.

In contrast, using traditional temperature rise analysis methods, the temperature errors at the winding,
housing, and oil discharge port are 18°C, 21°C, and approximately 3.4°C, respectively. The main
cause of temperature errors in the traditional analysis is the significant error in calculating the motor
copper losses due to the neglect of the variation in winding resistivity with temperature.

In summary, compared to the unidirectional coupling model, the bidirectional coupling model shows
results that are closer to the measured values.

4. Analysis and discussion

4.1 Analysis of Electromagnetic-Thermal Bidirectional Coupling Results

Following the process depicted in Figure 9, electromagnetic-thermal flow coupling iterations were
conducted to analyze the heat generation under the low-speed high-torque operating condition (i.e.,
speed of 1400 rpm and torque of 11.6 Nm). The iteration data is presented in Table 8, and the
temperature difference between the final coupled iteration temperature and the initial preset
temperature is less than 1%. At this point, the overall temperature of motor components remained
below 90°C, with the highest temperature in the winding section reaching 89.02°C and an average
temperature of 86.15°C. The maximum temperature for the permanent magnet was 36°C, while the
stator reached a maximum temperature of 68°C.
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Table 8 Coupling Iteration result 'C

Volume mean temperature Initial temperature Coupling result
Winding 20 86.15
Setting error 1%
Temperature Temperature
coil1 coill
8.900e+01 8.900e+01
8.710e+01 8.710e+01
8.520e+01 8.520e+01
8.330e+01 8.330e+01
8.140e+01 8.140e+01
7.950e+01 7.950e+01
7.760e+01 7.760e+01
7.570e+01 7.570e+01
7.380e+01 7.380e+01
7.190e+01 7.190e+01 Il \
7.000e+01 7.000e+01
[C] [c]
e) winding
Temperature Igmff rature
stator1
8.1006+01 8.100e+01
7.690e+01 7.690e+01
7.280e+01 7.280e+01
6.870e+01 6.870e+01
6.460e+01 - 6.460e+01
6.050e+01 6.050e+01
5.640e+01 5.640e+01
5.230e+01 5.230e+01
[ 4.820e+01 4.820e+01
4.410e+01 4.410e+01
4.000e+01
4.000e+01
(l e
b) stator f) stator
Temperature
Temperature pm
PM 3.823e+01
3.800e+01 % BB+
.809e+
3.788e+01
3.7766+01 3.794e+01
37648401 3.780e+01
3.752¢+01 8.L68et(]
3.740e+01 3.752e+01

3.728e+01 3.737e+01
3.716e+0 3.723e+01
3.704e+0 3.709e+01
3.692e+01 3.694e+01

3.680e+01 3.680e+01
[C] [C]
c) stator g) stator
Temperature Temperature
Contour 2 Contour 2
5.000e+01 5.000e+01
4.847e+01 4.847e+01
4.694e+01 4.694e+01
4.542e+01 4.542e+01
4.391e+01 4.391e+01
4.241e+01 4.241e+01

4.091e+01
3.943e+01
3.794e+01
3.647e+01

3.500e+01
[C]

4.091e+01
3.943e+01
3.794e+0

3.647e+01

3.500e+01
[C]

d) Oil field h) Oil field

Figure 14 — The temperature contour plots of the traditional temperature rise method and the
thermal-magnetic bidirectional coupling method are shown in the figure.

The temperature simulation results of the EHM under the low-speed high-torque operating condition
are shown in Figure 14. By comparing the results of the magnetic-thermal coupled simulation method
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(Figure 14 e), f) , g) , h)) with the traditional temperature field analysis method (Figure 14 a), b), c),
d)), it can be observed that the overall temperature of the major components of the EHM is relatively
high. However, the expected temperature difference between the tooth section and the yoke section,
caused by the higher loss density in the tooth section of the stator, is not evident in the stator
temperature contour plot. This is because under the low-speed high-torque operating condition, the
heat generation at the winding is much greater than that at the stator. As a result, the stator
temperature field is dominated by the heat generated at the winding, and the temperature differences
caused by uneven stator losses are not reflected.

In conclusion, the temperature rise analysis using the electromagnetic-thermal bidirectional coupling
method provides a closer approximation to the actual operating conditions of the motor.

4.2 Temperature Rise Analysis under Different operation Conditions

Although the traditional temperature rise algorithm may not have high accuracy, it can still reflect the
temperature variation trends of the same components under different operating conditions and
distinguish the location of the highest temperature from the temperature contour plots. The
temperature distributions of the EHM under different operating conditions are shown in Figure 14.
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Figure 14 — The temperature contour plots of the traditional temperature rise method and the
thermal-magnetic bidirectional coupling method are shown in the figure.

