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ABSTRACT 

Dynamic response of electro-hydraulic servo systems (EHSS) is complex and its characteristics are highly 

nonlinear. These nonlinear features need to be discussed and modeled as electro-hydraulic servo systems are 

now the main muscle a lot of applications that need a precise and fast control. Therefore, a detailed and pre-

cise mathematical model needs to be deducted to get an effective controller design procedure. The goal of 

this work is to develop  a mathematical model, simulated model using Simulink program and control method 

using an effective controller  for Electro- hydraulic servo motor (EHSM). These concepts will allow study-

ing, analysis and control of the dynamic characteristics of EHSM velocity and position. To demonstrate the 

effectiveness of this analysis the experimental work has been done via Electro-hydraulic servo mechanism 

EHS 160, DAQ NI 6008 and Simulink program.   
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1. INTRODUCTION 
 

The hydraulic technology has been well developed 
in industry since its first applications at the end of 
the 18th century. This type of systems widely used 
due its advantages over electro-mechanical sys-
tems, [1].  Electrohydraulic servo actuators 
(EHSAs) are the main components of many hy-
draulic systems used for variety of applications 
such as control of aircraft surfaces such as rudders, 
elevators, slats and undercarriage, [2]. Regarding to 
military applications, EHSAs has been used for 
Antenna elevation, point actuation, level actuation 
and missile steering and turret stabilization, [3]. 
Also, they are heavily used in automotive indus-
tries, transportation, mining, construction, agricul-
ture, four-wheel driving, modern driving and flight 
or driving simulator, [4].  

  All of these applications require closed-loop hy-

draulic control systems that offer high levels of au-

tomation performance, power and energy efficien-

cies. The increasing use of electronics components 

to control all types of hydraulic systems has natural-

ly led to greater interest in servo and proportional 

valves, [5] that deliver outstanding response and 

fluid pressure as well as flow rates. Closed loop- 

electro hydraulic servo drives technology is increas-

ingly becoming the norm in machine automation, 

[6] than proportional valves, where the operators are 

demanding greater precision, faster operation and  

 

 

simpler adjustment. In These applications, the high-

est performance of the electrohydraulic motors can 

be obtained by introducing more effective design for 

hydraulic components or setting their velocity and 

position by using an effective and a suitable control-

ler. The proportional-integral-derivative (PID) con-

trollers are widely applied with the electro-hydraulic 

servo system since it is easily to implement and 

highly efficient, [7]. In Ref [4], authors discussed 

the dynamic performance analysis of PID and Fuzzy 

logic controllers applicable in electro hydraulic ser-

vo actuators. They concluded that PID controller is 

simpler in construction and produces good results 

that satisfy the requirements and criteria of a stable 

control system. In addition, the performance of 

fuzzy logic controller was better as it produces a fast 

response without oscillation, and this is very suitable 

for high precision applications such as microelec-

tronics, robotics, military and nuclear applications. 

Moreover, in Ref [8], author investigated PID Pa-

rameters optimization using genetic algorithm tech-

nique for electrohydraulic servo actuator control 

system and demonstrated that the optimized PID 

improve the performances of the hydraulic servo-

system in order to achieve minimum settling time 

with no overshoot and nearly zero steady state error. 

Pseudo derivative feedback system is discussed and 

investigated in [9], a remarkable improvement for 

the control system of electro hydraulic servo system 

introduced.   The main objective of this present pa-

per is to achieve an improvement to the dynamic 

performance of electro hydraulic servo motor 
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(EHSM) to maintain a high level of accuracy. Ac-

cordingly, the major goal of this paper is to develop 

a mathematical model, Simulink model and an effec-

tive controller to analyze and control the dynamic 

characteristics of electrohydraulic servo motor 

EHSM velocity. To verify the effectiveness of the 

model, experimental work has been conducted using 

EHS 160 electro hydraulic servo mechanism. 

 

2. Electrohydraulic servo motor system configura-

tion. 
The experimental work was conducted using the 

electro hydraulic servo mechanism EHS 160 at 
automatic control laboratory, faculty of engineer-
ing, Menuf, Menofia University. Schematic dia-
gram of hydraulic circuit is   illustrated in Fig. 1.  

The hydraulic system of EHS160 mechanism com-

ponents are shown in figures (1) and  (2) that is a 

real system built in Lab and figure (3) that is the 

control block diagram. 

