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Abstract 
 According to the nonlinear and time-varying uncertainty characteristics of direct drive electro-

hydraulic servo control system, a self-tuning fuzzy PID control method with speed change integral and 
differential ahead optimizing operator is put forward by combining fuzzy inference and traditional PID 
control in this paper. The rule of fuzzy logic is designed, the membership function of the fuzzy subsets is 
determined and lookup table method is used to correcte the PID parameters in real-time. Finally the 
simulation is conducted with the typical input signal, such as tracking step, sine etc. The simulation results 
show that， the self-tuning fuzzy PID control system can effectively improve the dynamic characteristic 
when the system is out of the range of the operating point compared with the traditional PID control 
system, there is obvious improvement in the indexes of rapidity, stability and accuracy,  and fuzzy self-
tuning PID Control is more robust, and more suitable for direct drive electro-hydraulic servo system. 
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1. Introduction 

In last decade, with the development of volumetric speed control technology and AC 
servo motor control technology in hydraulic field, a direct driving electro-hydraulic servo system 
(DDVC) appeared. Pump output flow is changed by controlling the servo motor speed, it can 
regulate the flow to achieve energy saving. The main advantages of the system are high 
efficiency, small volume and low cost, but the low dynamic characteristic compared with the 
valve control electro-hydraulic servo system causes its application restrictions in some area. 
Therefore, studying direct drive electro-hydraulic servo system's dynamic performance, 
expanding its application scope and improving the system's practical value have an important 
significance. The study of direct drive electro-hydraulic servo system is more early, and the 
related technology has tend to be mature in foreign country especially in USA and Japan, and 
its application has been successfully applied to many developing fields, the good economic 
benefit has been got [1-3]. Domestic research starts relatively late, and it mainly focused on 
some universities, such as Harbin Institute of Technology [4] Taiyuan University of Technology 
[5-6] Zhejiang University [7] Beijing University of Aeronautics and Astronautics [8] Guangdong 
University of Technology etc [9]. Some enterprises try to cooperate with college's to develop 
direct drive electro-hydraulic servo system product, which have made some achievements. But 
there is still great gap between the world advanced level, so the theoretical analysis and 
experimental research on direct drive electro-hydraulic servo system has important economic 
and social benefit. 
 
 
2. Nonlinear and Time Variation Analysis of Direct Drive Electro-hydraulic Servo System 

There are many factors that go against performance improvement of direct drive 
electro-hydraulic servo system, which mainly includes nonlinear and time-varying uncertainty. 

 
2.1. Nonlinear factors 
2.1.1. Friction 

Friction is one of the important factors influencing the system performance, it mainly 
include seal friction in servo cylinder and mechanical friction caused by gear transmission. 
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2.1.2. Transmission Chain Gap 
There are gaps between gear and rack, it include lateral backlash and bearing 

clearance. 
 

2.1.3. Hysteretic Characteristic 
Hysteretic characteristic is caused by the magnetic hysteresis characteristics of 

ferromagnetic, it affects the sensitivity and static error of system, and its effect on dynamic 
performance is phase delay. 

  
2.1.4. Saturation Characteristic 

When input signal exceed the linear range, The output signal no longer change with the 
input signal but maintain at a certain value. Servo motor torque cannot increase indefinitely, it 
will be in saturated state. At the same time servo amplifier also has a saturation characteristic. 

 
2.1.5. Dead Zone Characteristics 

Pump have specific demand in lowest stable speed, dead zone characteristics has 
great influence on the the static error of system, and the system exhibit the phenomenon of 
delayed-stagnant phenomena. 

 
2.2. Time Variation Uncertainty Factors 
1) Vary of the liquid parameters 

There are some soft quantities in direct drive electro-hydraulic servo system, such as the 

bulk modulus of the oil e , viscosities ect. There are many influencing factors that 

influence e  which mainly include air contents in fluid and working pressure. e will 

decrease with the air contents increases, but increase with the pressure increases. 
change with the oil pressure and temperature, and the temperature effect is the main. 

Changes of e and  make the system parameters is variable. 

2) Vary of the load moment 
Direct drive electro-hydraulic servo actuator  researched in this paper is mainly used for 
controlling the opening of the valve, the force moment suffered during the screwing up and 
closing process, includes driving force moment, static moment and friction moment, among 
them, driving force moment play key roles. 