From the above figure, it can be observed that the temperature rise results obtained by the traditional
temperature rise calculation method are higher for the housing compared to the oil temperature rise
results. This is different from the experimental results. The reason for this discrepancy is that in
actual situations, there is a very small gap between the stator and the housing due to manufacturing
techniques and assembly errors. This gap is filled with cooling oil, which means that the heat
exchange between the stator and the housing occurs through the oil. Therefore, the stator
temperature is higher than the oil temperature, which is higher than the housing temperature.
However, in the simulation, to ensure the accuracy of results in critical areas such as the winding,
the consideration of computational resources takes precedence. Therefore, the simulation does not
model this assembly gap, except for the flow channels, and assumes a direct contact heat exchange
path between the stator and the housing. As a result, the simulated stator temperature is higher than
the housing temperature, which is higher than the oil temperature.

The experimental and simulation results show that the highest temperature is consistently observed
at the winding under all three typical operating conditions. Combining the simulation and
experimental results, it can be concluded that under the low-speed high-torque operating condition,
the copper loss and auxiliary loss in the commutation region of the EHM are significantly higher than
other losses. Additionally, due to poor heat dissipation at the stator outlet, the temperature around
the winding is the highest. Under the high-speed low-torque operating condition, the auxiliary losses
in the commutation region of the EHM are significantly higher than other losses. However, due to the
presence of the rotor sleeve, the heat dissipation around the permanent magnet is insufficient,
resulting in relatively high temperatures in that region.
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4.3 Analysis of Heat Generation Interactions among Motor-Pump Components

In previous studies on the temperature field of EHM, the complex structure of the piston pump and
the oil stirring effect are often simplified, and sometimes the heat generation of the pump is not
considered at all, focusing only on the temperature field of the wet motor section. To validate the
rationality of the aforementioned simplifications, it is necessary to investigate the degree of mutual
heat generation interactions between the motor and pump. If it can be proven that the mutual
interactions between them are minimal, subsequent studies on thermal characteristics can
independently calculate the pump and motor, greatly reducing the workload.

To explore the extent of the pump's heat generation impact on the temperature field of the motor
section, the operating condition with the highest pump heat generation, namely the high-speed low-
torque condition, was selected. The pump heat generation was set to zero, and the temperature
variations of the motor winding, stator, and permanent magnet under this condition are shown in
Figure 15(a)(b)(c). In comparison, the temperature distributions of the above three points under
normal operating conditions are shown in Figure 15(d)(e)(f). The comparison of the maximum
temperatures at the respective locations is presented in Table 9.

Table 9 Comparison with the temperature distribution under normal operating conditionsC

. operating condition | Error
Site o
normal Zero pump loss °

Winding 41.76 41.74 0.05

Stator 41.73 41.71 0.05

Sheath 45.45 45.38 0.15

Temperature
Contour 3

4.174e+01
4.160e+01
4.145e+01
4.131e+01
4.116e+01
4.102e+01
4.088e+01
4.073e+01
4.059e+01
4.044e+01
4.030e+01

Temperature

Contour 3
4.176e+01
4.162e+01
4.147e+01
4.133e+01
4.119e+01
4.104e+01
4.090e+01
4.075e+01
4.061e+01
4.046e+01
4.032e+01

€]

Temperature a) Wlndlng - Teknperatiire d) Wlndlng
sheath1 - sheath1

4.538e+01
4.489e+01
4.440e+01
4.391e+01
4.341e+01
4.292e+01
4.243e+01
4.194e+01
4.145e+01
4.096e+01
4.047e+01

4.5450+01
4.495¢+01
4.4450+01
4.396e+01
4.3460+01
| 4.296e+01
L 4.246e+01
| 4.197e+01
{ 4.147e+01
4.097e+01
4.0486+01

[C] [l
b) sheath e) sheath
Temperature
sy e sstor
4.173e+01 41716401
- 4.128e+01 4.126e+01
4.084e+01 4.082e+01
4.039e+01 4.037e+01
3.995e+01 3.993e+01
3.950e+01 3.948e+01
3.906e+01 3.904e+01
3.861e+01 3.859e+01
3.817e+01 3.815e+01
3.772e+01 3.770e+01
3.7286+01 - 3.726e+01
[C]
c) stator f) stator

Figure 15 — The temperature contour plots of key locations in the motor
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From the above table, it can be seen that when the pump heat generation is set to zero, the
temperatures at key locations in the motor (winding, stator, and sleeve) are lower than under normal
operating conditions. This confirms the validity of the results, indicating that the influence of pump
heat generation on the temperature distribution of key motor locations is less than 1.5%. This
demonstrates that the impact of the pump on the motor's temperature field is relatively small,
justifying the simplifications made in previous studies. Further analysis reveals that the minor impact
is primarily due to the fact that heat exchange between the pump and motor occurs through the oil,
which has a relatively low specific heat capacity and thermal conductivity. Additionally, the lower
internal leakage and resulting lower axial oil flow velocity contribute to the lower degree of heat
coupling.