    The test rig consists of: 

 

1- Hydraulic reservoir,  

2- Axial piston pump driven by an electrical 

motor. 

3- High pressure filter, 

4- Accumulator,  

5- Servo valve, 

6- Axial piston motor,  

7- Tachometer, 

8- Mechanical brake (acting as a variable 

load), 

9- Command input signal, 

10- Velocity output signal, 

11- Position output signal, 

12- Pressure transducers 

13- Pressure gauges.  

14- Temperature gauge.  

15- DC power supply.  

16- Servo amplifier and regulator.  

 

An electrical motor driven hydraulic fixed pump (2) 

transports the oil from the reservoir (1) through flex-

ible pressure tubing to the pressure side of the servo- 

valve (5). The supply pressure in the power unit, 

measured by pressure gauge (13) and pressure trans-

ducer (12), will be held at a constant value (70 bars) 

by a pressure relief valve.   

 

 

 

 

 
Fig.1. Schematic Diagram of the Experimental Test 

setup 

The outputs of the servo-valve control the hydraulic 

motor (6) through two hydraulic hoses. The hydrau-

lic motor transforms the hydraulic pressure or a hy-

draulic oil flow into a moment or angular velocity. 

Another engine or a load can be driven by the drive 

shaft of the hydraulic motor. A flywheel mass on the 

driving shaft of the hydraulic motor can be braked 

by a shoe brake (8). The output of the servo motor is 

measured with a transducer device, tachometer, (7) 

that convert the angular speed into a voltage propor-

tionally to the angular speed. This signal work as a 

feedback signal (10), fed to a servo valve amplifier 

(16) and compared with the command signal (9). 

The resulting error signal is then amplified by the 

regulator and the electric power amplifier, via 

220/24 volt dc supplier (15), and then used as an 

input control signal to the servo valve. The servo 

valve controls the fluid flow to the motor in propor-

tion to the drive current from the amplifier. The mo-

tor then forces the load to move. Thus, a change in 

the command signal generates an error signal, which 

causes the load to move in an attempt to zero the 

error signal. If the amplifier gain is high, the output 

will vary rapidly and accurately following the com-

mand signal. The controller will be connected to a 

PC with MATLAB SIMULINK via DAQ NI 6008 

 

Fig.2. Real system of EHS 160 servomechanism       
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3. Electrohydraulic servo motor system 

mathematical modeling. 

 The main structure of the studied sys-

tem is shown in figure (4). An axial pis-

ton motor (type LUCAS PM series) is 

controlled by DAWTY 4551.163 servo 

valve.  

 

 

Fig.3. control block diagram of EHS 160. 

 

The dynamic model is developed under 

the following assumptions:  

i. The supply pressure is constant. 

ii. Servo valve orifices are matched and symmet-

rical.  

iii. Valve flow is modeled by turbulent 

flow through sharp-edged orifices.  

iv. Motor external leakage is negligible. 

  

 

The development of mathematical model of such 

systems should include the non-linear dynamic 

effects to obtain the correct mathematical treat-

ment [10]. For an ideal oil supply, the model of 

EHSS is composed of two subsystems: 

 

1- Two stage electro hydraulic servo valve. 

2- Hydraulic motor.   

And the valve is connected to a hydraulic rotary 

actuator by very short hoses. 

 

       Fig.4. structure of electro hydraulic servo motor 

Fig.5. Structure of electro hydraulic servo valve 
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3.1 Electro hydraulic servo valve modeling. 

 

The structure of the two- stage electro hydraulic 

servo valve under study is illustrated by figure (5). 

The electro hydraulic servo valve consists of a 

torque motor that convert the electrical signal re-

ceived from servo controller and amplifier to angu-

lar movement, 1
st 

stage (flapper valve) that is con-

nected to the torque motor via a flapper inside a 

flexure tube , 2
nd 

stage (spool) that is connected to 

flapper valve by a feedback spring . 

The hydraulic motor angular velocity 


  is picked 

up by a tachogenerator transducer and fed back to 

the electronic controller, which generates the corre-

sponding error signal.    

k fi x
K sfX sAsX s 



                                   (5)       

Using Laplace transformation,  

The spool displacement can be given by:

k fi x
K sfsAsX s  )(                                     (6) 

Then the transfer function describing the electrohy-

draulic servo valve where the oil flow generated of 

the valve port Q is the output and the differential 

current i x is the input can be expressed by: 

As the amplification element, the servo amplifier 

amplifies the error signal, which is relatively weak, 

to realize the control of the torque motor, the feed-

back loop can be described by following equations: 

ibici x                  (1) 



 K FBib               (2) 

Where ici x , and ib are torque motor input current, 

control (reference) input current and feedback cur-

rent respectively, K FB is the feedback gain. 

