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Abstract: A retrofitted electro-hydraulic proportional system for hydraulic excavator was introduced firstly. According to the 
principle and characteristic of load independent flow distribution(LUDV) system, taking boom hydraulic system as an example and 
ignoring the leakage of hydraulic cylinder and the mass of oil in it, a force equilibrium equation and a continuous equation of 
hydraulic cylinder were set up. Based on the flow equation of electro-hydraulic proportional valve, the pressure passing through the 
valve and the difference of pressure were tested and analyzed. The results show that the difference of pressure does not change with 
load, and it approximates to 2.0 MPa. And then, assume the flow across the valve is directly proportional to spool displacement and 
is not influenced by load, a simplified model of electro-hydraulic system was put forward. At the same time, by analyzing the 
structure and load-bearing of boom instrument, and combining moment equivalent equation of manipulator with rotating law, the 
estimation methods and equations for such parameters as equivalent mass and bearing force of hydraulic cylinder were set up. Finally, 
the step response of flow of boom cylinder was tested when the electro-hydraulic proportional valve was controlled by the step 
current. Based on the experiment curve, the flow gain coefficient of valve is identified as 2.825 10�4 m3/(s⋅A) and the model is 
verified. 
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1 Introduction 
 

For its high efficiency and multifunction, hydraulic 
excavator is widely used in mines, road building, civil 
and military construction, and hazardous waste cleanup 
areas. The hydraulic excavator also plays an important 
role in construction machines[1�2]. Nowadays, 
mechatronics and robotization have been the latest trend 
for the construction machines. So, the automatic 
excavator gradually becomes popular in many countries 
and is considered a focus[3]. Many control methods can 
be used to automatically control the manipulator of 
excavator. Whichever method is used, the researchers 
must know the structure of manipulator and the dynamic 
and static characteristics of hydraulic system. That is, the 
exact mathematical models are helpful to design 
controller. However, it is difficult to model on 
time-variable parameters in mechanical structures and 
various nonlinearities in hydraulic actuators, and 
disturbance from outside. Researches on time delay 
control for excavator were carried out in Refs.[4�6]. 
NGUYEN[7] used fuzzy sliding mode control and 
impedance control to automate the motion of excavator’s 
manipulator. SHAHRAM et al[8] adopted impedance 
control to the teleoperated excavator. Nonlinear models 

of hydraulic system were developed by some researchers. 
However, it is complicated and expensive to design 
controller, which limits its application. In this paper, 
based on the proposed model, the model of boom 
hydraulic system of excavator was simplified according 
to engineering and by considering the force equilibrium, 
continuous equation of hydraulic cylinder and flow 
equation of electro-hydraulic proportional valve; at the 
same time, the estimation methods and equations for the 
parameters of model were developed. 
 
2 Overview of robotic excavator 
 

The backhoe hydraulic excavator studied is shown 
in Fig.1. In Fig.1, Fc presents the resultant force of 
hydraulic cylinder, gravity of boom, dipper, bucket and 
so on at point B, whose direction is along cylinder AB; Fc 
can be decomposed into Fc1 and Fc2, and their directions 
are vertical and parallel to that of 1O B , respectively; ac 
is the acceleration whose direction is same to that of Fc, 
and ac can be decomposed into ac1 and ac2 too; G1, G2 and 
G3 are the gravity centers of boom, dipper and bucket, 
respectively; m1, m2 and m3 are the masses of them, and 
their values can be given by experiment (m1=868.136 kg, 
m2=357.115 kg and m3=210.736 kg); O1, O2 and O3 are  
the hinged points; ,1G′  2G′  and 3G′  are projections of 
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Fig.1 Schematic diagram of excavator’s arm 
 
G1, G2 and G3 on x axis, respectively. 

The arm of excavator was considered a manipulator 
with three degrees of freedom (three inclinometers were 
set on the boom, dipper and bucket, respectively). In 
tracking control experiment, the objective trajectories 
were planed based on the kinematic equation of 
excavator’s manipulator. Then, the motion of boom, 
dipper and bucket was set by the controller. In order to 
suit for automatic control, the normal hydraulic control 
excavator should be retrofitted to electro-hydraulic 
controller. 

Based on original hydraulic system of SWE-85, the 
hydraulic pilot control system was replaced by an 
electro-hydraulic pilot control system. The retrofitted 
hydraulic system is shown in Fig.2. In this work, because 
boom, dipper and bucket are of the same characteristics, 
the hydraulic system of boom was taken as an example. 
In the electro-hydraulic pilot control system, the pilot 
electro-hydraulic proportional valves were derived from 
adding proportional relief valves on the original SX-14 
main valve, and hydraulic pilot handle was substituted by 
electrical one. The retrofitted system of excavator was 
 

 
Fig.2 Schematic diagram of retrofitted electro-hydraulic system 
of excavator 

still the LUDV system (Fig.3) of Rexroth[9] with good 
controllability. In Fig.3, y is the displacement of piston; 
Q1 and Q2 are the flows in and out to the cylinder, 
respectively; p1, p2, ps and pr are the pressures of head 
and rod sides of cylinder, system and return oil, 
respectively; A1 and A2 are the areas of piston in the head 
and rod sides of cylinder, respectively; xv is the 
displacement of spool; m is the equivalent mass of load. 
 

