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Abstract: With the advancement of more electric aircraft （MEA） technology， the application of electro-hydrostatic 
actuators （EHAs） in aircraft actuation systems has become increasingly prevalent. This paper focuses on the modeling 
and mode switching analysis of EHA used in the primary flight control actuation systems of large aircraft， addressing 
the challenges associated with mode switching. First， we analyze the functional architecture and operational 
characteristics of multi-mode EHA， and sumarize the operating modes and implementation methods. Based on the 
EHA system architecture， we then develop a theoretical mathematical model and a simulation model. Using the 
simulation model， we analyze the performance of the EHA during normal operation. Finally， the performance of the 
EHA during mode switching under various functional switching scenarios is investigated. The results indicate that the 
EHA meets the performance requirements in terms of accuracy， bandwidth， and load capacity. Additionally， the 
hydraulic cylinder operates smoothly during the EHA mode switching， and the response time for switching between 
different modes is less than the specified threshold. These findings validate the system performance of multi-mode 
EHA， which helps to improve the reliability of EHA and the safety of aircraft flight control systems.
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0 Introduction 

The aircraft servo actuation system is a critical 
component in the flight control system， significantly 
influencing the aircraft’s overall performance， in‑
cluding maneuverability， reliability， and safety［1-2］. 
With the development of more electric aircraft 
（MEA） and all electric aircraft （AEA） technolo‑
gies［3-5］， traditional hydraulic actuation systems in 
aircraft onboard actuation systems are gradually be‑
ing replaced by power-by-wire （PBW） technolo‑
gy［6-7］. Currently， PBW actuators primarily include 
electro-hydrostatic actuators （EHAs） and electro-

mechanical actuators （EMAs）. Due to the risk of 
jamming， the application of EMA is limited. In con‑
trast， EHA offers high power density， substantial 

output， and easy implementation of bypass back‑
ups， making it more suitable for use in the primary 
flight control systems of aircraft［8-10］.

The actuator system of traditional aircraft 
adopts the form of central hydraulic source and hy‑
draulic servo actuator （HSA）， and the hydraulic 
pipeline is complex and the energy utilization rate is 
low. The EHA is a typical pump-controlled direct-
drive hydraulic system， offering several advantages 
over traditional valve-controlled systems in terms of 
efficiency， reliability， and maintainability. When 
EHA serve as actuators in flight control systems， 
they are crucial components for achieving flight con‑
trol， and their performance and reliability are vital 
for the safety of both the flight control system and 
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the entire aircraft［11-12］. To meet reliability require‑
ments， actuators in primary flight control systems 
are generally arranged with a certain level of redun‑
dancy and fault tolerance. As shown in Fig.1， the ai‑
lerons and elevators of the A380 aircraft use a paral‑
lel redundancy configuration with EHA and 
HSA［13-14］. The primary flight control surfaces of the 
F-35 aircraft employ a dual-redundant EHA［15］.

As a major development trend for future air‑
craft actuation systems， enhancing the performance 
and fault tolerance of EHA has garnered significant 
attention from scholars both domestically and inter‑
nationally. Matteo et al.［16］ proposed a comprehen‑
sive definition and calculation method for reliability 
based on the analysis of the structure and character‑
istics of aircraft actuation systems. They presented a 
case study on the reliability assessment of SHA/
EHA systems. Chen et al.［17］ developed a mathemat‑
ical model for EHA and identified sensitive parame‑
ters for typical failure modes. They further proposed 
a fault diagnosis method for EHA based on data aug‑
mentation techniques， aimed at diagnosing and iso‑
lating potential faults. Saeedzadeh et al.［18］ intro‑
duced a fault detection and isolation method for 
EHA based on an updated interactive multiple mod‑
el approach. The performance of their method was 
validated through simulations under typical EHA 
fault conditions. Mo et al.［19］ proposed a fault diagno‑
sis method based on interval analytical redundancy 
relations and applied this approach to the fault diag‑