For 
1st 

stage, when the coil of torque motor energized 

by input signal, a proportional magnetic charge in 

the armature and it has a rotational movement de-

flection that transferred to flapper valve via a flapper 

extended through a flexure tube. The flapper passes 

between two nozzles creating to variable orifices, 

when the flapper moved toward any nozzle, it makes 

a deferential oil flow and pressure inside the flapper 

valve, this differential pressure actuating the valve 

spool, the valve spool movement causes a torque in 

the feedback spring which oppose the torque in ar-

mature, or the 1
st
 stage the differential oil flow Q f  

can be expressed by: 

         K sfX sk fi x
Q f

       (3) 

Where X sk f , and K sf  are flapper gain constant, 

spool displacement and spool- flapper feedback con-

stant. 

For 2
nd 

stage, the proportional spool displacement is 

controlled by the differential flow of flapper, the 

spool travel speed can be described by: 

             AsQ fX s /



                   (4)    

Where As    is the spool cross section end.  

Equations (3) and (4) can be written as: 

   
 xS

K sfK fK s

six

sX sK s

six

sQ




1

/

)(

)(

)(

)(
                  (7) 

Where K sfAsx / is the valve time constant, 

and X sQK s / is the spool displacement- flow 

constant. 

The steady state value of the V xQ / is K x , where 

V xix / is constant. Therefore, the transfer function 

describing the electro hydraulic servo valve using 

valve flow gain K x and amplifier input volt V x   

can be written as:  

        
 xs

K x

sV x

sQ




1)(

)(

                                        (8) 

The flow Q  generated from servo valve due to 

spool displacement can be given by: 











P s

P x
P sV xK x

Q                         (9) 

 

Where Ps and Px  are the supply pressure and the 

valve output pressure respectively. 

According to equation (9) PQ which is a non- 

linear relation between the flow and pressure inside 

electro hydraulic servo valve 

 

3.2 Hydraulic axial piston motor modeling 

The losses inside the hydraulic motor can be as-

sumed due to friction and viscous losses (neglecting 

kinetic and stiction losses) the corresponding pres-

sure drop P f  is   

               
TcfTvfP f 



                       (10)
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Where T vf  is viscous friction / (rad/sec) and T cf

is 

 the velocity -independent friction torque. 

V m

T cf

V m

T vfQ

P f 1002100
                            (11) 

The valve output pressure ( Px ) can be expressed 

by: 

                 
P fPLPx 




   

                      (12) 

Combining equations (11) and (12)  

V m

T LTcf

V m

TvfQ

Px 1002100


      (13)

    
                 

Where V c
is motor fractional contraction volume,  

K b
 is oil bulk modulus, Z is the source stiffness 

and motor leakage equivalent [10] 

           
Kl

Px

Q
sourceZ 




                   (18)         

Where K l
 is the equivalent leakage coefficient.  

Combining equations (14) and (17) and notation of 
Laplace transformation, the flow expression of hy-
draulic motor can be introduced as the flow rate 
dependent in pressure (the input of the hydraulic 
motor) and the angular velocity (the output of the 
hydraulic motor) 

Where V m
 is the motor displacement. 

The motor has three factors which predominantly control 

its high frequency, the inertia J of the rotating parts of 

motor plus the contained oil plus load, damping B due 

viscous effects and the compressibility of oil contained in 

the motor between the drive ports and the piston faces 

causing effective spring stiffness K . The valve output 

pressure actuated the motor can be obtained as follows: 

V m

T
V mY

V m

J
Px 







 


                     (14) 

     
TcfT LT 

                                   (15) 

    Q

P f
Y




                                           (16) 

Where T  is the total torque of the load and the motor, 

T L
is the load torque, T cf

 is the torque due to friction 

and Y is the viscous loss constant 

The motor is fed with flow independent of the back pres-

sure from the motor and 
Q

p




characteristics of the servo 

valve and add to those in the motor. Accordingly a pro-

portion of input flow is dependent on the motor pressure. 

The total flow can be given by 

Q  = active flow + compression flow + leakage +          

effect of pressure on flow source. 

