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Abstract: In the present study, an extended state observer-based model predictive controller was designed to enhance the response rate and disturbance rejection of the 
fin electro-hydraulic servo system without overshoot and extend the application of fin stabilizer at zero speed. To this end, a tracking differentiator was employed to implement 
the command plan of the fin servo system to limit the overshoot. Moreover, an extended states observer was used to estimate the external disturbance, uncertainty and 
nonlinearity in the electro-hydraulic servo system. Then, the estimated lumped disturbance was compensated directly in the control command generated by the model 
predictive control. Accordingly, the response speed and disturbance rejection were designed through the objective function in the predictive control model. Then an electro-
hydraulic servo system of a fin stabilizer was studied to evaluate the performance of the proposed control strategy. The experimental results revealed that the proposed 
controller improved the response speed and disturbance rejection capacity of electro-hydraulic servo system of fin. The improved control strategy can adapt well to the 
requirements of zero-speed fin stabilizer. 
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1 INTRODUCTION 
 

Electro-hydraulic servo system (EHSS) has superior 
characteristics, including fast responses and large stiffness 
and a high power-to-weight ratio [1, 2]. Accordingly, these 
systems have been widely employed in applications with 
heavy loads and large inertia. Therefore, EHSS plays an 
important role in different applications such as robots [3-5], 
vehicles [6], aircraft [7], and ships [8]. However, studies 
show that external disturbances, high orders, uncertainties, 
nonlinearities and complexities accompanied with the 
EHSS are the main challenges to improve the position 
precision and robustness through conventional controllers. 

In this regard, numerous control strategies have been 
proposed to improve the control precision and robustness of 
EHSS. Li combined the artificial neural network and fuzzy 
logic, then the control precision and the frequency range 
have improved significantly [6]. Thomas proposed a sliding 
controller to overcome uncertainties and nonlinearities 
originating from internal leakages and nonlinear frictions 
[9]. Wei adopted a fuzzy variable structure controller for 
coupling parameters and nonlinearity of the hydraulic 
cylinder [10]. Moreover, Guo established a model with 
block-strict feedback to avoid the reduction of model orders 
in an electro-hydraulic system [11]. Then an adaptive 
controller was employed to overcome the external load and 
parametric uncertainties. Chaudhuri designed a recurrent 
Hermite network-based sliding mode control for electric 
hydraulic positioning systems [12]. Peng used a fuzzy PID 
control strategy based on a multiply object function for a 
six-DOF electric hydraulic robot [13]. Furthermore, Lee  
designed a robust compliance controller with a two-loop 
structure for an electro-hydraulic robot manipulator to avoid 
the instability of actuators [14]. 

 Reviewing the literature indicates that the control 
accuracy and robustness of EHSS have improved recently. 
However, it is still a challenge to control EHSS precisely at 
problems with large inertia, strong external disturbance and 
high uncertainty. 

Currently, EHSS is usually employed to drive the fin 
movement according to the control law. Therefore, a stable 
moment can be generated by fins, which can be applied to 

overcome the disturbance moment originating from the 
wind and ocean waves [15]. Studies show that the pump-
controlled EHSS has high efficiency and large load rigidity. 
Accordingly, it has been widely applied in medium to high-
power fin stabilizer servo systems. However, the pump-
controlled EHSS has some disadvantages, including lower 
response speed than the valve-controlled EHSS [16]. The 
following performance requirements are put forward for the 
EHSS of fin stabilizers with application of fin stabilizers at 
zero speed:  

(1) The fast flapping mechanism that resembles the step 
motion is used to generate a stable moment at zero speed. 
To this end, EHSS should have a rapid response [17]. 

(2) The working angle is set as large as possible to 
generate enough force at zero speed. To this end, the fin 
angle should have no overshoot to prevent the rocker arm of 
the fin from colliding with the mechanical limiter. 

(3) The fin should stop at the position parallel to the 
streamline angle of the ship to reduce the sailing resistance 
when the fin stops working. In this regard, the fin EHSS 
should provide a good position accuracy. 

(4) The EHSS is required to provide a large flow rate 
with low load pressure that decreases the system stiffness. 
However, there exists a large nonlinear friction torque 
between the fin shaft and the hull when the fin sustains the 
stochastic distribution force coming from ocean waves. 
Then, the precision and stability of the EHSS decrease. 

Considering the requirements of stationary fin EHSS, 
the model predictive control (MPC) strategy is a powerful 
method against external disturbances and model 
uncertainties [18]. Therefore, the MPC strategy is capable 
of explicitly handling constraints and nonlinearities as well 
as optimizing the control performance [19]. Considering the 
advantages of MPC in constraint handling and anticipating 
the reference trajectory, it has been widely applied in EHSS. 
In this regard, Froehlich designed a constraint MPC for an 
injection molding machine driven by the servo pump [20]. 
Yuan proposed an MPC strategy for force tracking EHSS 
by grey-box identification of model parameters [21]. 
Heybroek designed an MPC for a hydraulic multi-chamber 
actuator to precisely control the force, while reducing the 
energy consumption [22]. Marusak proposed an MPC for a 
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single-rod hydraulic actuator with force feedback [23]. 
However, the complex pump-controlled EHSS with fast 
response and without overshoot has not been investigated. 
Moreover, full-state feedback was applied in all 
aforementioned MPC for EHSS, thereby increasing the 
investigation expenses.  