nosis of parametric faults and sensor faults in EHA. 
Miao et al.［20］ proposed a fault diagnosis method for 
EHA based on residual generation and deep learn‑
ing. The performance of this method was validated 
through comparisons with several classical fault di‑
agnosis methods. Wang et al.［21］ developed a deep 
convolutional neural network （CNN） for EHA fault 
diagnosis， comparing its performance against sever‑
al popular data-driven methods using datasets sam ‑
pled from the AMESim simulation test platform and 
experimental test platform. Xin et al.［22］ established 
a performance degradation model for EHA by ana‑
lyzing the degradation of various motor parameters. 
They integrated an adaptive active fault-tolerant con‑
trol （AFTC） based on radial basis function neural 
networks， providing a reference for reliability analy‑
sis of EHA. Ma et al.［23］ addressed the EHA perfor‑
mance degradation by proposing a prediction meth‑
od based on time-series generative adversarial net‑
works and CNN-BiLSTM-Attention. This method 
significantly improved the accuracy of EHA perfor‑
mance predictions.

The aforementioned studies have enhanced the 
reliability and fault tolerance of EHA from various 
perspectives. To improve fault tolerance， the parallel 
EHA used in primary flight control systems typically 
operates in multiple modes. The parallel actuators 
driving the primary flight control surfaces of large air‑
craft generally have more than two operating modes， 
such as the normal operating mode and the bypass 
mode. These actuators switch between different 
modes based on operational requirements. The work‑
ing mode switching process of EHA need to be fast， 
accurate and stable， but there is currently limited re‑
search on the analysis of mode switching for EHA.

Ge et al. ［24］ developed a detailed model of the 
EHA and conducted a performance analysis， provid‑
ing theoretical support and simulation validation 
methods for analyzing the impact of system parame‑
ters on control performance. This model places par‑
ticular emphasis on accounting for the nonlinearities 
of the servo motor and pump. Yang et al.［25］ devel‑
oped an EHA model and designed a novel nonlinear 
variable damping integral sliding mode controller. 
The effectiveness of the algorithm was verified 

Fig.1　EHA and HSA for the A380 aileron and elevator
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through simulation results. Zhao et al.［26］ designed a 
fault diagnosis and fault-tolerant controller for EHA 
based on an adaptive neural network robust observ‑
er. The control accuracy and robustness of the pro‑
posed controller were verified through model simula‑
tions. Sang et al.［27］ designed an EHA system to 
achieve rotational motion of a load， developed a 
nonlinear simulation model of the EHA， and validat‑
ed its control performance through both nonlinear 
simulations and experimental results. The above 
studies have improved EHA performance by estab‑
lishing models and conducting simulations to verify 
the proposed methods. However， these models 
have not thoroughly addressed the functional modes 
and mode-switching modeling of the EHA.

This paper aims to model and analyze mode 
switching in primary flight control EHA based on 
the principles and system architecture of aviation 
EHA. Firstly， the functional architecture and oper‑
ating principles of EHA are summarized. Next， a 
theoretical mathematical and a simulation model of 
EHA are developed. Subsequently， the simulation 
work of EHA is conducted， and the mode switching 
performance of multi-mode EHA is analyzed. Final‑
ly， the conclusions are presented.

In response to the mode switching challenges 
faced by EHA in large aircraft primary flight control 
actuation systems， the research contributions and in‑
novation points of this paper are as follows： （1） A 
comprehensive system model of the EHA was estab‑
lished， with a specific focus on the mode switching 
functionality. （2） A practical EHA mode-switching 
process was designed， considering real-world appli‑
cation scenarios. （3） The dynamic performance and 
system stability during mode switching between dif‑
ferent operating modes were analyzed， validating 
the reliability and robustness of the multi-mode 
EHA system.

1 Functional Architecture and 
Working Principle of EHA 

EHA system can be categorized into three 
types based on their control methods： Fixed pump 
variable motor （FPVM） EHA， fixed motor vari‑

able pump （FMVP） EHA， and variable pump vari‑
able motor （VPVM） EHA. The FPVM EHA sys‑
tem， composed of a servo motor with adjustable 
speed， a fixed displacement hydraulic pump， and a 
hydraulic cylinder. The system flow is adjusted by 
changing the speed of the servo motor， so as to 
achieve the purpose of controlling the displacement， 
speed and output force. The performance of this 
type of EHA primarily depends on the dynamic per‑
formance of the servo motor. With its relatively sim ‑
ple structure and ease of implementation， the 
FPVM EHA has become a research hotspot and is 
currently adopted in large aircraft.

