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Abstract 
In hybrid mechatronic actuation systems comprising electro-mechanical and servo-
hydraulic actuators, precise motion synchronization is imperative for reliable 
performance, particularly in large-scale civil aircraft applications. A lack of 
synchronization between actuators gives rise to the *Force-Fighting* phenomenon, 
which occurs when differential forces are produced while both actuators jointly 
drive the same control surface. This research investigates the mitigation of Force-
Fighting and the enhancement of motion coordination within hybrid actuation 
systems. An observer-based Sliding Mode Control (SMC) framework is proposed to 
achieve robust motion synchronization. To address modeling uncertainties, 
actuator coupling effects, external disturbances, and the unavailability of complete 
state information, an Extended State Observer (ESO) is integrated into the 
control design. The effectiveness of the proposed scheme is validated through 
extensive simulations conducted in MATLAB/Simulink. Comparative results 
with existing methods demonstrate that the proposed control approach significantly 
improves motion synchronization accuracy, enhances load disturbance rejection 
capability, and effectively suppresses the Force-Fighting phenomenon in hybrid 
mechatronic actuation systems. 
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1. Introduction 
In contemporary studies on aircraft control systems, 
actuator malfunction represents a significant area of 
concern [1-4]. In recent years, considerable research 
has been conducted to identify potential issues that 

may arise in aerospace vehicle systems. Moreover, 
several researchers have emphasized the role of safety 
and explored artificial intelligence techniques to 
mitigate these challenges [5, 6]. To achieve higher 
levels of reliability and safety, modern aircraft have 
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adopted hybrid mechatronic actuation systems within 
their primary control structures. The Airbus A320, 
for instance, uses such systems to manage the 
elevator, rudder, and aileron functions [7]. In aircraft 
control systems, actuators are indispensable elements 
that control the motion and dynamics of the flight 
surfaces [8]. Historically, aircraft control surfaces were 
driven solely by hydraulically powered actuators. Over 
time, ensuring the safety and reliability of flight 
control systems became a central concern. To address 
these aspects, redundant actuation configurations 
were introduced as the aviation industry evolved. 
However, it was later observed that when common-
mode or common-cause failures occur within these 
redundant systems, safety risks persist. Such 
limitations have consequently restricted further 
improvements in the reliability and safety of 
redundant actuation architectures [9, 10]. Further 
progress in redundant actuation system studies led to 
the inclusion of an electromechanical actuator in 
addition to the hydraulic actuator. This integration 
aims to mitigate common-mode and common-cause 
failures while improving the reliability and safety of 
redundant actuation systems within the aerospace 
industry [11, 12].  
Ongoing research developments have resulted in the 
design of a hybrid actuation configuration, termed 
the Hybrid Mechatronic Actuation System (HAS), 
consisting of both Electromechanical Actuators 
(EMA) and Electro-Hydraulic Servo Actuators (SHA). 
The combination of these technologies considerably 
strengthens the safety and dependability of the 
aircraft’s control actuation mechanisms [13]. 
Advancements in the study of More Electric Aircraft 
have contributed to enhanced reliability by 
incorporating electrical generation units, power 
electronics, actuators, electric motors, and 
distribution systems into the aircraft’s architecture 
[14, 15]. The Hybrid Mechatronic Actuation System, 
combining SHA and EMA, addresses the critical 
demands of reliability and safety in aircraft control. 
By mitigating common-mode and common-cause 
faults, the system significantly strengthens the 
actuation architecture, improving both robustness 
and operational efficiency [16]. 
While earlier research has contributed to the design 
of the Hybrid Mechatronic Actuation System (HAS), 
certain issues persist. SHA and EMA possess distinct 
mechanical structures, which result in different 