Inspired by the tracking differentiator (TD) and 
nonlinear extended state observer (ESO), an MPC with 
lumped disturbance compensation was proposed in the 
present study. To avoid the overshoot problem in the fast 
response, the TD was used to implement the command 
planning of the fin servo system originating from the central 
control unit. Moreover, ESO was applied to take large 
uncertainties, heavy disturbances and high nonlinearities as 
the lumped disturbance [24]. Meanwhile, the lumped 
disturbance was compensated directly by minimizing the 
objective function. Since an accurate fin angle control only 
depends on the fin angle feedback sensor and the swashplate 
feedback sensor, the EHSS was implemented. 

The present article is organized as follows: The model 
of pump-controlled EHSS was expressed in Section 2. Then 
the MPC control strategy, TD, ESO and the corresponding 
handling constraints were discussed in Section 3. In Section 
4, the obtained results are analyzed. Finally, the main 
achievements and conclusions are summarized in Section 5.  

 
2 MODEL OF THE FIN STABILIZER EHSS 
2.1 Principle Description 

 
Fig. 1 illustrates the schematic diagram of the servo 

system for the fin stabilizer, indicating that a closed 
hydraulic circuit consists of the variable pump and two 
hydraulic cylinders.  
 

 
1. Oil tank, 2. Motor, 3. Gear pump, 4. Servo valve, 5. Variable pump, 6, 8, 10. 
Relief valve, 7. Check valve, 9. Hydraulic cylinder, 11, 12, 13. Pressure gauge, 14. 
Rocker arm, 15, 16. Filter, 17. Oil level sensor, 18. Oil temperature sensor, 19. 
Cooler 

Figure 1 Schematic diagram of the fin servo system 
 

The pump is driven by a motor and provides the 
required hydraulic power for hydraulic cylinders. The 
rotation direction and velocity of the fin are determined by 
the swashplate, which is controlled by an electro-hydraulic 
servo valve (SV). The hydraulic pressure on the high-
pressure side of the closed-circuit is affected by the applied 
load on the rocker arm. Moreover, a pressure gauge is used 
to monitor the pressure. The first outlet of the double gear 
pump is employed to replenish oil to the low-pressure side 
of the closed-circuit through four check valves and an 
electromagnetic relief valve. It is worth noting that the 
hydraulic pressure in the replenishment circuit can be 
adjusted through the relief valve. A pressure gauge is 

installed in this regard to monitor the hydraulic pressure. 
The second outlet of the gear pump is used to control the 
angle of the swashplate through a SV. The pressure of the 
control circuit can be adjusted through the relief valve-, and 
a pressure gauge is installed to show the pressure. 

 
2.2 Modeling the Swashplate System 

 
The flow equation of the SV can be linearized as [25]: 

 

sL sq sv sc sLQ K x K p                             (1) 

 
where sLQ is the flow rate, sqK  is the gain coefficient, svx  

denotes the spool displacement, scK is the pressure 

coefficient and sLp is the pressure drop of the load.  

Moreover, the equation of the cylinder flow in the 
displacement system can be expressed in the form below: 
 

 / 4sL s s stc sL st sL seQ A y C p V p                    (2) 
 
where As and sy are the effective area of the piston and the 

cylinder piston rod, respectively. Meanwhile, stcC is the 

total leakage coefficient, stV is the total volumes of two 

chambers and se denotes the bulk modulus of oil. 

Neglecting the oil mass, the force balance equation 
between the cylinder piston and the external load can be 
expressed as follows: 
 

s sL s s sc s ss s sA p m y b y K y F                       (3) 

 
where sm is the equivalent load, scb and ssK denote the 

viscous damping coefficient of the piston rod and the 
stiffness coefficient of load, respectively. Moreover, sF is 

the unmodelled dynamic disturbance force. Since the 
swashplate is an inertia load ssK and sF can be ignored. 

Under this assumption, the Laplace transform of the 
piston displacement can be expressed in the form below:  
 

/ ( ( ))s sq sv sy K x A A s                            (4) 

 
where sce sc stcK K C  , s is the complex variable,

3 2
2 2 2 2

( ) ( ) (1 )
4 4

s st s sce sc st sce sc

se s s se s s

m V m K b V K b
A s s s s

A A A A 
     . 

Since the angle of the swashplate does not exceed 45  
deg, the correlation between the swashplate angle and the 
displacement of the hydraulic cylinder can be expressed 
through the following expression:  
 

arctan( / )s s s sg sy R K y                         (5) 

 
where sR is the distance between the connection point and 

the supporting point of the swashplate mechanism in the 
pump, s is the swashplate angle and sgK denotes the 

displacement gradient. Under this circumstance, the SV can 
be regarded as a second-order transfer function in the form 
below: 
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2 2 2( ) / ( 2 )sv sv sn snsn sn
G s K s s                   (6) 

 
where svK and sn are the gain and natural frequency of the 

SV, respectively. Meanwhile, sn is the non-dimensional 

damping ratio.  
Since the conversion velocity of is breakneck, the 

amplifier of the servo drive can be expressed as: 
 

/sa sc scK i u                                   (7) 

 
where saK is the component gain, sci is the input current and

scu is the controller output of the swashplate system. When 

the feedback potentiometer has a much higher response 
frequency than that of the swashplate system, then the 
feedback component and its amplifier can be transformed to 
a proportional component with a unity gain. 

Fig. 2 illustrates the block diagram of the swashplate 
system, where sr is the set value of the swashplate, sre 

sr s  , and 2C is the controller of the swashplate system. 

Other variables were previously defined in Eqs. (1) to (7). 
 

