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Abstract. The linear model of valveless electro-hydraulic servo steering device neglects the 
nonlinear factors, especially the factors of the control subsystem, so the quantitative static and 
dynamic characteristics of the actual system cannot be evaluated accurately. Aiming at the problem, 
the steering device for a certain ship is chosen as the studying object and the nonlinear 
mathematical models of the control subsystem and hydraulic transmission subsystem are derived by 
a full consideration of the nonlinear factors and the linear factors which are not considered in the 
linear model. Utilizing the coupling relationship between two subsystems, the nonlinear simulation 
model is set up in AMESim. By simulation analysis and experimental verification, it is proved that 
the nonlinear mathematical model in this paper can evaluate the static and dynamic characteristics 
more accurately, which is of great significance to the design and optimization of the valveless 
electro-hydraulic servo steering device. 

1. Introduction 
Due to the serious control valve’s throttling loss ( such as the valve-controlled steering device ) 

and continuous high speed operation of motor ( such as pump-controlled steering device ), the 
traditional electro-hydraulic servo steering device has the great throttling noise and air noise as well 
as the large power loss, which limits its application in many fields, especially in the low noise field 
[1-3]. The valveless electro-hydraulic servo steering device ( VSSD for short ) operates in the direct 
drive working principle, which adjusts its output flow by changing the motor speed, instead of the 
pump displacement or control valve’s opening, to achieve the velocity and position control [4]. As 
the control valve’s throttling loss is eliminated and the continuous high speed operation of motor is 
avoided, the VSSD has the advantages of high efficiency, low noise and high reliability. 
Consequently, the VSSD is being widely used in the civil and military fields in the replace of the 
traditional electro-hydraulic servo steering device [5-8]. 

The purpose of modeling and simulation is to quantitatively evaluate the static and dynamic 
characteristics as well as instruct the design and optimization [9,10]. Currently, it is popular to 
deduce the VSSD’s mathematical models by the linear method, and then evaluate the static and 
dynamic characteristics based on this model. This method can simulate the influence of relative 
parameters on the static and dynamic characteristics qualitatively [11-14]. However, as it neglects 
the nonlinear factors and the linear factors that is not considered by the typical linear method (such 
as the time lag result from the sampling time, the parameters of the controller variable with the 
speed, etc.), the linear mathematical model cannot assess the VSSD’s quantitative static and 
dynamic characteristics accurately. In addition, the VSSD’s operational condition is external 
load-dependent. As the VSSD’s actual operational condition deviates from the interest point of 
linear mathematical model largely, the simulation results would greatly differ from the actual ones, 
causing that the VSSD’s actual static and dynamic characteristics cannot meet the requirements. 
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The VSSD for a certain ship is chosen as the studying object, and deduce its nonlinear 
mathematical model. Then, the static and dynamic characteristics is evaluated based on the 
simulation model set up in AMESim software [ 15,16 ]. Finally, the correctness and accuracy of the 
nonlinear mathematical model in this paper is verified by experiments. 

2. Modeling of the VSSD 
The VSSD mainly consists of two parts: the hydraulic transmission subsystem and the control 

subsystem. As is shown in Fig.1, the hydraulic transmission subsystem contains a AC permanent 
magnet synchronous motor, a bi-directional  quantitative pump and a hydraulic cylinder while the 
control subsystem is mainly made up of a controller, a servo drive and a sensor group. The VSSD’s 
working principle is that the AC permanent magnet synchronous motor which works as not only a 
driving source but also a control component, drives the bi-directional quantitative pump, and the 
hydraulic cylinder can run to a specified position with a certain velocity by the pump’s outlet flow. 
Meanwhile, the pressure, position, velocity and other state parameters would be fed back to the 
controller by the sensor group for the timely adjustment of the rotary speed and torque of AC 
permanent magnet synchronous motor, which can achieves the high-accuracy position and velocity 
control.  

 
Fig.1. VSSD’s components diagrams 

In this section, the nonlinear mathematical models of control subsystem and hydraulic 
transmission subsystem are deduced. Then, the simulation model is set up in AMESim by 
consideration of the coupling relationship between two subsystems.  
2.1 Mathematical model of the control subsystem 

The control subsystem adopts the servo control principle based on magnetic field orientation. In 
Fig.2, there are three closed loops, which are the position loop, speed loop and current loop from 
outside to inside. The working process is that firstly, the command rudder angle signal subtracts the 
feedback angle signal from the hydraulic transmission subsystem to obtain the rudder angle error 
signal which generates the target speed through the position controller. Then, the speed error signal 
is obtained with the target speed signal subtracting the motor’s actual speed, by which the target 
quadrature axis current is produced through the speed controller. Finally, the target quadrature axis 
current signal subtracts the actual quadrature axis current to generate the current error signal, which 
goes through the current controller, PWM signal control unit and power inverter for the production 
of the corresponding stator current. The stator current is channeled to the servo motor to generate 
torque which drives the hydraulic transmission subsystem. 
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Fig.2. Schematic diagram of the control subsystem 