displacement and force responses despite receiving 
identical control signals from the pilot, owing to their 
fundamentally different actuation methods [17]. 
Rigid coupling of the EMA and SHA to the aircraft 
control surfaces introduces an intercoupling effect 
between the actuators. This effect, known as Force-
Fighting, arises when both actuators exert forces on 
the surface at the same time. Force-Fighting refers to 
the difference in force outputs generated by two 
redundant actuators working simultaneously, which 
can degrade the control surface tracking performance 
and even risk physical damage [10]. To overcome the 
challenges of Force-Fighting, it is essential to design a 
controller that can effectively synchronize the 
movements of both actuators. Salman explored 
multiple control approaches in an attempt to resolve 
the Force-Fighting issue [18-22]. It has been found 
that proper synchronization is essential in controlling 
actuator movements to reduce the effects of Force-
Fighting [23-25]. Ultimately, the development of 
synchronization controllers emerged as a primary 
focus within the aviation industry [26-28]. Force-
Fighting must be mitigated to ensure that hybrid 
actuation systems produce synchronized output 
forces. The problem was resolved through a position 
demand offset, derived by incorporating both the 
measured actuator forces and the average force 
discrepancy into the integrator [29]. Research has also 
demonstrated methods for designing controllers for a 
Hybrid Mechatronic Actuation System (HAS), 
comprising EMA and SHA, capable of managing 
static forces [17, 30]. Improving the precision and 
accuracy of tracking control requires a controller 
design that addresses uncertainties, external 
disturbances, nonlinear behaviors, and the coupling 
effects between EMA and EHSA. Synchronizing the 
motions of multiple actuators operating in parallel 
has proven to be a highly effective solution for the 
Force-Fighting problem in hybrid mechatronic 
actuation systems [10]. Research by Rehman has 
explored multiple control methods aimed at 
synchronizing the motion of hybrid mechatronic 
actuation systems combining electrohydrostatic and 
servo-hydraulic actuators [31-35]. Wang explored the 
use of sensorless control strategies to coordinate 
motion in hybrid mechatronic actuation systems [36-
38]. Research progress in hybrid mechatronic 
actuation systems enabled Cochoy and colleagues to 
develop a force equalization controller by utilizing 
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displacement, velocity, and force state feedback 
signals [11]. The ideal hypothesis suggests that a 
controller should account for all contributing signals, 
enabling the hybrid mechatronic actuation system to 
predict system motion. Since acquiring all state 
signals from an aircraft actuation system is 
challenging, a HAS test bench was developed with 
multiple sensors to obtain complete state information 
[13]. These methods, however, increase actuator 
weight and cost, limiting their broader applicability. 
This study presents a mathematical model of the 
Hybrid Mechatronic Actuation System and proposes 
an extended observer-based backstepping control 
strategy, which is then tested via MATLAB/Simulink 
simulations. 
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Figure 1 Development and Design of Hybrid 
Mechatronic Actuation Systems  
 
2. Problem Statement 
The key elements of a Hybrid Mechatronic Actuation 
System are the control surface, EMA, and SHA, 
shown in Figure 1. A Servo-Hydraulic Actuation 
System (SHA) is an electrically powered system that 
controls the flow and motion of hydraulic fluid to an 
actuator. Servo valves typically require only minimal 
electrical input to operate high-power hydraulic 
cylinders, allowing precise regulation of force, 
position, pressure, and velocity. They are also 
characterized by rapid response and effective damping 
properties. 

 
An Electromechanical Actuator (EMA), on the other 
hand, converts electrical energy into mechanical force 
through an electric motor. The motor generates 
rotational motion, which is subsequently transformed 
into linear motion via a gear mechanism. In the 

Hybrid Mechatronic Actuation System (HAS), the 
SHA and EMA receive input control signals denoted 
as usv and um respectively, and are rigidly coupled to 
the aircraft’s control surface. While the EMA uses an 
electric motor for actuation, the SHA relies on a 
servo valve. 