This study focuses on FPVM EHA. According 
to the functional requirements of primary flight con‑
trol actuation systems， the EHA operate in three 
modes： Normal operation mode， low damping by‑
pass mode， and high damping bypass mode.

Fig.2 illustrates the principle architecture of the 
multi-mode EHA system， which consists of control‑
ler， driver， servo motor， quantitative pump， pres‑
surized reservoir， mode switching valve group， and 
hydraulic cylinder， among other components. The 
anti-cavitation valve and check valve belong to the 
same type of component， but are named differently 
based on their functions. The function of the check 
valves is to draw oil from the high-pressure oil cir‑
cuit. The pressurized reservoir and anti-cavitation 
valves form the EHA makeup circuit， ensuring back 
pressure， preventing cavitation， and compensating 
for EHA leakage. Safety valves ensure that the 
working pressure of the EHA does not exceed safe 
limits. The flow control of this EHA is achieved by 
servo control， which adjusts the speed and direction 
of the servo motor and the fixed-displacement piston 
pump， thereby enabling servo control of the hydrau‑
lic cylinder.

The EHA switches between three modes 
through the mode switching valve group. The mode 
switching valve group consists of check valves， sole‑
noid valve A， mode valve， adjustable damping 
valve， bypass valve， and solenoid valve B. The 
mode valve and the bypass valve are spool valves， 
while solenoid valve A and solenoid valve B are re‑
sponsible for controlling the hydraulic control port 
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pressures of the mode valve and bypass valve， re‑
spectively.a，b，p，t，t1 are hydraulic interfaces.

As shown in Fig.3， the implementation and 
analysis of the EHA mode switching function are as 
follows：

（1） Normal operation mode
As shown in Fig.3（a）， in this mode， the mo‑

tor is powered on， the solenoid valve A is ener‑
gized， and the solenoid valve B is de-energized. En‑
ergizing solenoid valve A connects the hydraulic 
control port of the mode valve to the high-pressure 
main oil circuit. When the pressure difference be‑
tween the control oil and the pressurized reservoir 
exceeds 5 MPa， the mode valve opens， connecting 
the front and rear main oil circuits. In normal opera‑
tion mode， the EHA can function as the primary ac‑
tuator， providing the force necessary to drive the air‑
craft’s control surfaces.

（2） Low damping bypass mode
As shown in Fig.3（b）， in this mode， the mo‑

tor is powered off， the solenoid valve A is de-ener‑
gized， and the solenoid valve B is energized. The 
de-energization of solenoid valve A closes the mode 
valve， while energizing solenoid valve B connects 
the hydraulic control port of the bypass valve to the 
high-pressure chamber of the hydraulic cylinder. 
When the pressure difference between the control 
oil and the pressurized reservoir exceeds 5 MPa， the 
bypass valve opens， directly connecting the two 
chambers of the hydraulic cylinder. In the low damp‑
ing bypass mode， the two chambers of the hydraulic 

cylinder are directly connected， and the EHA can 
function as a backup actuator， with the piston rod 
following the movement of the aircraft’s control sur‑
faces. This mode is also known as the follow-up 
mode or backup mode.

（3） High damping bypass mode
As shown in Fig.3（c）， in this mode， both the 

motor and solenoid valves are powered off. The so‑
lenoid valve A is de-energized， closing the mode 
valve， and the solenoid valve B is de-energized， 
closing the bypass valve. In this configuration， the 

Fig.3　Schematic of EHA mode switching analysis

Fig.2　Principle architecture of the multi-mode EHA
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two chambers of the hydraulic cylinder are connect‑
ed via an adjustable damping valve. When a failure 
occurs and the EHA cannot operate normally， it 
switches to a high damping bypass mode， and the 
piston rod moves slowly， following the movement 
of the aircraft’s control surfaces. The unpowered 
EHA typically operates in this mode.