-+
sr

2C scu
saK

sci
( )svG s

( )
sq

s

K

A A s
svx sy

sgK
ssre

 
Figure 2 Block diagram of the swashplate control system 

 
2.3 Modeling the Fin Angle Control System 

 
The force couple structure of the rocker arm consists of 

two hydraulic cylinders, which can be equated with a 
symmetrical hydraulic cylinder. For the high-pressure 
chamber of the equivalent hydraulic cylinder, the flow 
continuity equation can be expressed in the form below [26]:  
 

1 1 1

1

( )

/

p p pi p pr pe p fe p

f f ft p pe

n d C p p C p C p

A y V p 

    

  
          (8) 

 
where pn and pd are the speed and displacement of the pump, 

respectively. piC and peC are the internal and external 

leakage coefficients of the pump, respectively. feC is the 

external leakage coefficient of the equivalent cylinder. 
Moreover, 1pp and prp are the pressure of load and replenish 

oil, respectively. fA and fy are the effective area of the 

piston and the displacement of the piston rod, respectively. 

ftV is the total volume of a chamber, pe denotes the 

effective bulk modulus of oil. The displacement of the 
variable pump can be described as follows [27]: 
 

1p p sd K                                     (9) 

 
where 1pK is the proportional coefficient between the 

displacement of the pump and the angle of the swashplate. 

The force balance equation of the hydraulic cylinder 
can be expressed as [28]: 
 

1f f p f f fc f fdF A p m y b y F                     (10) 

 
where fF is the force of the hydraulic cylinder, fm and fcb  

are the total mass and viscous damping coefficient of the 
piston rod and the load, respectively. fdF is the external load 

force acting on the piston rod. 
The replenished oil pressure is a small constant so that 

it can be ignored. Accordingly, the Laplace transformation 
can be rewritten in the form below: 
 

1 1( / )p p s f f ft pe ft pn K A sy V s C p               (11) 

 
where tf ip ep efC C C C   is the total leakage coefficient 

of the system. Then the transfer function from the 
swashplate angle to the displacement of the cylinder rod 

fy can be expressed as follows: 

 

1( ( / ) ) / ( )f f p p s ft pe ft fdy A n K V s C F B s         (12) 

 

where 3 2( ) / ( / )f ft pe f ft fc ft peB s m V s m C b V s      
2( )f fc ftA b C s . 

Similar to Eq. (5) and when the fin angle is less than 45 
deg, the correlation between the fin angle and the 
displacement of the cylinder rod can be linearized in the 
form below:  
 

f fa fy K                                    (13) 

 
where f is the fin angle and faK is the proportional 

coefficient. 
When the feedback potentiometer has a much higher 

response frequency than the hydraulic system, the feedback 
unit and its amplifier of the fin angle can be transformed to 
a proportional component with unit gain. 

Fig. 3 illustrates the block diagram of the fin stabilizer 
electro-hydraulic servo system where fr is the input of the 

fin EHSS from the central control system of the fin 
stabilizer and 1C is the controller of the fin angle control 

system fr fr fe    . 

 

-+
sr

2C scu
saK

sci
( )svG s

( )
sq

s

K

A A s
svx sy

sgK
ssre

1f p pA n K

ft
ft

pe

V
s C


fdF

+
-

1

( )B s

1

faK

f
fy

1C
frefr

-+

 
Figure 3 The block diagram of the fin EHSS 

 
To make the fin angle f accurately follows the 

command fr from the central control unit of fin stabilizer, 

it is necessary that the force provided by the hydraulic 
cylinders to balance the external load force fdF  

dynamically. The external load force can be expressed as: 
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2 2( ( ) / ) /fd fs ff fu f f arF M M M J d dt l          (14) 

 
where fsM is the moment of fin shaft cause by the 

hydrodynamic force on fin. ffM presents the friction 

moment between the fin shaft and the hull. fuM is used to 

describe the unbalanced moment induced from the gravity 
and buoyancy of fin. fJ is the total moment of inertia due to 

the rocker arm, fin shaft, and fin. arl denotes half the length 

of the rocker arm.  
The detail expresses of moment fsM can be found in 

references [29-31]. 
The fin shaft can be regarded as a cantilever beam with 

two bearing-shaft interaction. Thereforce, the friction 
moment ffM can be approximately described as [32]. 

 

1 1 1 2 2 2( ) ( )ff f f f f f f f fM r F r F                  (15) 

 
where 1fr and 2fr are the radius of the shaft segment at upper 

and lower bearing, respectively. 1f and 2f , respectively, 

denote the dynamic friction coefficien, which relate to the 
angluar speed of the fin f . 1fF and 2fF represent the 

contact force and each bearing, which can be calculated by 
the hydrodynamic force of the fin, the gravity of the shaft, 
and the gravity and buoyancy of the fin. 

The unbalanced moment fuM is expressed as: 

 

( ) cos( )fu fg fg fb fb fM F l F l                     (16) 

 
where fgF and fbF are the gravity and buoyancy of the fin 

respectively. fgl and fbl denote the distance from the center 

of gravity and buoyancy to the fin shaft, respectively.  
It should be indicated that there exists a large 

nonlinearity and uncertainty in the parameters of the pump-
control hydraulic system such as bulk modulus se and pe , 

flow gain of the SV sqK , displacement coefficient of the 

pump 1pK , load pressure 1pp and external load force fdF . 

Therefore, it is an enormous challenge to obtain precise 
model parameters.  