 
Force-Fighting occurs when both actuators 
simultaneously exert force on the control surface, 
resulting from differences in their output forces. This 
phenomenon is primarily due to the SHA responding 
faster than the EMA, as the electric motor of the 
EMA exhibits a slower response time. Force-Fighting 
can be prevented if the actuators are coordinated 
such that each contributes equally to driving the 
control surface. Mathematically, this condition can be 
expressed as: 

 Force Fighting = -fight s mF F F=  (1) 

 ( ) ( )- - - -fight s m s s c m m cF F F k x x k x x= =  (2) 

 ( )- -fight s m s m m sF F F k x x k k k= =  = =  (3) 

In this context, xc represents the linear displacement 
of the aircraft’s control surface, xm  denotes the 
motion of the Electromechanical Actuator (EMA), 
and xs corresponds to the movement of the Servo-
Hydraulic Actuator (SHA). Fm  and Fs  indicate the 
forces generated by the EMA and SHA, respectively. 
Equation (3) implies that Force-Fighting is avoided 
when the displacements of both actuators in a hybrid 
mechatronic actuation system are identical. Provided 
that the transmission stiffness of both actuators is also 
the same, the system will operate without undesired 
force conflicts 

 

3. Hybrid Mechatronic Actuation System: 
Mathematical Formulation 
Each element of the Hybrid Mechatronic Actuation 
System—including the control surface, 
Electromechanical Actuator (EMA), and Servo-
Hydraulic Actuator (SHA)—will be modeled 
individually 

 
3.1 Control Surface: Mathematical Representation 
The motion of the aircraft’s control surface follows 
Newtonian mechanics and is represented by the 
following equations: 
( )s m c c c air cF F r j F r+ = +   (4) 
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( )s s s cF k x x= −   (5) 

( )m m m cF k x x= −   (6) 

Here, ks represents the transmission stiffness 
coefficient of the Servo-Hydraulic Actuator (SHA), 
km  denotes the transmission stiffness coefficient of 
the Electromechanical Actuator (EMA), rc  is the 
radial distance, and jc  is the moment of inertia 
associated with the angular motion θc of the control 
surface. It has been observed that the angular 
displacement is relatively small. Under this condition, 
θc  and xc  can be approximated as linear quantities 
[39], related through the following expression; 

c c cx r=   (7) 

 

3.2 Servo-Hydraulic Actuation System: 
Mathematical Representation 
A servo valve actuator consists of a hydraulic cylinder, 
a servo valve, and several additional components. The 
servo valve is a highly effective device for regulating 
fluid flow and is commonly employed in applications 
that require motion control through hydraulic power 
[40, 41]. Prior work shows that the dynamics of the 
hydraulic cylinder and servo valve are represented as 
[17];  

sv sv svx k u=   (8) 

sv sq sv sc fQ k x k p= −   (9) 

Here, xsv denotes the spool displacement of the servo 
valve, usv represents the input signal applied to the 
servo valve coil, ksq is the flow gain relative to valve 
opening, and ksc is the flow gain relative to pressure. 
The force and flow dynamics of the servo-hydraulic 
actuator can be expressed as follows [17, 42];  

4

j

sv j s f ac f

j

j j s j s s

v
Q A x p k p

E

F m x B x F

= + +

= + +





  (10) 

 

Here, 𝐸𝑗  represents the oil bulk modulus, 𝑣𝑗  is the 
effective piston volume, 𝐴𝑗  denotes the piston’s 
operating area, 𝑝𝑓  is the load pressure, 𝑘𝑎𝑐  is the 
leakage coefficient, 𝐹𝑗 = 𝐴𝑗𝑝𝑓  is the force generated 
by the actuator, 𝐵𝑗 is the damping coefficient, and 𝑚𝑗 
is the piston mass 
Let suppose the state vector of SHA can be defined as 
𝑥1 = [𝑥11, 𝑥12, 𝑥13]𝑇 = [𝑥𝑠, 𝑥̇𝑠, 𝑥̈𝑠]𝑇 . The state-space 
representation of the servo-hydraulic actuation system 
can then be expressed as follows: 

 

( )