2 Modeling of EHA 

2. 1 Mathematical model　

2. 1. 1 Mathematical model of the servo motor　

The EHA adopts a permanent magnet synchro‑
nous motor （PMSM） as its driving component， typ‑
ically utilizing a surface-mounted PMSM. To 
achieve high-performance control of the motor， the 
Park and Clark transformations are employed to con‑
vert the current and voltage from the three-phase co‑
ordinate system to the d-axis and q-axis coordinate 
system of the motor. The voltage equations of the 
PMSM in the rotating d-q coordinate system are 
given by

ì

í

î

ï
ïï
ï

ï
ïï
ï

U d = Rid + Ld

did

dt
- ω e Lq iq

U q = Riq + Lq

diq

dt
+ ω e ( Ld id + ψ f )

(1)

where Ud and Uq represent the stator voltages along 
the d and q axes， respectively； id and iq the stator 
currents along the d and q axes， respectively； and 
Ld and Lq the stator inductances along the d and q 
axes， respectively. R is the stator resistance； ωe the 
electrical angular velocity of the motor； and ψf the 
magnetic flux of the permanent magnet.

The electromagnetic torque equation for the 
PMSM is expressed as

T e = 3
2 p [ ψ f +( Ld - Lq ) id ] iq (2)

where Te  is the electromagnetic torque of the 
PMSM， and p the number of pole pairs of the 
PMSM.
2. 1. 2 Mathematical model of the hydraulic 

pump　

To enhance the thermal management of the 
EHA， the wet motor technology has emerged as a 
prominent research focus. By integrating the rotor of 

the PMSM with the main shaft of the piston pump 
into a single coaxial design， an integrated motor-

pump unit is formed. This unit serves as the hydrau‑
lic power source for the EHA. The motion equation 
of the integrated motor-pump can be expressed as

Jm
dωm

dt
= T e - Bm ωm - D p ( pa - pb ) (3)

where Jm is the rotational inertia of the motor-pump 
rotor， Bm the viscous friction coefficient of the mo‑
tor-pump， ωm the mechanical angular velocity of the 
motor pump， and Dp the displacement of the piston 
pump. pa and pb are the pressures at the hydraulic 
pump’s outlet and inlet ports， respectively.

Considering the internal and external leakage of 
the EHA hydraulic pump， as well as the compress‑
ibility of the hydraulic fluid， the flow rate equation 
can be expressed as
ì

í
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Q a = D p ωm - Q ilp ( pa,pb )- Q olpa ( pa,p ac )- V a

β e

dpa

dt

Q b = D p ωm - Q ilp ( pa,pb )+ Q olpb ( pb,p ac )+ V b

β e

dpb

dt

(4)
where Qa and Qb are the flow rates at the outlet and 
inlet ports of the motor-pump， respectively. Q ilp is 
the internal leakage flow rate of the pump； Qolpa the 
external leakage flow rate at the pump outlet； Qolpb 
the external leakage flow rate at the pump inlet； pac 
the replenishment pressure from the pressurized res‑
ervoir； and βe the bulk modulus of the hydraulic flu‑
id. Va and Vb are the equivalent volumes of the out‑
let and inlet chambers， respectively.
2. 1. 3 Mathematical model of the hydraulic cyl⁃

inder　

The hydraulic oil entering the cylinder is pri‑
marily used to drive piston movement. Additional‑
ly， it must compensate for internal leakage and the 
compressibility of the hydraulic fluid. Considering 
the internal leakage of the hydraulic cylinder while 
neglecting external leakage， the dynamic flow rate 
equation for the hydraulic cylinder is expressed as

ì

í
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ï

Q l = A
dx
dt

+ V l0 + Ax
β e

dp l

dt
+ Q ilc ( p l,p r )

Q r = A
dx
dt

- V r0 - Ax
β e

dp l

dt
+ Q ilc ( p l,p r )

(5)

where Q l and Qr denote the inflow and outflow rates 
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of the two chambers of the hydraulic cylinder， re‑
spectively； pl and pr the pressures in the left and 
right chambers of the hydraulic cylinder； and V l0 
and Vr0 the volumes of the sealed chambers on the 
two sides of the hydraulic cylinder， respectively. Q ilc 
stands for the internal leakage flow rate of the hy‑
draulic cylinder， A the effective piston area in the 
hydraulic cylinder， and x the displacement of the 
piston rod.

The piston rod of the hydraulic cylinder moves 
in response to hydraulic pressure， overcoming both 
viscous frictional forces and external loads. The mo‑
tion equation for the hydraulic cylinder can be ex‑
pressed as

M c
d2 x
dt 2 = A ( p l - p r )- B c

dx
dt

- K s x - F f - F ex (6)

where Mc represents the equivalent mass acting on 
the piston rod， Bc the viscous friction coefficient of 
the hydraulic cylinder， Ks the elastic load coeffi‑

cient， Ff the static frictional force， and Fex the exter‑
nal load.