 
3 CONTROLLER DESIGN FOR EHSS ( ) ( 1)

( )
( 1)

x k x k
x k

y k

  
   

  
Although the fin EHSS can be controlled through 

simple PID feedback, the MPC-based model can improve 
the control precision so that it can be applied in more 
systems. In the present study, it is intended to design an 
MPC for a servo system to meet the required performance 
when the fin stabilizer is used at zero speed. To this end, the 
fin angle subsystem model in the EHSS can be rewritten as 
follows [33, 34]: 

 

1 2

2 3

3 1( ) fb s

x x

x x

x f K d




   





                          (17) 

where 1 fx  , 2 fx   , 3 fx   , d denotes the lumped 

disturbance that includes nonlinearity and uncertainty of 
EHSS in 1( )f  and the external disturbance ，

2
1 3( ) ( ) / ( ) ( )pe f ft fc ft ft f f fc ftf m C b V x V m A b C     

2 / ( )pe ft fx V m , ( ) / ( )ft fd pe ft fd ft f fad V F C F V m K   

and 1( ) / ( )fb f p p pe ft f faK A n K V m K . 

Based on Eq. (17), a state-space model can be expressed 
in the form below:  

 

c c c

c

x A x B u D d

y C x

  



                           (18) 

 

where 1 2 3[ , , ]Tx x x x , u = s , n n
cA R   and 1 n

cC R   

are the state matrix and output matrix, respectively. 

Moreover, 1n
cB R  and 1n

cD R  are the input matrix 

and disturbance matrix, respectively. n denotes the initial 
orders of the system. It should be indicated that for the 
EHSS of the fin stabilizer, the lumped disturbance d is 
bounded and differentiable. 

The MPC with a disturbance compensation should deal 
with the constrained system and reject the lumped 
disturbance by an online optimization. Generally, the 
optimization progress is performed by a digital processing 
unit. Therefore, it is necessary to establish an appropriate 
discretized model. This model can be obtained by a first-
order Euler method as follows [35]: 

 
( 1) ( ) ( ) ( )

( ) ( )
d d d

d

x k A x k B u k D d k

y k C x k

   


              (19) 

 
where k is the discrete step at a time skT  and sT  is the 

sampling interval. In this regard, Jimoh applied the 
differential form of Eq. (19) to design the controller and deal 
with the fast-varying lumped disturbance d [36]. 

 

( 1) ( ) ( ) ( )

( ) ( )

x k Ax k Bu k Dd k

y k Cx k

   


                 (20) 

 

where ( ) ( ) ( 1)u k u k u k   , and ( ) ( ) ( 1)d k d k d k  
are the increment in the state, control, and the lumped 

disturbance, respectively. 1( ) ( 1)
( )

( 1)
nx k x k

x k R
y k

  
   

, 

Furthermore,  10
, ,

0
d d

d
d

A B
A B C C I

C I

   
     
   

, are 

the system matrices. 
 

3.2 Angle Command Planning 
 

To avoid the overshoot of the fin EHSS at zero speed, a 
transient angle command should be constructed that the 
servo system follows. In this regard, the fastest convergence 
function was employed to perform the command planning. 
 

1 2 0 0fhan( , , , )hu z z r h    
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2
0 0 0 0 2 1 0

1

2 0 1

0 2 2

0 0

, ,

( 8 | |)

sign( )( ) / 2

(sign( ) sign( )) / 2

( )

(sign( ) sign( )) / 2

( / sign( )) sign( )

y

y

a

h a

d r h a h z y z a

a d d y

a a y a d

s y d y d

a a y a s a

s a d a d

u r a d a s r a

    


 
       
    
    


   

            (21) 

 
where z1 and z2 are input variables, r0 and h0 are control 
parameters. In Eq. (21), these parameters are set to

*
1( ) ( ) ( )frfr

z k k k   , *
2 ( ) ( )

fr
z k k , h0 = Ts, where Ts 

is the sampling interval, k is the discrete step at time kTs, 
* ( )
fr

k and * ( )
fr

k are the fin angle and angular rate 

command, respectively. Accordingly, the command 
planning can be expressed as follows: 
 

* *
0

* * *

* *

fhan( ( ) ( ), ( ), , )

( 1) ( ) ( )

( 1) ( )

h fr fr sfr

fr fr s fr

s hfr fr

f k k k r T

k k T k

k k T f

  

  

 

  

   

   

          (22) 

 
Then Eq. (21) guarantees the fastest command that 

minimizes the error ( ) ( )f frk k  without overshoot [37]. 

 
3.3 Controller Design 

 
The fin angle control with a constrained swashplate 

angle and swashplate angular rate can be regarded as a 
predictive control problem. Accordingly, the control 
increment can be obtained by solving the following 
equation:  
 

1
2 2 2

0

2

1
( ) ( ( ) ( ) ( ) )

2

1
( )

2

Np

Q R P
m

S

J k E k m u k m v k m

E k Np





      

 


(23) 

 
subjected to max

0, 1
| ( ) |

m N p

u k m u
 
   and 

| ( ) | max
0,  , 1p

u k m u
m N

 
 

conditions, where
2 T
Q

z z Qz , and

*

*

( ) ( )
( )

( ) ( )

f fr

f fr

k k
E k

k k

 

 

 
 
  

denote the tracking error. 

Moreover, v is used to simulate the lumped disturbance 
increment. maxu and maxu  are the maximal angle and 

angle increment of the swashplate, respectively. Np is the 
steps of the prediction horizon. The matrices Q and S are 
positive and semi-definite, while the matrices R and P are 

positive and definite. Meanwhile, the term
2

( ) / 2p S
E k N  

denotes the additional terminal cost item, which is used to 
ensure the controller stability. The matrix S is the unique 

solution of an algebraic Riccati equation TS A SA Q  
1( )T T TA SB R B SB B SA  [38]. 

The main objective of optimizing the MPC is to seek 
the following control sequences by minimizing the cost 
function ( )J k . 