Digital incremental PI control algorithm is applied to the position controller, speed controller and 
current controller. The target speed is adjusted through the position controller according to the 
rudder angle error : 
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Where *
1( )ktω  is the target speed signal produced in the kth time sampling. 1t  denotes the 

sampling time of the position controller. 1( )e ktΘ  and 1( )a kt  are the rudder angle error signal and the 
speed changing rate in the kth time sampling respectively. maxa  is the maximum setting changing rate 
of the motor speed. 

Based on the input speed error, the speed controller outputs the corresponding target quadrature 
axis current: 
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Where *
2( )qi kt  denotes the target quadrature axis current produced in the kth time sampling. 2t is 

the sampling time of speed controller. 2( )ne kt  is the speed error signal in the kth time sampling. 2( )n kt  
is the rotary speed of motor in the kth time sampling. 2pk  and 2nT are the proportional coefficient and 
the integratal time respectively which vary with the rotary speed of motor 2( )n kt . 

Quadrature axis current and direct axis current are transmitted into their current controller to 
produce the quadrature axis voltage and direct axis voltage respectively: 
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Where *
3( )qu kt and *

3( )du kt are the target quadrature axis voltage signal and direct axis voltage 
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signal produced in the kth time sampling respectively. 3t is the sampling time of the current 
controller. 3( )iqe kt and 3( )ide kt denote the quadrature axis current error signal and direct axis current 
error signal in the kth time sampling respectively. 3pk is the proportional coefficient which varies 
with the quadrature axis current 3( )qi kt  and 30nT  is the integratal time constant. 

The conversion from the rotor voltages to the stator voltages, namely *
qu , *

du  to *
au , *

bu , *
cu , is 

performed by Park inverse transformation and Clark inverse transformation [17 ]. 
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After passing through the PWM controller unit and power inverter, the stator voltages *
au , *

bu , *
cu , 

produce three-phase pulse voltages which stimulate rotary magnetic field in the stator winding of 
AC permanent magnet synchronous motor to drive the motor [ 18,19 ]. Consequently, Eqs. ( 1 )-( 4 ) 
represent the nonlinear mathematical model of the control subsystem. 
2.2 Mathematical model of the hydraulic transmission subsystem 

As the input of the hydraulic transmission subsystem, three-phase pulse voltages of the stator 
winding generate the corresponding three-phase currents ai , bi , ci which are used for the generation 
of the torque of motor: 
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Where dT  is the driving torque of the motor. mp is the pole pairs of the motor. rΨ and si denote 
the permanent magnet flux linkage and the synthetic stator current respectively. 

The shafts of the AC permanent magnet motor and hydraulic pump which constitute the VSSD’s 
power unit, are connected by an elastic coupling. According to the Newton’s second law, the 
dynamic equations of the power unit are obtained: 

d L
dT T J B
dt ω
ω ω− = +

                                                                 
   （6） 

Where LT  is the output torque of the power unit. J is the moment of inertia. Bω is the viscosity 
coefficient.ω is the actual angle speed of the motor. 

The flow is discharged as the power unit operates. On the basis of the flow continuity of the 
power unit, the flow equations are obtained as follows: 
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Where fQ is the output flow of the power unit. D is the hydraulic pump displacement. eP is the 
outlet pressure of the hydraulic pump. iP  is the inlet pressure of the hydraulic pump. epC is the 
external leakage coefficient of the hydraulic pump. ipC is the internal leakage coefficient of the 
hydraulic pump. 

Owing to the integrated design of the VSSD’s hydraulic oil source, the pipe is short. For this 
reason, the pipe flow continuity equations can be derived by the lumped parameter method: 
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Where inQ is the pipe input flow. outQ is the pipe output flow. pA is the pipe cross-sectional area.
pL is the pipe length. eβ is the effective bulk modulus of the hydraulic oil. 
The output flow of the power unit is transported to the hydraulic cylinder through the pipe and 

then drive the cylinder. The following equations are obtained according to the cylinder flow 
continuity and force equilibrium: 
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Where aA is the action area of the hydraulic cylinder.V is the controlled chamber volume of the 

hydraulic cylinder. x is the output displacement of the hydraulic cylinder. θ  is the VSSD’s output 
rudder angle. tmC is the total leakage coefficient of the hydraulic cylinder. m is the total mass of the 
hydraulic cylinder and load. aB and vB are the windage coefficient and velocity viscosity coefficient 
of the hydraulic cylinder respectively. cF , sF and LF denote the Coulomb friction force, the static 
friction and the external load respectively. 1K 、 2k  and 3k  are the elastic load stiffness, the 
conversion coefficient between rudder angle and displacement, the conversion coefficient between 
external force and rudder angle respectively. 