In the normal operation mode of an EHA， the 
pressure loss caused by the flow passages within the 
valve block is neglected due to their short length. 
Based on the principle of continuity of flow， it fol‑
lows that

ì

í

î

ï
ïï
ï
ï
ï

ï
ïï
ï
ï
ï

Q l = Q a

Q r = Q b

p l = pa

p r = pb

(7)

In the bypass mode of an EHA， the hydraulic 
cylinder chambers are interconnected adhering to

ì
í
î

Q l = Q r

p l = p r
(8)

2. 2 AMESim simulation model　

Based on the mathematical model analysis， the 
simulation model of the EHA was constructed using 
AMESim software， as depicted in Fig.4. Two c1 

Fig.4　Simulation model of EHA
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represent the valve core oil discharge ports corre‑
sponding to the hydraulic control ports c2 of the 
mode valve and bypass valve， and c1 is directly con‑
nected to the booster oil tank.

Considering the nonlinearity of the model and 
the accuracy of the modeling， models for the mode 
valve， bypass valve， and hydraulic cylinder were es‑
tablished using the HCD library. Both the mode 
valve and bypass valve are spool valves， encapsulat‑
ed as subcomponents.

3 Simulation Experiment 

3. 1 Simulation of normal operation mode　

Setting the EHA system to its normal opera‑
tion mode， wherein the solenoid valve A is pow‑
ered， the p port and a port of the mode valve are in‑
terconnected， while the b port and t port are inter‑
connected. According to the application require‑
ments of the EHA， simulate its performance under 
three operating conditions： No load， power point， 
and maximum force， as well as sinusoidal response 
characteristics.

The primary simulation parameters of the 
EHA are listed in Table 1.

For the no-load condition， provide a step posi‑
tion command with an amplitude of 50 mm to the 
EHA. For the power point condition， apply a load 

force of 30 000 N to the EHA and provide a step posi‑
tion command with an amplitude of 50 mm. For the 
maximum force condition， apply a load force of 
100 000 N to the EHA after it stabilizes in position. 
The position command and load force are shown in 
Fig.5.

During the sinusoidal response test of the 
EHA， provide a position command of ±2.5 mm and 
a frequency of 6.5 Hz under no-load conditions， and 
observe the position output response of the EHA.

3. 2 Simulation and analysis of EHA model 
switching performance　

The mode switching process of the EHA is de‑
termined based on the potential switching scenarios 
encountered in practice. An EHA that is not pow‑
ered typically remains in the high damping bypass 
mode.

When the EHA is powered on for normal oper‑
ation mode， it switches from the high damping by‑
pass mode to the normal operation mode. If the 
EHA switches from the operational mode to the 
backup mode， it switches from the normal operation 
mode to the low damping bypass mode. Converse‑
ly， when switching from the backup mode to the op‑
erational mode， it switches from the low damping 
bypass mode to the normal operation mode. In the 
event of a failure during normal operation， the EHA 
switches from the normal operation mode to the 
high damping bypass mode.

During this process， the EHA operates under 
the power point condition in its normal operation 
mode. In both the high damping bypass mode and 
the low damping bypass mode， a load force of 
20 000 N is applied to the piston rod.

Table 1　Primary simulation parameters

Parameter
Stator resistance/Ω

d‑axis inductance/ mH
q‑axis inductance/ mH
Rotor inertia/ (kg·m2)

Viscous friction coefficient/
（Nm·(r·min-1)-1）

Pump displacement/（mL·r-1）

Maximum speed/ （r·min-1）

Cylinder diameter/ mm
Piston rod diameter/ mm

Cylinder stroke/ mm
Fixed‑end dead zone volume/ cm3

Moving‑end dead zone volume/ cm3

Viscous friction coefficient/
（N·(m·s-1)-1）

Value
0.093
0.456
0.456

2.26e-4

1.67e-4

1.845
13 000
72.85
34.87
±51
29.4
12.5

10 000

Fig.5　Position command and load force of EHA
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4 Results and Discussion 

As shown in Fig.6， during the no-load step re‑
sponse， the rise time of the EHA position is approx‑
imately 0.343 s， with overshoot less than 0.5 mm 
and steady-state position error within ±0.05 mm， 
meeting the system performance requirements. The 
maximum linear velocity of the hydraulic cylinder 
under no-load conditions can reach 115 mm/s， ful‑
filling the requirements for aircraft primary flight 
control surfaces.