 

1 1 1 1[ , , , , , , , ]T T T T T T T
k k k N k k k Np p

u u u v v v                (24) 

 
Then the solution can be transformed to the following 

quadratic program: 
 

* arg min / 2 ( )T T
eH Fx k


                      (25) 

 
subjected to L b  , where L and b are employed to 

limit the magnitude and rate of the swashplate. These 
parameters will be discussed in detail in the following 
subsection. The matrix F and Hessian matrix H are 
calculated online at all intervals. These matrices are defined 
as follows: 
 

( )T T T
M M M M M M M

T T
M M M M M M M

B Q B R D Q B
H

D Q B D Q D P

 
  

  ， 
T T
M M M M M MT

T
M M M M

A Q B A Q D
F

C B C D

 
  

    ,  

1 2

0 0

0
M

N Np p

B

AB B
B

A B A B B
 

   
                 
 
   , 

0 0

0

0

0 0

T

M T

T

C QC

Q
C QC

C SC

  
 

               
   ， 

0

0
M

R

R

R

   
          
   ， 

1 2

0 0

0
M

N Np p

D

AD D
D

A D A D D
 

   
                 
 
    

  

0

0
M

P

P
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   
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2

M
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A

A
A

A

 
 
 

     
 
 

，

0 0

0

0 0

0 0

M
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C
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   
          
  
 
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. 
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Furthermore, the state ( )T

e
x k is defined as: 

 
* *( ) [ ( ), , ( ), ( ), , ( 1)]Te fr fr px k x k x k k k N            

(26) 
 

To compensate for the lumped disturbance ( )d k , the 

optimal disturbance *v  is obtained from the optimal * , 

which is calculated in all iterations. The increment of 
control command can be computed through the following 
expression: 
 

*( ) ( ) ( )vu k u k k                             (27) 

 
where ( )k is employed to compensate the lumped 

disturbance ( )d k , while it is computed according to the 

optimal disturbance *( )v k . It should be indicated that the 

error ( )E k  can be minimized when ( )k  satisfies the 

following condition:  
 

* ˆ( ) ( ( ) ( ))B k D v k d k                           (28) 

 

where ˆ( )d k is an estimation for the lumped disturbance. 

Then ( )k can be rewritten in the form below: 

 
1 * ˆ( ) ( ) ( ( ) ( ))T Tk B B B D v k d k                   (29) 

 
3.4 Disturbance Estimation 

 
In order to obtain ˆ( )d k , an ESO is used to estimate

( )d k . Although it is simple to adjust the parameters in the 

linear ESO, the nonlinear ESO is more accurate and rapid 
considering fast-varying and stochastic disturbance [39-41]. 
In order to enhance the control effect, the following 
nonlinear ESO was employed to estimate the lumped 
disturbance and states 2ˆ ( )x k , 3ˆ ( )x k .  

 

1 1

3 2
1 1 2 1 1

3
2 2 3 2 2

3
3 3 1 3 3

3
4 4

ˆ( ) ( )

ˆ ˆ ˆ( 1) ( ) ( ( ) ( )) /

ˆ ˆ ˆ( 1) ( ) ( ( ) ( )) /

ˆˆ ˆ( 1) ( ) ( ( ) ( ) ( ) ( ))

ˆ ˆ( 1) ( ) ( ( ))

s o

s o

s o fb

s o

e x k x k

x k x k T x k k g e

x k x k T x k k g e

x k x k T d k f k g e K u k

d k d k T k g e

 

 



 

 

   

   

      

  

(30) 

 
where    is the observer gain. Moreover, the coefficient

1ok  , 2ok  , 3ok   and 4ok   are selected to ensure that the 

following matrix is Hurwitz 
 

1

2

3

4

1 0 0

0 1 0

0 0 1

0 0 0

o

o
K

o

o

k

k
M

k

k

 
  
 
 
 

                        (31) 

 
The nonlinear function ig  is represented as: 

1/ ( ),| |
( ) fal( , , )

| | sign( ),| |

i

i i
i

e e
g e e

e e e





 
 



   


          (32) 

 
where 1   , 2 2 1     , 3 3 2     , and 4 4   ‒3,

(3 / 4,1)  . When the disturbance ( )d k and states 2 ( )x k , 

3 ( )x k  are estimated, the differential signal ˆ( )d k  can be 

obtained. Therefore, the compensation item ( )k   of 

disturbance is computed by Eq. (29). The optimal control 
variable is used to control the swashplate in all time 
intervals as follows: 
 

* * *( ) ( 1) ( ) ( )u k u k u k k                       (33) 

 
3.5 Constraint Handling 

 
The control variable in Eq. (20) is the actual angle of 

the swashplate s , while the control signal generated by Eq. 

(33) is the angle command of the swashplate sr . In order 

to ensure that s  can track the variations of sr  in time, 

it is necessary to limit the magnitude and rate of *( )u k . In 

this regard, the limit of the swashplate angle can be 
mathematically expressed as: 

 
*( ) ( )sL s sUu k k                           (34) 

 
where sL  and sU  are the lower and upper magnitude 

limits of the swashplate angle, respectively. Moreover, the 
rate limit of the swashplate angle can be expressed as the 
increment limit in the form below: 

 
*( )sL sUu k                                (35) 

 
where sL  and sU  are the lower and upper incremental 

limits of the swashplate angle, respectively. It is worth 

noting that the increment limit is *( )u k  rather than ( )u k  

for the introduction of the disturbance compensation ( )k . 

Eq. (29) can be simplified as the following: 
 

* ˆ( ) ( ( ) ( ))k v k d k                             (36) 

 

where 1( )T TB B B D  . Then the magnitude limit is 

represented by the following inequality: 
 

1 2

1 2

ˆ( 1) ( )sU s s

sL s s

U I IL L
u k d k

L L U I I


      
                     

 (37) 

 
where 
 

1

0 0
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I

I I
L

I I I

   
    
            
 

   

, 2

0

0
L

   
    
           
 
    

,  
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s
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 
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




 
 
 
 
 
  

,

sL
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sL
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U






 
 
 
  
 
  

. 