Obviously, Eqs. (5 )-( 9 ) represent the nonlinear mathematical model of the hydraulic 
transmission subsystem.  
2.3 Simulation model of the VSSD 

Based on the VSSD’s operating principle and the nonlinear mathematical models of two 
subsystems above, the VSSD’s simulation model in Fig.3 is set up in AMESim by a full 
consideration of the coupling relationship between two subsystems. Both the driving torque of the 
motor dT  and the output displacement of the hydraulic cylinder x  are the coupling parameters of 
two subsystems which are the output of one subsystem as well as the input of the other subsystem. 

Lacking of the hydraulic pump module with consideration of the leakage in AMESim, the model 
in Fig.4 is used to represent it, among which throttle valve A and the shuttle valve B simulate the 
internal leakage and external leakage of the hydraulic pump respectively.  

 
 

Fig.3. VSSD’s simulation model in AMESim Fig.4. Pump model with consideration 
of the leakage 

As is shown in the VSSD’s nonlinear mathematical model and simulation model above, the 
nonlinear factors are the parameters of the controllers 2pk , 2nT and 3pk as well as the static friction sF

and coulomb friction force cF of the hydraulic transmission subsystem. In addition, the sampling 
time 1t 、 2t 、 3t and the maximum setting changing rate of the motor speed maxa  is also considered. 
Those are the key factors for the accurate quantitative evaluation of the VSSD’s static and dynamic 
characteristics. 
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3. Simulation analysis 
The VSSD’s linear simulation model in Fig.5 is set up by the method of reference [ 20 ].The 

function of parameters in the linear simulation model can be obtained by the Ref. [ 20 ]. 

 
Fig.5. Linear simulation model of the VSSD 

The VSSD’s static and dynamic characteristics are evaluated based on two models in Fig.3 and 
Fig.5 respectively, then compare simulation results from them. The main simulation parameters are 
listed in Table 1. 

Table 1 Value of the main simulation parameters 
Parameter Value Unit 

1t  0.1 s 
1pk  100 rad/deg 
1ik  0.02 s 

2t  1.25×10-7 s 
20pK  0.5 Nm/rad 

20nT  7.28×10-3 s 
3t  1.25×10-7 s 
30pK  15.367 A/Nm 

30nT  0.002 s 
ρ  860 kg/m3 
β  6000 bar 
A 0.0672 m2 
Ap 8.04×10-4 m2 
V 0.043 m3 

tmC  4.97×10-10 m3/s/Pa 
tpC  9.13×10-10 m3/s/Pa 

D 63 mL/r 
M 250 kg 

vB  150 N/m/s 
aB  1000 N/(m/s)2 

Bω  0.0406 Nm/(rad/s) 
2k  155.6 deg/m 
3k  3428.6 N/deg 

3.1 Simulation analysis of step response 
Input the step rudder angle signal with amplitude value of +15°into two models, and monitor 

the output speed of the motor and the output rudder angle. The results are shown in Fig. 6 and 7. 
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Fig.6. Simulation results of motor speed Fig.7. Simulation results of rudder angle 

Fig.7 shows that the rudder angle output trend of the nonlinear model is consistent with that of 
the linear model, which has no overshoot neither. However, the adjustment time ts and static error E 
of the output rudder angle are different with each other. Table 2 further demonstrates that the 
adjustment time ts of the linear model is shorter than those of the nonlinear model and static error of 
the linear model is also smaller, which indicates the static and dynamic characteristics simulated 
from the linear model is superior to those simulated from the nonlinear model. In Fig.6, the great 
differences between the linear model and nonlinear model existing in the stage of acceleration and 
deceleration originate from two aspects: 

( 1 ) The motor model is simplified to the first order model without the consideration of the 
setting changing rate of the motor speed maxa . In the stage of acceleration and deceleration, the motor 
of the linear model operates with the maximum speed changing rate (the maximum is determined 
by the time constant in the first order model), which results in the less adjustment time than that of 
nonlinear model. 

( 2 ) The parameters of the controllers in the nonlinear model 2pk , 2nT and 3pk vary with the speed 
of the motor n and the quadrature axis current qi respectively, which results in the overshoot of the 
speed in the acceleration and deceleration stage. However, the parameters of the PID controller in 
the linear model are constant, which cause no overshoot. 

