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Abstract—Electro-hydrostatic  actuators (EHAs) are
emerging transmission techniques originated from aerospace
industry and being introduced to various application fields, such
as ships, robots, construction machines, and machine tools.
Despite the advantages of high efficiency, easy maintenance,
electrified power, etc., EHAs are usually self-contained
integrated devices, resulting in low heat dissipation ability.
Therefore, thermal coupling models are necessary for the
evaluation of each design option during the EHA development.
In this paper, a thermal coupling model was established for
EHA thermal characteristic analysis during the detail design
stage. The disciplines of electrics, mechanics, system level
hydraulics, losses, and control are implemented by lumped
parameter modeling while the disciplines of thermodynamics
and fluid dynamics are simulated by computational fluid
dynamics (CFD). Subsequently, a simulation analysis focusing
on the critical temperature conditions was conducted, and the
dynamic thermal and power responses were achieved. The
simulation results are applicable to gain confidence for EHA
detail design work as well as proved the functions of the
proposed model as a practical development tool.
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1. INTRODUCTION

Electrification trend contributes from both economic and
environmental points of view to machinery in various industry
fields. With respect to the subsystem of heavy-duty actuation,
electro-hydrostatic actuators (EHAs) are a considerable option
over conventional hydraulic actuation due to its advantages
such as electrified power feature as well as the compactness,
easy maintenance, high efficiency, etc. Conversely, the high
integrated self-contained structure of the EHA leads to a
highly multi-physics coupling nature and the deficiency of
heat dissipation, which requires delicate characteristic
analysis during the EHA design. Thermal coupling simulation

models are effective tools to achieve aforementioned purposes.

Most existing contributions regarding the EHA thermal
coupling modeling are within 0D/1D models, which are
primarily aiding preliminary system level simulation and
analysis [1]. 3D fluid-thermal coupling models of EHAs have
been developed, whereas the dynamic characteristics modules
are not integrated [2,3]. However, EHA is a power-on-demand
actuator and the design evaluation must be implemented based
on duty cycles which calls for transient simulation. Therefore,
a dynamic EHA model equipped with 3D thermal coupling
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module should be developed for the EHA detail design stage
and subsequent virtual testing tasks [4]. The bondgraph
analysis together with FEM model is an attempt for this
objective, but the 3D thermal module does not involve the
fluid volume, which leaves the fluid temperature without
accurate evaluation [5].

In this paper, a thermal coupling model of EHA was
developed through updating the existing 0D/1D dynamic
models with a 3D thermal module. The 3D thermal module is
utilized only for heat transfer calculation and temperature
prediction based on 3D computational fluid dynamics (CFD)
method. This model combines the advantages of fast
simulation and elaborate temperature evaluation. Thus, it is
suitable to be used in the EHA detail design stage as an
analysis and virtual testing tool.

The paper is organized as follows: the selected EHA case
is presented in Section II. in Section III, the model architecture
and the model implementation is illustrated in detail. Section
IV presents the simulation study under critical temperature
conditions. The temperature and the power related results
were analyzed. The conclusion is drawn is Section V.

II. EHA DESCRIPTION

A turreted gun is usually designed with two degrees of
freedom (DOF) for aiming the target, horizontal and vertical.
The heavy artillery mostly utilizes the hydraulic actuator for
controlling its vertical motion. But the conventional hydraulic
actuator is implemented with an individual power unit and
jumbled pipes although only one cylinder is needed to be
powered. Furthermore, the low efficiency results in huge heat
dissipation that deteriorates the working conditions of the
operators. Therefore, an EHA for controlling the vertical
motion of the artillery was developed to tackle the
aforementioned issues induced by the conventional hydraulic
actuators as well as advance the electrification progress.

Partial specifications of the developed EHA is displayed
in TABLE I. The EHA is modularly designed that consists of
a symmetric cylinder, the manifold and the motor-pump-
reservoir unit, as displayed in Fig. 1. The piston pump and the
servo motor share a mutual shell, which is fully filled with the
pump drainage oil after assembling. The EHA was designed
to resist a high recoil load of 8 times nominal output force.
Once the gun is on standby, the EHA will continuously receive
orders from the fire control system and actuate the gun to the
desired elevation angle.