4.4 Efficiency Analysis of the Piston Pump Used in EHM

By incorporating the loss model, it is possible to calculate the volumetric efficiency, mechanical
efficiency, and overall efficiency of the pump under "low speed high torque" and "high speed low
torque" conditions. Comparing these calculated efficiencies with the total efficiency obtained from
experimental measurements allows for the validation of the accuracy of the loss model, essentially
verifying the correctness of the selected friction factor. Since the experimental data was obtained
after improving the material pairing of the distribution components, the friction factor differs from the
results shown in Figure 6. Therefore, the friction losses of the distribution components are calculated
using Method 1 (Equation (2)), as detailed in reference [17]. The results are presented in Table 10.
The comparison between the pump efficiency obtained from the loss model and the efficiency
measured in experiments is shown in Figure 16, demonstrating a high level of agreement between
the two, It can be seen that the coincidence of the two is high, indicating that the Coulomb friction
factor is close to the real value. Secondly, it can be seen from the results that the efficiency simulation
results under high speed and low torque conditions are smaller than the experimental results, and
the efficiency simulation results under low speed and high torque conditions are larger than the
experimental results. This is because the lubrication condition under high speed conditions is better
and the Coulomb friction factor is lower, while the lubrication condition under low speed and high
torqgue conditions is worse and the Coulomb friction factor is higher. In the simulation, the friction
factor is the same under both conditions. Hence the result.

Table 10 Calculation of Reactive Power Losses for Valve pair based on Equation (2)

. Operation condition | Operation condition III
Work condition
@12500rpm 3.72NM @1400rpm 11.26NM
. . Coulomb friction loss/W 196.35 69.36
power losses in valve pair )
Viscous losses/W 587.66 7.37
The Coulomb friction coefficient under hydrostatic lubrication 0.05 0.05

100 T T T
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12500rpm, 3.72NM 1400rpm, 11.26NM

Operation Condition

Figure 16 — Comparison of pump efficiency between simulation and experiments
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5. Conclusion and prospective

The main contributions of this paper can be summarized as follows: "Assessment of losses under
variable operating conditions" and "Electromagnetic-Thermal Bidirectional Coupling Method." Firstly,
based on previous experiments, a new evaluation method for friction losses in the commutation
region of the EHM under variable operating conditions is proposed. Additionally, a magnetic-thermal
bidirectional coupling method is introduced, which considers the influence of temperature on the
electromagnetic characteristics of the magnets and the uneven distribution of losses in various
components during actual motor operation. The developed multi-field electromagnetic-thermal
bidirectional coupling model achieves a 17.58% improvement in accuracy compared to traditional
temperature rise calculation methods. This provides a feasible approach for establishing high-
precision temperature field simulation models. The main conclusions of this paper are as follows:
(1) Under the coaxial large flow field, the mutual heat generation interaction between the pump and
motor is relatively low. Subsequent studies can independently analyze the temperature fields of the
pump and motor using finite element analysis, which significantly reduces the workload while
ensuring a certain level of accuracy.

(2) The accuracy analysis method of bidirectional coupling improves accuracy and better simulates
the influence of uneven loss density on heat generation.

(3) Under the low-speed high-torque operating condition, the highest temperatures are observed at
the winding and stator, while under the high-speed low-torque operating condition, the temperature
is higher at the permanent magnet.

Further research can be conducted in the following areas:

(1) Optimize the thermal structures of the EHM's permanent magnets and stator based on
temperature rise data obtained from multiple operating conditions.

(2) Although this study includes a fitted analysis of mixed friction losses in the commutation region
based on experimental data, the temperature rise in that region has not been experimentally verified.
Furthermore, additional experimental research should be conducted to understand the mixed friction
state in the hydraulic pump, focusing on the piston pair and shoe pair.

(3) The simplification of the winding in this study can be further refined in future research to make
the simulation model more closely resemble the actual conditions.
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