From Fig.6， it can be observed that after apply‑
ing a load force of 100 000 N at the 2nd second， the 
EHA exhibits negative displacement due to the im ‑
pact of the load. However， the position response re‑
turns to steady state after approximately 0.15 s， 
with a steady-state position error within ±0.05 mm. 
When the load force is removed at the 3rd second， 
there is a slight fluctuation in the position response 
of the EHA. Overall， the analysis indicates that the 
EHA can maintain system stability under maximum 
output force conditions.

As depicted in the latter part of Fig. 6， at the 
5th second， the EHA responds to a step input of 
50 mm under a load force of 30 000 N. The rise 
time， overshoot， and steady-state position error of 
the EHA meet the system performance require‑
ments. The maximum linear velocity of the hydrau‑
lic cylinder under load conditions is 108 mm/s， indi‑
cating excellent actuation capability of the EHA un‑
der load.

The sinusoidal response of the EHA， as shown 
in Fig.7， indicates that the phase lag of the EHA po‑
sition response is 2.88°， with the amplitude attenuat‑
ing to 2.43 mm， which is 97% of the command val‑

ue. The tracking of the command is satisfactory， 
and the EHA bandwidth exceeds 6 Hz.

In summary， the performance indicators of the 
EHA under the three conditions of no load， maxi‑
mum force， and power point meet the system re‑
quirements， with a bandwidth exceeding 6 Hz. The 
analysis results demonstrate the excellent perfor‑
mance of the EHA under normal operation condi‑
tions， indicating the accuracy and practicality of the 
model constructed. Additionally， it lays the founda‑
tion for the subsequent analysis of the EHA’s state 
switching performance.

The operation of the mode valve and bypass 
valve for different mode switching is achieved by 
controlling solenoid valves. The control commands 
of the solenoid valve A and the solenoid valve B， 
along with the spool displacement responses of the 
mode valve and bypass valve， are depicted in Fig.8.

Simulation results demonstrate that when 
switching from high damping bypass mode to nor‑
mal operation mode， the mode valve opens with a 

Fig.6　Position command and response of EHA

Fig.7　Sine response of EHA position

Fig.8　Response curves of mode valve and bypass valve 
spool displacement
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response time of 42 ms. Conversely， switching 
from normal operation mode to low damping bypass 
mode sees the mode valve closing in 53 ms， while 
the bypass valve opens in 36 ms. When shifting 
from low damping mode to normal operation mode， 
the bypass valve closes in 55 ms， and the mode 
valve opens in 32 ms. Switching from normal opera‑
tion mode to high damping bypass mode results in 
the mode valve closing in 53 ms. All switching time 
mentioned are below 60 ms， indicating that the 
mode-switching performance of the EHA meets the 
required criteria.

From the results in Fig. 8， it can be observed 
that the switching of the mode valve and bypass 
valve requires a certain process. Notably， the spool 
displacement response of the mode valve and bypass 
valve exhibits a significant delay relative to the con‑
trol commands of the solenoid valve. A more de‑
tailed analysis of the mode valve switching process 
is provided. As shown in Fig. 9， during the process 
of the mode valve being actuated by the solenoid 
valve A， the pressure response at the hydraulic con‑
trol port of the mode valve lags behind the control 
command of the solenoid valve. As the pressure at 
the hydraulic control port increases sufficiently to 
overcome the preload of the mode valve spring， the 
spool of the mode valve begins to move. Therefore， 
the initiation of the mode valve spool movement is 
delayed by approximately 10 ms relative to the sole‑
noid valve control command. The mode valve spool 
takes approximately 32 ms to complete its move‑
ment， after which the pressure at the hydraulic con‑
trol port of the mode valve rapidly increases and sta‑
bilizes， holding the mode valve in the fully open po‑

sition. The total response time for the mode valve to 
open is 42 ms.