TABLE L. PARTIAL SPECIFICATIONS OF THE EHA
Stroke 171 mm
Maximum force 12 kN
Maximum velocity 300 mm/s
Lowest velocity 0.1 mm/s

Bandwidth 8Hz

Maximum motor speed 12500 rpm
Power voltage 270 VDC
Nominal hydraulic pressure 11 MPa
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Fig. I. An EHA subjected to the vertical motion control of a turreted gun

The schematics of the EHA is illustrated in Fig. 2. The
motor-pump unit operates in velocity control mode with an
inner current control loop. Then the flow rate and direction of
the EHA is subject to the motor-pump rotational speed. The
drainage flow of the pump is collected in the reservoir, which
will again recharge to the pump ports according to the
individual pressure level. The manifold implements the
functions of bypass/active mode control, high pressure relief
and cylinder blocking under high recoil situation. The outer
position loop control is optional, which depends on the
command from the fire control system.

III. THERMAL COUPLING MODELING OF EHA

The 0D/1D models have been proven to be adequate for
EHA performance prediction when neglecting the thermal
coupling effects [6]. However, the thermally affected
performance and the temperature distribution itself need to be
addressed when developing a practical EHA, which can be
realized by 3D thermal model rather than lumped parameter
thermal model. Therefore, adding variable ports on the 0D/1D
models to interact with a 3D thermal model specialized for
temperature simulation is an applicable solution to combine
efficiency and accuracy advantages [4].

The model architecture is shown in Fig. 3. The model is
divided into the CFD model part and the lumped parameter
model part. Besides the common equations adopted by the
EHA 0D/1D models, the lumped parameter model added loss
models for heat generation calculation, which are utilized as
boundary conditions of the CFD model. The temperature
dependent parameters are also linked with the temperature
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Fig. 2. Schematic of the turreted gun EHA
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Fig. 3. Model architecture

variables output from the CFD model for establishing the
thermal coupling mechanism. The dynamics of the hydraulic
transmission is modeled in the lumped parameter model since
the accuracy is adequate for EHA performance evaluation
while CFD simulating of the complete EHA fluid transmission
would cost too high computation resources.

The CFD model utilizes energy equation to evaluate the
thermal activities of the solid parts of EHA while the
momentum and continuity equations are adjoined for the fluid
part simulation. The fluid part of the CFD model just use the
flow results from the lumped parameter model to define the
boundaries of the fluid volume, which can reduce the
calculation cost compared with mimicking the complete flow
mechanism itself. The precision under this simplification is
acceptable since the CFD model is used only for temperature
prediction.

A. Basic physical models

The continuity, momentum and energy equations are
utilized for modeling the fluid part of the EHA in CFD model,
as in (1-4). For the solid part modeling, only energy equation
is needed.

X 4+V-(pB) =0 (1)

(PO T (pBFT) = Vp+V - THpg Q)
%(pE) +V-(BQE +p) =V -(kVT + (T-3) (3
E=h—g+§ )

where p is the density of the fluid, ¥ is the velocity vector of
the flow or mass, p is the static pressure, T is the stress tensor,
g is the acceleration of gravity, 4 is the sensible enthalpy, v is
the velocity magnitude of the flow, and £ is the conductivity.

The geometry of the exemplified EHA was imported into
CFD simulation environment and was meshed into 1.74
million elements. The outer shell of the EHA transfers heat
with the environment in convection of 16.7 W/m?/°C. Three
significant volumes exist in an EHA, two cylinder chambers
and one reservoir volume (including the volume inside the
motor-pump shell). The flow boundaries of these volumes are
defined with the instant simulation results of the lumped
parameter EHA model. Moreover, the heat source was



assigned on the regarding surfaces of the CFD model with
values from the lumped parameter loss model.