11 12

12 13

13 1 1 1 1 1

SHA

x x

x x

x f x g u

 =


 = =


= + +







  (11) 

 

Where; 

 

( )
( ) ( )

( )

2

1 1 11 12

13

4 4 4

4

j hs s ac j j j j s ac j

j j j j

j j s ac j j

j j

E k k k E A E B k k v
f x x x

m v m v

E m k k B v
x

m v

+ + + +
= − −

+ +
−

( )
1

4 j hs sq ac hs
c c

j j j

E k k k k
g x x

m v m

+
= − 

       

1

4 j j sq sv

j j

A E k k

m v
 =

  
3.3 Electromechanical Actuation System: 
Mathematical Representation 
In an Electromechanical Actuator (EMA), the 
electrical dynamics of the electric motor are described 
by [13, 43]; 

m
m m m m m m

di
u k L R i

dt
= + +   (12) 

m bm mT k i=   (13) 

The armature current 𝑖𝑚 , inductance 𝐿𝑚 , and 
resistance 𝑅𝑚 characterize the electrical properties of 
the motor. The angular velocity is denoted by 𝜔𝑚 , 
while 𝐾𝑏𝑚 represents the back EMF constant and 𝑇𝑚 
the generated electromagnetic torque. This torque 
counterbalances the effects of damping and is 
subsequently transmitted to the system as inertial and 
load-driven dynamics. 

m
m L m m m

d
T T j B

dt


− = +   (13) 

The load torque TL , damping coefficient Bm , and 
total inertiaJm characterize the system dynamics. The 
translational and rotational components are related 
through the following transmission equation: 
 

1

1

m m

m gm

L m

m gm

x
k

T F
k







=



 =




  (13) 

Here, 𝑘𝑔𝑚denotes the transmission coefficient, and 
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𝜂𝑚represents the transmission efficiency. 
 

Assume State vector of EMA are 𝑥2 =
[𝑥21, 𝑥22, 𝑥23]𝑇 = [𝑥𝑚, 𝑥̇𝑚, 𝑥̈𝑚]𝑇 and the control 
input for the electromechanical actuator is defined as 
(𝑢2 = 𝑢𝑚) . The state-space representation of the 
electromechanical actuator can be expressed as: 

 

( )

21 22

22 23

23 2 2 2 2 2

EMA

x x

x x

x f x g u

 =


 = =


= + +







  (14) 

 

Here;  

( )
2 2 2 2

2 2 21 222 2 2 2

23

bm m gm m m ms m m gm mm ms

m m gm m m m gm m

m m m m

m m

k k k L k R B kR k
f x x x

L j k L j k

B L j R
x

j L

 

 

+ +
= − −

+
−

 
2 2 2 2 2

m ms ms
c c

m m gm m m gm m

R k k
g x x

L j k j k 
= + 

, 
2

bm

m m gm m

k

L j k



=

  

 

4. Extended State Observer-Driven Sliding Mode 
Control 
The complete schematic of the proposed sliding 
mode motion synchronization controller, based on an 
extended state observer, is illustrated in Figure 2. The 
control strategy integrates an extended state observer, 
a sliding mode controller, a servo-hydraulic actuator, 
an electromechanical actuator, and a control surface. 
In the diagram, 𝑋𝑟  denotes the reference pilot 
command signal; 𝑢𝑚  and 𝑢𝑠  are the control inputs 
for the actuators; 𝐾𝑚 and 𝐾𝑠 represent the stiffness of 
the actuator rods connecting the actuators to the 
control surface; 𝐹𝑚 and 𝐹𝑠  are the actuator-generated 
forces; 𝐹𝑎𝑖𝑟 is the external force acting on the control 
surface; and 𝑥𝑚  and 𝑥𝑠  denote the actuator 
displacements. 
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Figure 2 Block diagram of the mechatronics HAS  