3) The high temperature of device running environment and temperature variation causes the 
parameters variation of the motor servo amplifier power device, feedback detection device 
and controller. 

4) There are serious disturbance include static interference and noise disturbance because of  
the adverse operation circumstances. The disturbance are introduced to the system by 
electromechanical coupling which cause the precision decrease of system and even cause 
instability. 

Direct drive electro-hydraulic servo system has the characteristic of nonlinear and time-
varying uncertainty, the influence factor of system is complex, it is difficult to obtain the accurate 
mathematical model. During the system modeling, system inevitably had the presence of 
unmodeled dynamics because of the series of hypothesis and simplification, which have 
important effect on the dynamic and steady performance of system. In order to improve the 
robustness of the system, it is necessary to consider the unmodeled dynamics. 

 
 

3. Fuzzy Self-tuning PID Controller Design of Electro Hydraulic Servo System 
3.1. Fuzzy Self-tuning PID Controller 

PID control algorithm with speed change integral and differential ahead optimizing 
operator is realized by computer, its discrete control law as follows: 
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Incremental algorithm: 
 

)()/()()()( 2 keKKkeTKkeKku SDSIP   

  )()1()( kukuku   
 

Error variable is defined as follows: 
 

)()/()()()( 2 keTTkeTKkeKku SDSIP   

)1()()(  kekeke  

  )1()()(2  kekeke  

where u (k) is the output at sampling time k, e (k) is the error at sampling time k, KP、KI、KD is 
the PID Proportion, integral, differential parameters, TS is the sampling period. 

The conventional PID without on-line tuning parameter function does not meet the the 
parameter self-tuning requirements of system in different cases, thus affect the further 
improvement of its control effect. The error and the error varying are input signals in fuzzy self-
tuning PID controller, to meet the parameter self-tuning requirements of error E and error 
varying EC in different time [10]. Fuzzy theory correct the parameters of PID controller on-line, 
that is fuzzy self-tuning PID controller,Which are shown in Figure 1. 

 
 

 
 

Figure 1. The Structure of Fuzzy Self-tuning PID Controller 
 
 
3.2. Design of Fuzzy-PID Controller 

According to the actual situation of system, and reference to PID controller design 
experience [11]. In the fuzzy-PID controller, its inputs are the absolute value of error |E| and the 
absolute value of error varying |EC|, both of them are divided into 7 linguistic values as negative 
big (NB), negative middle(NM), negative small(NS), zero(ZO), positive smal(PS), positive middle 
(PM), positive large(PB) [12-13]. The fuzzy quantizing domains of e is [-6,-6], the domains of KP 
is [-3,3], KI is [-0.3,0.3],and KD is [-0.6,0.6]. 

Gaussian membership function is employed to fuzzify the variables include the two 
input variables error |E|, error varying |EC|, and three output variables KP , KI , KD are shown in 
figure 2-6, NB、PB present gaussian distribution, and others  present linear distribution. 
 
 

 
 

 

Figure 2. The Membership Functions for E Figure 3. The Membership Functions for EC 
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Figure 4. The membership functions for KP                      Figure 5. The membership functions for KI 

 

 
Figure 6. The membership functions for KD 

 
 
The rule of fuzzy control rule design: While error is large, control variable should try to 

reduce error quickly. While error is small, the stability of system should be considered, besides 
eliminating the static error. Fuzzy rules are based on experience and related technical 
knowledge [14-15], the fuzzy control rule table for △KP 、△KI 、△KD shown in Table 1-3. 

 
Table 1.The Fuzzy Control Rule Table for △KP 

△KP E 
NB NM NS ZO PS PM PB 

EC 

NB PB PB PM PM PS ZO ZO 
NM PB PB PM PS PS ZO NS 
NS PM PM PM PS ZO NS NS 
ZO PM PM PS ZO NS NM NM 
PS PS PS ZO NS NS NM NM 
PM PS ZO NS NM NM NM NB 
PB ZO ZO NM NM NM NB NB 

 
 

Table 2. The Fuzzy Control Rule Table for △KI 

△Ki 
E 
NB NM NS ZO PS PM PB 

EC 

NB NB NB NM NM NS ZO ZO 
NM NB NB NM NS NS ZO ZO 
NS NB NM NS NS ZO PS PS 
ZO NM NM NS ZO PS PM PM 
PS NM NS ZO PS PS PM PB 
PM ZO ZO PS PS PM PB PB 
PB ZO ZO PS PM PM PB PB 