Many validated lumped parameter EHA models have been
developed [7]. However, the temperature dependent features
and the loss models are still to be implemented. The
temperature dependence of the torque constant and winding
resistance of the motor is demonstrated in (5-6).

K: = Kio(1 + aye (T — Tp)) (%)
Ra = Rao(1 + aRa(T - TO)) (6)

where K, is the torque constant at reference temperature, oy,
is the corrective coefficient on torque constant, 7is the instant
temperature, T, is the reference temperature, R;, is the
winding resistance at reference temperature, and ag, is the
corrective coefficient on winding resistance. The temperature
dependent absolute viscosity of the fluid is modeled as in (7).

H= po - 10770 @

where pu, is the fluid absolute viscosity at reference
temperature and b, is the corrective coefficient on the absolute
viscosity. The leakages of the hydraulics are modeled with (8-
9) for each leakage point.

2: 2AP
Q1 = Cmax - tanh (25 - 4+ 222 ®)
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where Cgmqy is the highest flow coefficient, &, is the flow
number at which transfer between laminar and turbulent, 4 is
the effective flow area, p is the fluid density, and AP is the
pressure difference on the leakage point. The Cgpmax, €crie, and
A are constant parameters, which were identified from the
leakage data of each leakage point. So the leakage is coupled
with the instant temperature by the fluid viscosity variance.

The energy losses of the EHA formulate the heat load of
the heat transfer process. The friction loss is modeled as
viscous friction since all moving pairs of the EHA are in the
hydraulic oil. The copper and friction losses are considered for
the electric motor as demonstrated in (10-11).

Sme = i R, (10)
Smfzwz':u'amf (11)

where i is the current in the winding, w is the rotational speed
of the motor, and a,, is the coefficient of the motor viscous

friction. The volumetric and mechanical losses of the pump
are modeled as in (12-13).

Spv = AP (Qpil + onl) (12)
Spm = W% - Ay (13)

where Qpi;, Upo are the inner leakage and drainage of the
pump, w is the rotational speed of the pump, and ay is the
coefficient of the pump viscous friction. The loss of the

cylinder together with the manifold are modeled as leakage
and friction in (14-15).

Spv = AP (Qq + Q1) (14)
Spm = v? TR Qe (15)

where Q. , Qp; are the leakage of the cylinder and the
manifold, v is the translational velocity of the cylinder, and

.y is the coefficient of the cylinder viscous friction. The a;,f,
apr , and acp are parameters identified based on the
performance data of the motor, pump and cylinder.

IV. SIMULATION RESULTS

The proposed model in Section III was implemented on
the turreted gun EHA. The simulation was carried out with the
thermal critical scenario, holding of the full load within an
high ambient temperature [8]. A low ambient temperature
scenario was also simulated for addressing the wide range
ambient temperature effects. The two scenarios are concluded
as:

® the EHA working in a load hold condition with 12 kN
force at the midpoint of the cylinder; the ambient temperature
is constant 40 ‘C, the initial temperature of the fluid is 40 C;

® the EHA working in a load hold condition with 12 kN
force at the midpoint of the cylinder; the ambient temperature
is constant 0 ‘C, the initial temperature of the fluid is 40 C.

Both scenarios were simulated for 600 seconds, which is
enough long to reach a final stable state. Main variables were
summarized in TABLE II, which indicates the significant
influence by the temperature and thermal coupling. For either
scenario, the initial leakage was lower than the final ones since
the final temperature of the leakage inlet (the inlet port when
considering the pump) was higher and resulted in lower
viscosity. The fluid viscosity decrease additionally leads to
lower heat generated by the motor and pump due to the
viscous friction decreasing. Although the leakage increased,
it’s the friction losses dominating the overall loss level since
the hydraulic components are relatively high volumetric
efficiency models.