 
4.1 Sliding Mode Control: 
Sliding Mode Control (SMC) represents a well-
established robust control strategy, wherein the 
fundamental concept involves formulating an 
appropriate sliding surface that constrains the desired 
system trajectory. This control approach offers 
significant advantages, particularly its inherent 
insensitivity to parameter variations, modeling 
uncertainties, and external disturbances. Despite 
these strengths, SMC is often associated with the 
chattering phenomenon, which results from the high-
frequency switching of control signals. To mitigate 
this undesirable effect, a commonly adopted solution 
involves replacing the discontinuous sign function 
with a continuous approximation, such as the 
saturation function, thereby achieving smoother 
control action. The sliding mode surface is given by; 

 
1 1i is e e= +  (15) 

Where 𝑒𝑖1 is tracking error which difference between 
between desired value or reference value and tracking 
value of displacement of air craft control surface. 
Mathematically is given by 

 
1 1 1 , 2i i de x x i SHA i EMA= −  =  =   (16) 

Taking derivative of equation (15) 

 
1 1i is e e= +  (17) 

 
1 1 1 1i i i d is e e x x e = + = − +  (18) 

From equation (11) and (14) 

 ( ) 1 1 3i i i i i d i i is f x g u x e x x = + + − +  =  (19) 
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Where  
1

2

i SHA

i EMA

= 

=   
 

Continuous control law that will acheieve 𝑠 = 0 is 

 ( )( )1

1
i i i i d i

i

u f x g x e


= − − + −  (20) 

In order to acheieve robust performance despite 
disturbance on the system, we add ûi  a saturation 
function across sliding mode surface 

 ( )ii iu u Ksat s = −  (21) 

Where 𝐾  is chosen as a large constant to maintain 
system robustness, and ϕ characterizes the boundary 
layer thickness near the sliding mode surface. 

If we look on equation (20) then there are 
nonlinearities and motion states of actuation system 
which are not easy to calculate  let them represent 
with extended state.  

 ( )4i i i ix f x g= − −  (22) 

So there is need to design an observer which can 
calculate the value of this extended state xi4 . 
Consequently, a state observer is needed. 

 
4.3 Extended State Observer 
In this section, an extended state observer (ESO) is 
developed to estimate both the uncertainties and 
dynamic states of the electromechanical and servo-
hydraulic actuators. The ESO considers all plant-
influencing factors—including system nonlinearities, 
model uncertainties, and external disturbances—as a 
composite term, defined as the extended state, which 
is to be accurately estimated for enhanced control 
performance [44-46]. The incorporation of the 
extended state offers several advantages, including 
improved control performance, simplified 
implementation, and reduced dependence on the 
precise mathematical model of the plant. 

Let suppose the state equation of actuator is given 
by; 

 

1 2

2 3

3 4

4

1

1
:

2

i i

i i

i i i i i

i i

i i

x x

x x
i SHA

x x u
i EMA

x h

y x



=


=
  = 

 = +
 =  =


=









  (23) 

Where hi is variation rate of the uncertainty, and it 
is considered to be bounded. 

Rewriting equation (23) in matrix form: 

 
1

2

i i i i i i i

i i i

i SHAX A X Bu E h

i EMAy C X

 = = + +

 = =


  (24) 

 

Where 

0 1 0 0

0 0 1 0

0 0 0 1

0 0 0 0

iA

 
 
 =
 
 
 

, 

0

0

0

i

i

B


 
 
 =
 
 
 

, 

1

0

0

0

iC

 
 
 =
 
 
 

, 

0

0

0

1

iE

 
 
 =
 
 
 

  

 

Now, extended state observer for the system in (24), 
is given by; 

( )ˆ ˆ ˆ 1 2i i i i i i i i iX A X Bu LC X X i SHA i EMA= + + −  =   = 


 

 (25) 

Where  1 2 3 4
ˆ ˆ ˆ ˆ ˆ, , ,i i i i iX x x x x=   1 2 3 4, , ,

T

i i i i iL    = is 
state and designed vector for extended state observer. 
Observer gain can be found through pole placement, 
one typical example is  

 2 3 44 ,6 ,4 ,
T

i i i i iL     =     (26) 

Where ωi  is the extended state observer's tuning 
parameter, and it is  observer's bandwidth. 
 