 
Similarly, the increment limit can be represented 

through the following inequality: 
 

3 4

3 4

ˆ( )sU s

ssL

U IL L u
d k

L L Iv U

     
                

          (38) 

 
where u and v are the increments of u and v , respectively. 
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  
 
  

. 

 
3.6 Controller Design of the Swashplate 

 
In this section, the controller of the swashplate is used 

to adjust the angle of the swashplate by controlling the SV. 
Moreover, the swashplate angle follows the output of the 
MPC-based fin angle controller. 

Due to relatively small variations of the working load 
and working pressure in the swashplate system, a PD 
controller is used to generate the control signal of the 
voltage current transformation circuit according to error sre .  

 
( ) ( ) ( 1)

(1 )( ( ) ( 1)) /

sc sp sr cs sd

sd cs sr sr s

u k K e k u k

K e k e k T





   

  
                (39) 

 
where spK  and sdK  are the proportional and differential 

coefficients in the swashplate controller, respectively. 
Moreover, sT is the sampling interval. The coefficient cs  

is introduced to implement the incomplete differentiation 
algorithm, which can decrease the influence of the high-
frequency noise in the ship engine room. Furthermore, 

1cs  ,1 1cs  . 

 
3.7 Stability and Recursive Feasibility Analysis 

 
The object function Eq. (23) can be transformed to a 

new function 
 

1
22

0

2

1
( ) ( ( ) ( )

2

1
( )

2

Np

nQ Rn
m

p S

J k E k m u k m

E k N




    

 


        (40) 

while the new maxtirx nR was defined as 

 
0

0n

R
R

P

 
  
 

.                                (41) 

 
The optimal solution of Eq. (40) can be obtained by 

solving the standard MPC problem. Therefore, the 
additional deg of freedom in Eq. (23) is only for the 
convenience of handling disturbances, which can be 
degenerated to a standard object function of MPC. The 
stability and recursive feasibility can be ensured by the 
terminal constraint terms in standard MPC. 

 
4 SIMULATION AND EXPERIMENT RESULTS 
4.1 Simulation and Experiment Equipment 

 
Fig. 4 shows that the pump-controlled EHSS for the fin 

stabilizer was used to evaluate the tracking performance of 
the proposed MPC control strategy. The fin EHSS consists 
of the hydraulic power unit (HPU) and the mechanical unit.  

It is worth noting that the oil tank, motor, variable pump, 
cooler and local control unit constitute the HPU. The 
swashplate sensor and SV are mounted on the variable 
pump. The local control unit is employed to implement the 
operation and control of the EHSS and receive the operation 
instructions from the central control unit that is located in 
the centralized control room. A set of the programmable 
logic controller (PLC, the main control unit is the Wago 
750-8203) in the local control unit is used to implement the 
MPC and the PD controller for the swashplate control. 

The fin angle sensor, rocker arm, and two hydraulic 
cylinders together constitute the mechanical unit, which is 
connected to the HPU through two oil pipelines.  

The loading simulation device is utilized to imitate the 
force of the seawater that is applied to the fin when the fin 
stabilizer operates. The loading simulation device is another 
hydraulic system that provides the loading moment on the 
fin shaft by two hydraulic cylinders and a rocker arm. The 
control system in the loading simulation device calculates 
the loading force according to the shipping speed, fin angle, 
and angular rate of the fin. Tab. 1 presents the main 
parameters of the tested EHSS. 

 
4.2 Simulation Results 

 
The simulations were implemented for the proposed 

MPC control strategy and a PID controller with anti-integral 
saturation. The PID controller is widely used in the EHSS 
of the conventional fin stabilizer with the following 
structure: 

 
( ) ( ) ( ) ( ) ( )

(1 )( ( ) ( 1)) / ( 1)

p i d fp fr fi

fd cf fr fr s cf d

u k u k u k u k K e k K esum

K e k e k T u k 

     

    
 (42) 

 

where
0 0

0 0

sgn( ( ) ),   ( )

( ) ,   | ( ) |

k k

l fr s fr s l
j j

k k

fr s fr s l
j j

i e j T e j T i

esum

e j T e j T i

 

 




 
 


 

 
, li  is 

the saturation limit of the integral action. 
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The step responses with a 40.0 deg fin angle were 
simulated first to verify the rapidity and overshoot of the 
controllers.  

 

 
1. Oil tank, 2. Motor, 3. Variable pump, 4. Cooler, 5. Swashplate sensor, 6. Servo 
valve, 7. Hydraulic cylinder, 8. Fin angle sensor, 9. Rocker arm, 10. Local control 

unit, 11. PLC, 12. Loading simulation device 
Figure 4 The tested EHSS of the fin 

 
Table 1 Main parameters of the fin EHSS 

Item Value Item Value 
Motor power 18.5 kw Motor rated speed 1460.0 Rpm 

Pump rated speed 
3100.0 

rpm 
Pump displacement 130.0 ml/r 

Rated flow of 
servo valve 

30.0 L/min 
Maximum angle of 

the swashplate 
30 deg 

Maximum 
pressure of fin 
angle system 

14.0 MPa 
Work pressure of 
swashplate system 

7.0 MPa 

Piston diameter of 
hydraulic cylinder 

90.0 mm 
Piston rod diameter of 

hydraulic cylinder 
63.0 mm 

Maximum 
fin angle 

43.0 deg 
Mechanical limit of 

fin angle 
±45.0 deg 

Cylinder stroke 425.0 mm 
Maximum angular 

rate 
55.0 deg/s 

 
Fig. 5 describes the performance of the MPC and two PID 
controllers. The settling time is about 1.08s without 
overshoot when the PID1 ( 0.5409fpK  , fiK  1.7892 ,

0.00228fdK  ) controller is used. The settling time is 

about 0.72s with 3.26% overshoot when the PID2 controller 
is used ( 0.708fpK  , 1.2097fiK  , fdK  0.00345 ). 