By comparing different scenarios, it can be seen that the
initial losses of the motor-pump at 40 ‘C temperature is
identical as the final losses at 0 ‘C temperature. This can be
explained due to the final leakage inlet temperature of the
motor-pump unit under 0 ‘C scenario is 40 “C, which is same
as the initial conditions of the 40 “C scenario (as shown in Fig.
4 and 5). Accordingly, the final state of the 40 ‘C scenario
arrived at a higher temperature level compared to the 0 C
scenario. Therefore, the final drainage flow of the 40 C
scenario is the highest among all the EHA states during the
simulation while the losses are the lowest since the fluid
viscosity arrived at the lowest.

The evolving process and the temperature distribution of
each scenario are illustrated in Fig. 4 and Fig. 5 respectively.
In the first 100 seconds the EHA temperature changed
significantly due to the initial stable state was disturbed and
the fluid started circulating. Then the fluid was gradually
heated and the viscosity decreased. During this period, the
overall generated heat decreased due to the reduction of the

TABLE II. VARIABLE VALUES AT DIFFERENT SIMULATION TIME
EHA States Heat generated (W) Drainagfz
motor pump cylinder flow (L/min)
Initial of 0 'C 291 101 2.4 0.34
Final of 0 'C 122 65 4.6 0.48
Initial of 40 'C 122 65 1.8 0.48
Final of 40 'C 57 45 4.1 0.58
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Fig. 5. simulation results under 40 ‘C ambient temperature (continued)

40 °C scenario. Although the average temperature appeared
no major difference, the local temperature differed
significantly among the four picked contour results, which
may fail to be captured in the 0D/1D thermal model.

For both scenarios, the final temperature of the motor-
pump-reservoir fluid decreased during the simulation period
while the chamber fluid appeared an inverse process. This
indicated that the internal fluid circulation of the EHA can
equilibrate the temperature field which improve the durability
of the EHA against load holding conditions. Meanwhile, it
also alerts that a sudden over load may induce a local over-
heated which is harmful for an EHA. Both scenarios evolved
towards better temperature distribution field thanks to the
stronger convection effects, viscous friction reduction and the
high volumetric efficiency which prevent a soar of leakage
losses.

The two scenarios arrived at almost the same highest
temperature since the generated heat of the EHA under high
ambient temperature is lower so that the required temperature
difference between the EHA and the environment is lower to
attain a thermal balance. For the initial thermal response, the

0 “C scenario showed more dangerous results because a higher
local fluid temperature appeared to be at 112 C.Therefore, it
is worth noting that, apart from the environment and the duty
cycles, the initial conditions can also strongly influence the
evolving of the thermal process. The different initial fluid
temperature may result in totally different temperature
distribution and variation of the EHA due to its highly
nonlinear and coupled nature. That’s one of the reasons why
the EHA may employ a heating device especially when it may
be started in a very low initial temperature.

V CONCLUSION

A thermal coupling EHA model combining lumped
parameter modeling and CFD method was proposed for
characteristic analysis during the detail design stage. The 3D
thermal module enhanced the temperature evaluation
accuracy while the lumped parameter module maintained the
efficiency advantage. The model is easy to be implemented
and employed into a modular modeling environment. These
advantages prompt the model to be more considerable than the
existing 0D/1D models and individual 3D thermal model.

The simulation results revealed the elaborate EHA
characteristics that can be gained with the proposed model.
The dynamic responses of an exemplified EHA under the
thermal critical duty cycle were achieved. Both 0 'C and 40 'C
ambient temperature were analyzed. Either scenario showed
the complete evolving process of the EHA from an initial state
to the corresponding stable state. Local hot points were
identified which are not accessible relying on the 0D/1D
models. The thermal coupling mechanism and its significant
influence are presented in an explicit way. Accordingly, more
confidence can be gained for the detail design and the need of
the full scale prototype testing is much reduced.

The experimental setup for this EHA was established and
the evaluation and validation experiments are in preparation.
The proposed model will be validated against the test data and
additional scenarios will be simulated in transient mode to
achieve comprehensive performance prediction of the
exemplified EHA.
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