5. Simulation Results and Discussion 
The proposed control approach, based on an 
Extended State Observer integrated with a Sliding 
Mode Control, is assessed through simulations of a 
hybrid mechatronic actuation mechanism designed 
for large civil aircraft. The simulation environment is 
constructed in MATLAB/Simulink, and the 
associated parameters utilized in the model are 
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presented in Table 1. 
TABLE 1 PARAMETERS OF ACTUATION SYSTEMS 

Actuation 

Parts 
Parameters Values 

 (SHA) 

ksv 3.04 × 10−4 m/A 

ksq 2.7 m2/s 

ksc 1.75 × 10−11 (m3/s)Pa 

Aj 1.1 × 10−3 m2 

vj 1.1 × 10−4 m3 

mj 25 Kg 

Bj 1 × 104 N. s/m 

Ej 8 × 108 Pa 

kac 1 × 10−11 (m3/s)Pa 

 (EMA) 

km 0.161 V/(rad/s) 

Lm 4.13 × 10−3 H 

Rm 0.54 Ω 

kbm 0.64 Nm/A 

jm 1.136 × 10−3 

Bm 4 × 10−3 Kg. m2 

kgm 1.256 × 103 

ηm 0.9 rad/m 

Control 

Surface 

ks, km 1 × 108 N/m 

rcs 0.1 m 

jcs 6.0 Kg. m2 

 

 
In addition, to provide a fair and comprehensive 
evaluation of the observer–based sliding mode 
strategy, its behavior is compared with three 
alternative control schemes, each tested under three 
distinct operating scenarios. 
 
Estended State Observer Based Sliding Mode 
Control (ESO-SMC): The parameters for controller is 
λ = 100  and K = 50  The value for tunning 
parameter for observer is ω1 = ω2 = 10000. 
 
PID Control: A conventional PID controller is 
employed for comparison purposes, with the 
following gain settings: for the Servo-Hydraulic 
Actuator (SHA), KPh = 3.8 , KIh = 20 , and KDh =
0.1and for the Electro-Mechanical Actuator (EMA), 
KPm = 16, KIm = 2 and KDm = 0.5. 
 
State difference feedback PID Control (SDF-PID): 
The State-Difference Feedback (SDF) control 

approach, as introduced by Cochoy et al. [11]. is also 
implemented for comparative analysis. This 
technique employs the same PID controller structure 
described in the preceding section, augmented with 
feedback terms based on the differences in 
displacement, velocity, and Force-Fighting. The 
corresponding feedback gains are selected as 
KSDF−x = 150 , KSDF−v = 10  , and KSDF−F =
2 × 10−6 . 

 
 

5.1 Simulation Results Using a Step Input 
Command 
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Figure 3 Motion Tracking Response under Step Input 
 

As illustrated in Figure 3, the proposed ESO-SMC 
controller exhibits superior performance compared to 
the conventional PID and SDF-PID controllers in 
terms of both disturbance rejection and motion 
tracking accuracy. In Region 1, which represents the 
initial tracking phase without the influence of any 
external load, the ESO-SMC achieves the reference 
input more rapidly than other control methods. 
Moreover, the ESO-SMC response has less overshoot, 
whereas the PID and SDF-PID controllers display 
large overshoot accompanied by oscillations that 
require a considerable duration to settle. At 
approximately three seconds, a pulse load of 8 kN 
with a period of three seconds is applied to the 
aircraft control surface, introducing a jerk 
disturbance. The performance of the controllers 
under this condition, shown in Region 2, further 
demonstrates that the ESO-SMC provides markedly 
improved disturbance and load rejection capability 
compared to both SDF-PID and PID controllers. 
However, it is noteworthy that SDF-PID exhibits 
better disturbance rejection characteristics than the 
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conventional PID controller. 
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Figure 4 Error Analysis for Step Input 