For symmetrical 4-port operation,

PxZ
Px

Kb

V c
V mQ 




2

)2/(
                      (17) 

V m

sT
s

K b

V c
Z

s

V mYZ

S
V m

ZJ

K b

V cV mY

S
V mK b

JV c

sQ

)(
)

4
(

)(

)1(

)
4

(

2

4

)(







































     (19) 

 

The hydraulic motor transfer function can be described 
by: 

)1(

24

422

/241

)(

)(

YZ
JV c

V mK b

J

S

V c

JK bZ
V mYS

JV cV mK b
X

V msQ

s



















(20) 

Therefore the transfer function of the hydraulic 

motor and the load can be given by 

    
  JKSJBS

JK
X

V msQ

s

//2

/1

)(

)(







        (21) 

 

Where 
V c

K V mb
K

24

 is the motor stiffness equivalent 

and,  

V mYB 2  is the motor damping equivalent. 

Knowing the component characteristics, determining the 

flow and pressure in the normal operating conditions and 

combining the steady- state expressions of the valve and 

motor give the overall steady-state expression of the elec-

tro hydraulic servo motor systems. 
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4. EHSM Experimental investigation 
The experimental setup is arranged to estimate and com-

pare the results of mathematical model for electro hy-

draulic servo motor system. A real time photo of the ex-

perimental HSS is illustrated in Figure (6). The servo-

mechanism EHS 160 used in this experimental work is 

constructed by FEEDBACK INSTRUMENTS LIM-

ITED. Table -1 illustrates the major items of the servo:    

 

Table -1 servo mechanism items data 

Hydraulic 

power supply 

FEEDBACK INSTRUMENTS, 

Type HPS161, Shell Tellus 27 oil 

Servo Valve Dowty 4551 

Hydraulic  

motor 

Lucas pm 60 series, 5 pistons 

Data acquisition  NI 6008 

Lap top Dell core i5 

Tachogenerator  SE 254 

PID set FEEDBACK INSTRUMENTS LIM-

ITED 

Electronic  

power unit 

FEEDBACK INSTRUMENTS LIM-

ITED, +15v and -15 volt, 50 Hz 

 

Supplying servo controller with +15 volt, -15 volt and earth 

    inputs via electronic power unit. 

 Connecting the required outputs, input current- tachogena-

tor signal- valve input signal, to NI 6009 card. 

Setting up interface programing between NI 6009 card       

and MATLAB data acquisition app. 

 

5. System identification and validation 
The dynamic response of EHSM can be obtained to 
construct a mathematical model based on measured in-
put-output data using system identification techniques. 
System identification can be either an input-output 
model form which is identical to the transfer function 
representation or in state space form; models with state 
space representation allow identification of multi-input 
multi-output systems. Using electro hydraulic servo 
valve transfer function and hydraulic motor transfer 
function with system identification Toolbox in 
MATLAB SIMULINK, a simulation model can be 
achieved based on these transfer functions and the sys-
tem components physical parameters showed in        
Table- 2 [10].  

 

 

 

 

Fig. (6) Real time photo of EHSM 160 

 

 

 

Table -2 System physical prosperities 

Valve  
 x

 valve time constant s 2.3x10
-3 

  Ka   operational amplifier gain  -1 

  Kx  valve flow gain at Pl = 0 m
3
/s/v -1.36x10

-4 

Motor  Vc  volume of oil in motor and hoses m
3 

20.5x10
-6 

  Vm  motor displacement m
3
/rad 0.716x10

-6 

  Le  equivalent leakage coefficient m
5
/Ns 2.8x10

-11 

  Kh  hydraulic bulk modulus N/m2 1.4x10
9 

Load  Be  equivalent viscous coefficient Nms/rad 2.95x10
-3 

  J  motor inertia Nms2/rad 0.4x10
-3 

  Tf  magnitude of coulomb-friction N.m 0.225 

Transducer  

  

  

Kt  tachogenerator constant v/rad/S 0.026 

Ks  position transducer constant v/rad 3.44 

n  gear ratio  7.5 
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System Identification Toolbox in MATLAB used to con-

struct mathematical models of dynamic systems based on 

measured experimental input-output data. Time domain 

and frequency domain input-output data can be used to 

identify continuous time, discrete time transfer functions, 

process models, and state space models. The model quali-

ty is usually measured in terms of the error between the 

experimental or measured output and the real time model 

output. The Toolbox result is found as 97.9% between 

experimental and mathematical model.  