As shown in Fig.9， during the process of sole‑
noid valve A controlling the closure of the mode 
valve， the pressure at the hydraulic control port of 
the mode valve drops rapidly， with a swift response. 
The spool of the mode valve only begins to move 
when the pressure at the hydraulic control port falls 
below the spring force of the mode valve. Conse‑
quently， the initiation of spool movement is delayed 
by approximately 6 ms relative to the control com ‑
mand of the solenoid valve. The spool of the mode 
valve takes approximately 47 ms to reach its final 
position， after which the pressure at the hydraulic 
control port quickly decreases to its minimum. Un‑
der the action of the spring preload， the spool stabi‑
lizes in the closed position. The total response time 
for the mode valve to close is 53 ms. From this， it 
can be concluded that the mode valve opens faster 
than it closes. The opening and closing processes of 
the bypass valve follow the same pattern as those of 
the mode valve.

Analyzing the system characteristics during the 
switching process of the EHA， the piston rod dis‑
placement curve in Fig.10 indicates that the hydrau‑
lic cylinder operates smoothly before and after mode 
switching. A comparison of the displacement re‑
sponses during the four mode switching processes 
shows that fluctuations in hydraulic cylinder pres‑
sure significantly affect the stability of the EHA dur‑
ing the mode switching process.

Fig.9　Hydraulic control port pressure curve and spool 
displacement curve of the mode valve

Fig.10　Piston rod displacement curve and left chamber 
pressure curve of the EHA
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The performance of mode switching is a crucial 
prerequisite for the successful application of EHA in 
aircraft primary flight control systems. The research 
validates the mode switching performance of EHA 
based on possible real-world scenarios. This study 
enhances the reliability and safety of EHA applica‑
tion in aircraft flight control systems from the per‑
spectives of mode switching and redundancy backup.

5 Conclusions 

This study investigates the mode switching of 
EHA in aircraft primary flight control systems， and 
the following conclusions are drawn：

（1） A theoretical mathematical model and an 
AMESim simulation model of the EHA with multi‑
ple operating modes have been established. The 
models focus on the implementation methods and 
performance characteristics of mode switching in 
EHA.

（2） Through the analysis of the EHA perfor‑
mance under three typical operating conditions， it is 
demonstrated that the EHA exhibits high control ac‑
curacy and excellent load-bearing capabilities. Addi‑
tionally， the EHA’s sinusoidal command tracking 
performance is satisfactory， with a system band‑
width exceeding 6 Hz.

（3） The mode switching function of the EHA 
can be adapted to actual application scenarios， al‑
lowing for seamless switching between different op‑
erating modes. During the switching process， the re‑
sponse time of the EHA is consistently below 
60 ms， meeting the requirements for system perfor‑
mance. The outstanding mode switching perfor‑
mance of EHA contributes to enhancing the reliabili‑
ty and safety of aircraft flight control systems.
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主飞控电静液作动器的建模和模式切换分析

郭团辉 1，2， 付永领 1，2， 陈 娟 1，2

（1.北京航空航天大学机械工程及自动化学院，北京  100191，中国； 
2.航天伺服驱动与传动技术实验室，北京  100191，中国）

摘要：随着飞机多电化（More electric aircraft， MEA）技术的发展，电静液作动器  （Electro‑hydrostatic actuators， 
EHAs）在飞机作动系统中的应用越来越广泛。针对 EHA 在大型飞机主飞控作动系统中应用涉及的模式切换问

题，开展飞机主飞行控制 EHA 的建模和模式切换分析研究。首先，对多工作模式 EHA 的功能架构和工作特点

开展分析，总结 EHA 的工作模式和实现方式。之后，基于 EHA 的体系架构，建立 EHA 的理论数学模型和仿真

模型。接下来，基于仿真模型对 EHA 正常运行时的性能进行分析。最后，结合功能切换场景研究了 EHA 在模

式切换过程中的性能表现。结果表明，EHA 在精度、带宽和带载能力方面满足性能要求，且 EHA 在模式切换过

程中液压缸运行平稳，在不同工作模式之间切换的响应时间均小于指标要求。研究结果验证了多模式 EHA 的

系统性能，有助于提升 EHA 的可靠性及飞机飞行控制系统的安全性。

关键词：大型飞机；飞行控制系统；电静液作动器；模式切换；仿真分析
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