 
Figure 4 presents a comparative analysis based on 
tracking error. In Region 1, corresponding to the 
system’s initial response to a step input, the ESO-
SMC achieves a faster convergence rate and 
significantly lower tracking error relative to the SDF-
PID and PID controllers. Even in Region 2, where an 
external load acts on the aircraft control surface, the 
tracking error for the ESO-SMC remains minimal. 
The phenomenon of Force-Fighting arises due to the 
disparity between the output forces of the two 
actuators—the Electro-Mechanical Actuator (EMA) 
and the Servo-Hydraulic Actuator (SHA)—which 
possess inherently different dynamic characteristics.  
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Figure 5 Force-Fighting Analysis under Step Input 
Figure 5 illustrates this behavior, where Region 1 

represents the initial Force-Fighting response. The 
observed Force-Fighting magnitudes are 13 kN for 
PID, 6.4 kN for SDF-PID, and only 1 kN for ESO-
SMC, indicating that the proposed controller 
achieves the minimum Force-Fighting level. A similar 
trend is observed in Region 2, where the external 
pulse load is applied to the control surface, further 
validating the robustness of the ESO-SMC controller. 
 
5.2 Simulation Results Using a Dynamic Input 
Command 
Dynamic input signal simulations were also 

conducted to further evaluate the performance of the 
proposed control schemes.  
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Figure 6 Motion Tracking Response under Dynamic Input 

 
As illustrated in Figure 6, the ESO-SMC controller 
demonstrates markedly superior performance 
compared to both PID and SDF-PID controllers in 
terms of disturbance rejection and motion tracking 
response. Region 1 represents the initial tracking 
phase under no-load conditions. It can be observed 
that ESO-SMC achieves the reference trajectory more 
rapidly than the other controllers, exhibiting a faster 
response and reduced oscillatory behavior. At 
approximately three seconds, an external pulse load 
of 8 kN with a period of three seconds is applied to 
the aircraft control surface. The corresponding system 
behavior, represented in Region 2, reveals that ESO-
SMC achieves superior load and disturbance rejection 
capability relative to the SDF-PID and PID 
controllers. Nevertheless, the SDF-PID shows 
improved disturbance rejection compared to the 
conventional PID control scheme. 
 

Time (seconds)

F
o

rc
e

 F
ig

h
ti

n
g

 (
K

N
) PID

SDF-PID

ESO-SMC

Region 2

Region 1

0 1 2 3 4 5 6

-10

-5

0

5

10

15

 
Figure 7 Force-Fighting Behavior under Dynamic input 

 
Further analysis was performed with respect to Force-
Fighting behavior, which is a critical factor in 
ensuring effective motion synchronization between 
actuators. The minimization of Force-Fighting is 
essential, as its presence hinders coordinated actuator 
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motion. As depicted in Figure 7, Region 1 illustrates 
the initial Force-Fighting characteristics. The observed 
Force-Fighting magnitudes are approximately 4 kN 
for PID, 3 kN for SDF-PID, and only 0.5 kN for the 
proposed ESO-SMC controller, indicating its superior 
capability in mitigating this phenomenon. The lowest 
Force-Fighting amplitude is therefore achieved by the 
ESO-SMC controller. A similar trend is observed in 
Region 2, where the external pulse load acts on the 
control surface, further confirming the robustness 
and efficiency of the proposed control strategy in 
handling dynamic and load-varying conditions. 
 