Moreover, the settling time is about 0.70s without overshoot 
when the MPC is employed. The proposed MPC has the 
better rapidity without overshoot. However, it is difficult to 
balance the rapidity and stability for the PID controller, the 
overshoot will occur with the increase of rapidity. 
 

 
Figure 5 The comparison of simulation with different controllers 

To imitate the fin motion on conventional mode, the 
tracking performance of a regular wave and an irregular 
wave was further simulated. Fig. 6 illustrates the simultaion 
results  when these controllers followed the sine command 
with the T  period and 26.0 deg amplitude to mimic the 

ship voyage on the regular ocean waves with 18.0 kn speed. 
Where T = 9.0 is the resonat period of the ship. The 

amplitude is 25.67 deg with 11.60 deg of phase lag when 
the PID1 controller is used. The amplitude is 26.02 deg with 
1.20 deg of phase lag when the PID2 controller is used. 
However, the amplitude is 25.99 deg with 0.70 deg of phase 
lag when the MPC is used. Fig. 7 illustrates the simultaion 
results when these controllers followed the command of the 
irregular wave. The simulation results on regular and 
irregular show that the PID controller and the MPC can 
meet the performace requirments when the fin stabilizer 
works on the conventional mode. But the MPC has the 
better performance of the smaller amplitude error and phase 
lag. 

To imitate the fin motion on zero-speed mode, it is 
observed that the fin flaps rapidly between ‒43.0 deg and 
+43.0 deg. When the flapping is regarded as a step response 
from ‒43.0 deg to +43.0 deg, the settling time is about 1.30 
s with overshoot and oscillation when the PID1 controller is 
used. The settling time is about 1.21 s with overshoot and 
oscillation when the PID2 controller is employed, but the 
maximum fin angle is over 47.31 deg. It cannot be realized 
in the actual mechanism for the maximum mechanical limit 
angle is 45.0 deg. Moreover, the settling time is about 1.20 
s without overshoot when the proposed MPC controller is 
utilized. Only the MPC can meet the performace 
requirments without overshoot when the fin stabilizer works 
on the zero-speed mode. 

 

 
       (a) The tracking curves           (b) Partial enlarged curves 

Figure 6 The tracking performance of regular wave 
 

 
       (a) The tracking curves          (b) Partial enlarged curves 

Figure 7 The tracking performance of irregular wave 
 

 
       (a) Instruction tracking            (b) Partial enlarged tracking 

Figure 8 The comparison of the tracking performance with different controllers 
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4.3 Experiment Results 
 

The experiments were implemented to further verify the 
tracking performance with different controllers. The step 
responses with a 40.0 deg fin angle were initially 
implemented to verify the rapidity and overshoot. Fig. 9 
illustrates the tracking performance of the three controllers. 
The settling time is about 1.13 s without overshoot when the 
PID1 controller is used. Moreover, the settling time is about 
0.92 s when the PID2 controller is used. It should be 
indicated that overshoot appears and the static error 
decreases while PID2 controlller is used. The settling time 
is about 0.79 s without overshoot when the proposed MPC 
is used. Moreover, there is almost no static error. 

 

 
Figure 9 The comparison of step response with a different controller 

 
Fig. 10 shows the tracking performance when the fin 

stabilizer operates at zero speed.  When the flapping is 
regarded as a step response from ‒43.0 deg to +43.0 deg, 
the settling time is about 1.37 s with overshoot and 
oscillation when the PID1 controller is used. Moreover, the 
settling time is about 1.26 s without overshoot when the 
proposed MPC controller is utilized. The rocker arm will 
strike the mechanical limiter in the mechanical unit when 
the PID2 controller is employed. Therefore, the experiment 
cannot be implemented.  

 

 
       (a) Instruction tracking           (b) Partial enlarged tracking 
Figure 10 The comparison of the tracking performance with different controllers 

 
The difficulty of the controller is to satisfy the use of 

the EHSS at zero-speed mode. Tab. 2 describes the 
simulation and experiment results of different controllers. It 
can be concluded from the simulation and experiments 
results that the MPC has the smallest settting times without 
overshoot for the step response for ‒43.0 to 43.0 deg. The 
simulation results are in good agreement with the 
experimental results 

There is no overshoot when the PID1 controller is used 
in the step test from 0 to 40.0 deg. However, the overshoot 
occurs when it operates at zero-speed mode. The partially 
enlarged detail shows that oscillation appears, which not 
only enhances the noise in HPU and mechanical unit but 
also increases the mechanical wear and shock. Compared 

with the MPC, the increased adjustment time and overshoot 
when the PID1 controller is employed will reduce the 
stabilization force that is generated by the fin and decrease 
the damping effectiveness of the fin stabilizer at zero speed. 
 