 
 
Three parameters of PID controller can be modified online by the follow formula: 

PPiiPP KKECEKK  、、 },{  

IIiiII KKECEKK  、、 },{  

DDiiDD KKECEKK  、、 },{  

Where },{ ii ECE is the value of error and error varying. 
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Table 3. The Fuzzy Control Rule Table for △KD 

△KD 
E 
NB NM NS ZO PS PM PB 

EC 

NB PS NS NB NB NB NM PS 
NM PS NS NB NM NM NS ZO 
NS ZO NS NM NM NS NS ZO 
ZO ZO NS NS NS NS NS ZO 
PS ZO ZO ZO ZO ZO ZO ZO 
PM PB NS PS PS PS PS PB 
PB PB PM PM PM PS PS PB 

 
 
Figure 7 is the fuzzy－rule graph of △KP、△KI、△KD, the result demonstrates the 

relation between △KP、△KI、△KD and the two inputs vividly. 
 

           
(a) The Fuzzy－Rule Graph of △KP                   (b) The Fuzzy－Rule Graph of △KI 

 

 
(c) The Fuzzy－Rule Graph of △KD 

 
Figure 7. The Fuzzy－Rule Graph of △KP 、△KI 、△KD 

 
 
The main idea of fuzzy self-tuning PID control system is to establish fuzzy rule table 

according to the the fuzzy quantizing domains of the input signals and their membership 
function. Lookup table method can be used to gain the modified parameter, and then update the 
last sampling parameters of PID controller. During running, the control system deal with fuzzy 
rules, lookup the rule table and correct the PID parameters in real-time adjustment. 

 
 

4. Experiment result 
A two-dimensional fuzzy controller was designed in this paper, its inputs are angle 

deviation E, and the change of angle deviation EC[16], its outputs are the variable quantity of 
the PID controller parameters denoted as ∆Kp , ∆K i , ∆K d. The software structure of fuzzy self-
tuning PID controller is shown in Figure 8. 

And the system structure of fuzzy self-tuning PID controller is shown in Figure 9. 
The simulation model of PID controller and fuzzy controller are established respectively 

in MATLAB/Simulink, and then fuzzy PID controller is formed through putting them together, 
which are shown in Figure 10-12. 
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Figure 8. The Software Structure of Fuzzy Self-Tuning PID Controller 

 
 

 
 

Figure 9. The System Structure of Fuzzy Self-Tuning PID Controller 
 
 

 
 

Figure 10. The Simulation Model of PID Controller in Simulink 
 
 

The simulation model of control system based on fuzzy PID controller is shown in 
Figure 13, and the simulation result is shown in Figure 14-15. The comparison analyses 
between the self-tuning fuzzy PID controller and the traditional PID controller are made through 
a simulation experiment. 
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Figure 11. The Simulation Model of Fuzzy Controller in Simulink 

 
 

 
 

Figure 12. The Simulation Model of Fuzzy PID Controller in Simulink 
 

 

 
 

Figure 13. The Simulation Model of Control System 
 
 

 
Figure 14. Unit Step Response Curve 

 
 
Figure 14 show the experimental result of unit step response curve, simulation 

results show that unit step response time need 0.13s in fuzzy self-tuning PID control 

t (s) 
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system, which is faster than the 0.16s that is needed in traditional PID control system, 
and overshooting is hardly observed in the experiments, and the system has well stability. 

 
 

 
Figure 15. Sine Response Curve 

 
 

Figure 15 show the experimental result of sine response curve, in the conditions of  
frequency 5Hz, voltage 2V, the results show that the two controllers both can realize the 
effective tracking of input signal, but the output signal amplitude value decay and phase lag is 
smaller compared with traditional PID control system. 

 
 

5. Conclusion 
The factors that affect the control performance of direct drive electro-hydraulic 

servo system was analyzed, which is include nonlinear and time-varying uncertainty. 
According to the characteristics of nonlinear and time-varying uncertainty in direct drive 
electro-hydraulic servo system, the self-tuning fuzzy PID control is designed combining 
fuzzy reason and traditional PID control. Comparison analyses between the self-tuning 
fuzzy PID controller and the traditional PID controller are made through a simulation 
experiment in Matlab/Simulink, Simulation results show that its performance is superior to 
that of traditional PID controller, and it is more suitable for Direct Drive Electro-hydraulic 
Servo System. 
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