Table 2  Simulation results of the VSSD’s static and dynamic characteristics 
 Value of ts Value of E 

Nonlinear Model 5.89s -0.19° 
Linear Model 5.3s +0.01° 

3.2 Simulation analysis of system bandwidth 
The system bandwidth is one of the VSSD’s important performance indexes, which represents 

the VSSD’s ability of following the command signal and restraining the disturbance signal [ 21 ]. 
The system bandwidth bω of the linear model can be obtained by Bode diagram in Fig.8. 
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Fig.8. Bode diagram of the linear model 
In Fig.8, the amplitude angular frequency 1ω  is equivalent to 1.675rad/s when the amplitude 

attenuation is lower than -3dB, and the phase angular frequency 2ω  equals to 5.588rad/s under the 
phase lag is less than -90°. The VSSD’s system bandwidth evaluated from the simulation model is 
0.27Hz according to eq. ( 10 ) .The reason why the VSSD can’t follow the input command signal is 
the excessive amplitude attenuation. 

1 2min( , ) / 2bω ω ω π=                                         ( 10 ) 

Because of the nonlinear factors, it’s infeasible to calculate the VSSD’s system bandwidth by 
drawing Bode diagram of simulation model in Fig.3. An alternative method, that is comparing the 
input sine rudder angle signals of different frequencies and small amplitude ( the amplitude value is 
2° in this section ) with the corresponding output rudder angle signal, is used for the calculation of 
the VSSD’s system bandwidth of the simulation model in Fig.3. The results are shown in Fig.9 and 
10，which is that the VSSD’s system bandwidth is 0.18Hz by this method, and the overlarge phase 
lag is the reason why the VSSD can’t follow the input command signal. 

  

Fig.9. Simulation results of the sine rudder angle 
signal with frequency value of 0.18Hz 

Fig.10. Simulation results of the sine rudder 
angle signal with frequency value of 0.2Hz 

4.  Experimental verification 
In order to verify the accuracy of the nonlinear model, the step response experiment and 

system bandwidth experiment are conducted on the prototype in Fig.11. 
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Fig.11. VSSD’s prototype for experiment  

4.1 Step response experiment 

The step rudder angle signal with the amplitude value of +15°is input into the experimental 
device. Both the output rudder angle signal and the motor speed signal are measured, which are also 
compared with the corresponding simulation results above.  

 
 

Fig.12. Contrasting results of the motor speed Fig.13. Contrasting results of the rudder angle 
As is shown in Fig.12 and 13, the nonlinear model can assess the VSSD’s actual performance 

more accurately compared with the linear model, which is further demonstrated by the quantitative 
static and dynamic characteristics from Table 3. The reason is that the nonlinear model contains the 
factors ( such as the sampling time, the coulomb friction force, etc. ) that are key to the accurate 
quantitative evaluation of the VSSD’s static and dynamic characteristics. For example, the dynamic 
performance degrades as the sampling time increases and the static performance degrades with the 
dead zone resulted from the coulomb friction force. 

Table3 Contrasting results of the VSSD’s static and dynamic characteristics 
  Value of ts Value of E 

Nonlinear Model 5.89s -0.19° 
Linear Model 5.3s +0.01° 
Experiment 5.9s -0.23° 

4.2 System bandwidth experiment 
Input the sine rudder angle signals with the amplitude value of 2°, frequencies of 0.18Hz and 

0.2Hz into the experimental device respectively, and measure the output rudder angle signal, which 
is then compared with the command rudder angle signal. 
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Fig.14. Experimental results of the command sine 

rudder angle signal with the frequency value of 
0.18Hz 

Fig.15. Experimental results of the command 
sine rudder angle signal with the frequency 

value of 0.2Hz 
As per Fig.14 and 15, the experimental results show that the VSSD’s system bandwidth is 

0.18Hz, and the overlarge phase lag is the reason why the experimental prototype can’t follow with 
the command rudder angle signal, which is consistent with the results simulated from the nonlinear 
model. 

The linear model can’t assess the VSSD’s system bandwidth correctly since the factors of the 
control subsystem are out of consideration, namely the sampling time 1t , 2t , 3t  and the maximum 
setting changing rate of the motor speed maxa . In the linear model, the control subsystem is viewed as 
a continuous system, of which the sampling time is infinitely short and the maximum speed 
changing rate is extremely large. Accordingly, the VSSD’s system bandwidth of the linear model is 
the hydraulic transmission subsystem’s bandwidth rather than the VSSD’s system bandwidth which 
is determined by both the control subsystem and the hydraulic transmission subsystem. 

5. Conclusion 
In this paper, the VSSD’s nonlinear mathematical model is derived by a full consideration of the 

nonlinear factors and the simulation model is set up in AMESim software. Then, quantitative 
analysis of the VSSD’s static and dynamic characteristics are evaluated based on the nonlinear 
model and linear model respectively. Finally, it is verified by experiments that the deduced 
nonlinear mathematic model can assess the VSSD’s actual performance more accurately. The 
nonlinear modeling method in this paper is flexible and applicable which is of great significance to 
the design and optimization of the VSSD. 
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