Table 2 The comparison of the tracking performance with different controllers 

Controller Instruction Condition 
Setting time 

/ s 
Overshoot 

/ % 

PID1 

Step 
(0 to 40.0°) 

Simulation 1.08 0.00 
Experiment 1.13 0.00 

Step 
(‒43.0 to 

43.0°) 

Simulation 1.30 1.95 

Experiment 1.37 1.98 

PID2 

Step 
(0 to 40.0°) 

Simulation 0.72 3.26 
Experiment 0.92 2.81 

Step 
(‒43.0 to 

43.0°) 
Simulation 1.21 5.01 

MPC 

Step 
(0 to 40.0°) 

Simulation 0.70 0.00 
Experiment 0.79 0.00 

Step 
(‒43.0 to 

43.0°) 

Simulation 1.20 0.00 

Experiment 1.26 0.00 

 
5 CONCLUSIONS 

 
In the present study, the model of a pump-controlled 

electro-hydraulic servo system for the fin stabilizer was 
constructed. In order to deal with the constraints of 
swashplate angle and angular rate, a constrained MPC for 
incremental EHSS model was proposed. Moreover, a 
nonlinear extended states observer was employed to 
estimate the angular rate, angular accelerator of fin, the 
uncertainty, nonlinearity in the EHSS model, and the 
external disturbance. It should be indicated that the tracking 
performance of the proposed MPC control strategy was 
verified by the simulation and experiment of a fin EHSS that 
will be installed on a ship. The simulation and experimental 
results show that the proposed MPC controller meets the 
requirements listed in the Section 1 when the fin stabilizer 
is used at zero speed. 

It is worth noting that the electric current of the motor 
variates with the alternate movement of the fin between 
flapping and stopping. This will disturb the voltage and 
frequency of the grid, while the ship generator cannot 
provide enough power. Therefore, decreasing the current 
variance by improving both the hydraulic system and 
control strategy without deteriorating the tracking 
performance will be investigated in future works. 
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Nomenclature 
 

, , ,A B C D
c c c c

 matrices of continuous system 

, , ,A B C D
d d d d

matrices of the discretized system 

, , ,A B C D  matrices of increment system 

A
f

 effective piston area in the fin angle system, m2 

A
s

 effective piston area in the swashplate system, m2 

b
fc

 viscous damping coefficient in the fin angle system, N/(m/s) 

b
sc

 viscous damping coefficient in the swashplate system, N/(m/s) 

C
fe

 external leakage coefficient of the hydraulic cylinder, m3/s/pa 

C
pi

 internal leakage coefficient of the pump, m3/s/Pa 

C
pe

 external leakage coefficient of the pump, m3/s/Pa 

C
stc

 total leakage coefficient in the swashplate system, m3/s/Pa 

C
tf

 total leakage coefficient in the fin angle system, m3/s/Pa 

d  lumped disturbance 

d
p

 displacement of the variable pump, m3/rad 

n
p

 rotating speed of the variable pump, rad/s  

N
p

 prediction horizon 

1
p

p
 load pressure, N/m2 

p
pr

 replenish oil pressure, N/m2 

p
sL

 pressure drop of the load, N/m2 

, , ,P Q R S  weight matrices 

Q
sL

 load flow rate, m3/s  

R
s

 distance between the connection point and the supporting point of the 

swashplate, m 

T
s

 sampling interval, s 

u  control variable in the fin angle system  

max
u  maximum of swashplate angle, rad  

u
sc

 controller output in the swashplate system 

*u  optimal control variable 

u  increment of the control variable 

max
u  maximum increment of the swashplate angle 

uv  increment of the control  

,u v  increment of ,u v  

v  simulated disturbance increment 

*v  optimal disturbance increment 

V
ft

 total volume in fin angle system, m3 

d  increment of the lumped disturbance 

d̂  estimation of d  

esr  tracking error of the swashplate angle, rad  

fr
e  tracking error of the fin angle, rad  

F
f

 force provided by the hydraulic cylinder, N  

F
fd

 external load force, N 

F
s

 unmodelled disturbance force in the swashplate system, N 

i
sc

 input current to the servo value, A 

k  discrete step 

k
oi

 observer gain 

K
fa

 proportional coefficient in the fin angle system, m/rad  

K
fd

 differential coefficients in the fin angle controller  

K
fi

 integral coefficient in the fin angle controller 
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1
K

p
 proportional coefficient, m3/rad/rad 

K
sa

 proportional gain, A/V  

K
sc

 flow pressure coefficient, m5/(Nm)  

K
sd

 differential coefficients in the swashplate controller 

K
sg

 displacement gradient, rad/m  

K
sp

 proportional coefficients in the swashplate controller 

K
ss

 stiffness coefficient in the swashplate system, N/m  

K
sq

 flow gain coefficient, m2/s 

K
sv

 servo value gain, m/A  

m
f

 total mass in the fin angle system, kg  

m
s

 equivalent mass in the swashplate system, kg  

V
st

 total volume in the swashplate system, m3 

1 2 3, ,x x x  fin angle, angular rate, angular acceleration 

x
sv

 spool displacement, m  

x  states increment 

x
e

 extended states increment 

y  output of the fin angle system 

y
f

 piston rod displacement in the fin angle system, m  

y
s

 piston rod displacement in the swashplate system, m 

f  fin angle, rad 

fr
  fin angle command, rad 

s
  swashplate angle, rad 

sL
  the lower limit of swashplate angle, rad 

sU
  the upper limit of swashplate angle, rad 

sr
  swashplate command, rad 

*

fr
  planned fin angle command, rad 

,
sL sU

   increments of ,
sL sU

   

cs
  incomplete differential coefficient in the swashplate controller 

cf
  incomplete differential coefficient in fin angle controller 

pe
  effective bulk modulus in the fin angle system, N/m2 

se
  effective bulk modulus in the swashplate system, N/m2 

  control sequences  

 disturbance compensation in the control command 

sn
  servo valve natural frequency, rad/s 

*

fr
  planned angular rate command 

sn
  non-dimensional damping ratio  
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