5.3 Simulation Results Using a Real-Time Input 
Signal 
Simulations were also conducted using a real-time 
input signal to further evaluate controller 
performance. As presented in Figure 8, the ESO-SMC 
controller demonstrates superior performance 
compared to conventional PID and SDF-PID 
controllers in terms of disturbance rejection and 
motion tracking accuracy. Region 1 represents the 
initial tracking phase under no-load conditions. It is 
evident that the ESO-SMC achieves the reference 
trajectory more rapidly and with improved tracking 
precision compared to PID and SDF-PID controllers. 
At (t = 3) s, an external pulse load of 8 kN with a 
period of 3 s is applied to the aircraft control surface. 
The response shown in Region 2 indicates that ESO-
SMC exhibits enhanced load disturbance rejection 
capability. Although the SDF-PID controller performs 
better than the PID, its performance remains inferior 
to that of ESO-SMC. 
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Figure 8 Motion Tracking Behavior with Real-Time Input 

 
Further comparison was carried out with respect to 
Force-Fighting characteristics, which are critical for 
maintaining actuator motion synchronization.  

-20

-15

-10

-5

0

5

10

15

20

F
o

rc
e

 F
ig

h
ti

n
g

 (
K

N
)

PID

SDF-PID

ESO-BSC

Region 2

Region 1

0 1 2 3 4 5 6

Time (seconds)  
Figure 9 Force-Fighting Behavior under Real-Time Command 

and Pulse Load 
 
Figure 9 illustrates the Force-Fighting response, where 
Region 1 corresponds to the initial condition. The 
observed Force-Fighting magnitudes are 6.2 kN for 
PID, 3 kN for SDF-PID, and only 0.5 kN for the 
proposed ESO-SMC controller, confirming its 
superior capability in minimizing inter-actuator force 
discrepancies. The lowest Force-Fighting amplitude is 
achieved by ESO-SMC. A similar response trend is 
observed in Region 2 when the external pulse load is 
applied, further validating the robustness and 
dynamic coordination performance of the proposed 
controller. 
 
6. CONCLUSIONS 

In conclusion, the extended state observer–based 
sliding mode control framework developed for the 
hybrid mechatronic actuation system has 
demonstrated improved performance in managing 
nonlinear coupling dynamics, uncertainties, and 
external disturbances while ensuring precise motion 
synchronization. The simulation results indicate a 
substantial reduction in force-fighting during both 
transient and steady-state conditions, even in the 
presence of aerodynamic disturbance loads. Further 
comparison under step, dynamic, and real-time pilot 
command inputs confirms that the proposed method 
provides superior robustness, smoother 
synchronization behavior, and enhanced disturbance 
rejection relative to previously published approaches. 
These findings validate the effectiveness of the 
proposed control strategy for hybrid actuation systems 
where precise coordination and disturbance resilience 
are critical. 
Future research will focus on experimental validation 
using a hardware test bench to further assess real-
world performance and implementation feasibility. 
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Additionally, extending the control framework to 
incorporate adaptive or learning-based mechanisms 
may enhance its ability to cope with time-varying 
system parameters and unknown nonlinearities. 
Finally, performance optimization concerning 
computational efficiency and real-time embedded 
deployment will be investigated to support its 
integration into next-generation hybrid actuator 
platforms. 
 
Appendix I: 
Notation 

𝑘𝑠𝑣 Gain Coefficient 
𝑘𝑠𝑞 Flow /opening gain 
𝑘𝑠𝑐 Flow / pressure gain 
𝐴𝑗 Area of Piston 
𝑣𝑗 Cylinder chamber volume   
𝑚𝑗 Piston mass, including chamber   
𝐵𝑗 Damping constant   
𝐸𝑗 Bulk modulus constant 

𝑘𝑎𝑐 Coefficient of Leakage 
𝑘𝑚 Back emf constant 
𝐿𝑚 Armature Inductance   
𝑅𝑚 Armature resistance   
𝑘𝑏𝑚 Electromagnetic coefficient 
𝑗𝑚 Total inertia of rotating parts   
𝐵𝑚 Damping coefficient   
𝑘𝑔𝑚 Transmission coefficient   
𝜂𝑚 Transmission efficiency   

 𝑘𝑠, 𝑘𝑚 Connection stiffness 
𝑟𝑐𝑠 Control surface's radial distance   
jcs Control surface's moment of inertia   
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