6. Simulation and experimental results and discussion 

The time responses of the system are obtained      exper-

imentally with respect to multi step inputs and load dis-

turbances. Experimental work is based on open loop and 

closed loop readings. Figure (7)    represented online step 

input signal for the electrohydraulic servo valve amplifi-

er. 

Fig.(7) Step input signal to valve 

 

Open loop dynamic response of the studied system is 

investigated theoretically and during experiments under 

variable step inputs and load disturbances.  

Figures (8) and (9) describe the experimental and simula-

tion open loop   response of the electro hydraulic servo 

motor system. It shows that a steady state error 

(SSE=2.89) is existed and overshoot.  

Fig. (8) Open loop output versus valve input 

 

 

 

 

A good agreement between experimental data and simulation 

model is observed, and comparing with the simulated one for 

the same input and found they fitted by 97.9%.  

 

 

 

 

 

 

 

 

 
 

 

 

 

Fig. (9) open loop response-simulation 

 

 

Figure (10) describe the experimented and simulated open 

loop response for unit step input of the electro hydraulic 

servo motor. It shows that the transient response of elec-

trohydraulic servo motor has settling time of (ts = 0.9 s),  

rise time of (tr = 0.5 s) and steady state error (SSE= 2.8). 

It is clear that the output of the system under no control is 

far from the desired output, which implies the need of 

predictive, adaptive or conventional controller  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig(10) open loop response to unit step 
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Figure (11) indicates that the open loop output of 

tachogenerator output is decreased when a load dis-

turbance is applied to the motor shaft and the system 

couldn’t make up for this decrees until the valve input 

is increased. 

Fig. (11) open loop response under load disturbances 

 

Introducing a proportional P- controller Kb= 0.105 for 

the studied system shown in figure (12). The results for 

settling time ts = 0.6 s, rise time tr = 0.4 s and the SSE is 

0.3. It is clear that the response recovers to its set point 

with lower steady state error and the P controller possess 

better dynamic response and both overshoots and steady 

state error are minimized. 

 

Fig(12) Transient response of EHSM with P- controller  

                                    Kb=0.105 

 

 

 

 

7. Conclusion 
 

This paper introduce a significant aspect of an inte-
grated study of modeling, analysis and simulation of 
the dynamic response of electro hydraulic servo motor 
in order to spot more light on the complicated role 
played by the motor nonlinearities. The results submit-
ted here are based on physical parameters of studied 
system, which significantly influence the response of 
the motor and the behavior of the plant with respect to 
various types of load input. 

 

The good agreement between the experimental and the 
simulation results validates the proposed model and 
expressed the precision of the mathematical model. 
Therefore, the proposed model can be used to predict 
the performance of electro hydraulic servo motors sys-
tems and to provide the criteria for improving the de-
sign of the system. The model still contains several 
critical parameters those substantially influence the 
dynamic response performance of the system within 
the range of operation considered. 

 

Better tracking for the system desired output is ob-
tained by introducing a P- controller with velocity 
feedback loop.  

Introducing different intelligent controllers under dif-
ferent inputs and feedback loops will give more satis-
fied and better dynamic performance. 

 

Due to the old age of the test servo mechanism EHS 
160, the experimental results are obtained within a 
limited range and some fluctuation. However, it is ob-
tained that the model developed will be useful for 
wider range of parameter variation.  
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9. Nomenclature 

 
 B   Viscous damping coefficient of the load, Nms/rad 

             Cd           Discharge coefficient 

             Vm         Volumetric displacement, m
3
/rad 

Ka          Amplifier gain 

Kc          Flow-pressure coefficient, m
5
/N.s 

Kh        Effective bulk modulus of the system.  
K1         Total leakage coefficient of the motor,  m

5
/N.s 

Kp          Proportional controller gain 

Ks           Position transducer constant, V/rad/s 

Kt           Tachogenerator constant, V/rad/s 
J          Total    inertial    of    motor    and    load, 
Nms

2
/rad 

QL           Load flow, m
3
/s 

PL            Load pressure, bar 

Ps             Supply pressure, bar 

S          Laplace operator 

 

t          Time, s 

Vt,       Total compressed volume, m
3
 

Xv          Displacement  of  the  spool  in  the 

             servo valve, m 

 

Greek Symbols 
 

θ      Shaft position, rad 
. 

θ      Angular velocity of the motor shaft, rad/s 
ρ      Fluid mass density, kg/m

3
 

 x    Valve time constant, s 
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