 
Fig.3 Schematic diagram of LUDV hydraulic system after 
retrofitting 
 
3 Model of electro-hydraulic proportional 

system 
 
3.1 Dynamics of electro-hydraulic proportional valve 

In this work, the electro-hydraulic proportional 
valve consists of proportional relief valves and SX-14 
main valve. A transfer function from input current to the 
displacement of spool can be obtained as follows: 
 

)1(/)(/)( vv bsKsIsX I +=                      (1) 
 
where  Xv is the Laplace transform of xv, m; KI is the 
current gain of electro-hydraulic proportional valves, 
m/A; b is the time constant of the first order system, s; 
Iv=I(t)�Id, I(t) and Id are respectively the control current 
of proportional valve and the current to overcome dead 
band, A. 
 
3.2 Flow equation of electro-hydraulic proportional 

valve 
In this work, LUDV system was adopted in the 

experimental robotic excavator. According to the theory 
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of LUDV system[9], the flow equation can be 
gotten[10�11]: 
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where  Δp is the spring-setting pressure of load sense 
valve, MPa; cd is the flow coefficient, m5/(N·s); w is the 
area gradient of orifice, m2/m; ρ is the oil density, kg/m3; 
Δp1 and Δp2 are the two orifices pressure, respectively, 
MPa. When the flow of excavator is not saturated, Δp is 
a nearly constant. In this work, the value was tested and 
gotten by experiment. 

In Fig.4, ps, pls and �p represent the system pressure, 
the load sense valve pressure and the difference of 
pressure, respectively. The pressure experiment curves of 
the system show the variation of three kinds of pressures. 
Although ps and pls change with load, their difference 
does not change with load, the value approximates to 2.0 
MPa. So, the effect of Δp on the flow across the valve 
can be neglected. It is assumed that the flow across the 
valve is proportional to the size of orifice valve, and the 
flow is not influenced by load. Then, Eqn.(2) can be 
simplified as 
 
Q1=Kqxv(t), I(t) 0                            (4) 
 
where  Kq is the flow gain coefficient of valve, m2/s, and 

./2dq ρpwcK Δ=  

 

 
Fig.4 Curves of pressure experiment under boom moving 
condition 

3.3 Continuity equation of hydraulic cylinder 
Generally speaking, construction machine does not 

permit external leakage. At present, the external leakage 
can be controlled by sealing technology. On the other 
hand, it has been proven that the internal leakage of 
excavator is quite little by experiments. So, the influence 
of internal and external leakage of hydraulic system can 
be ignored. When the oil flows into head side of cylinder 
and discharges from rod side, the continuity 
equation[12�13] can be written as 
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where  V1 and V2 are the volumes of fluid flowing into 
and out the hydraulic cylinder, m3; �e is the effective bulk 
modulus (including liquid, air in oil and so on), N/m2. 
 
3.4 Force equilibrium equation of hydraulic cylinder 

It is assumed that the mass of oil in hydraulic 
cylinder is negligible, and the load is rigid[14�16]. Then the 
force equilibrium equation of hydraulic cylinder can be 
calculated from the Newton’s second law: 
 

cc2211 FyBymApAp ++=− ���                   (6) 
 
where  Bc is the viscous damping coefficient, N·s/m. 
 
3.5 Simplified model of electro-hydraulic propor- 

tional system 
After the Laplace transform of Eqns.(4)�(6), the 

simplified model can be expressed as 
 
Y(s)=[b1Xv(s)+bfsFc(s)]/[s(a0s2+a1s+a2)]           (7)  
where  Y(s) is the Laplace transform of y; b1=�eKq·  
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4 Parameters estimation 
 

From the process of modeling and Eqn.(7), it is 
clear that all parameters in the simplified model are 
related to the structure, the motional situation and the 
posture of excavator’s arm. Moreover, these parameters 
are time variable[13�16]. So it is quite difficult to get 
accurate values and mathematic equations of these 
parameters. To solve this problem, those important 
parameters of model were estimated approximately by 
the estimation equation and method proposed in this 
work. 

 
4.1 Equivalent mass estimation for load on hydraulic 

cylinder 
The load of boom hydraulic cylinder (it is assumed 

there is no external load) consists of boom, dipper and 

I(t) 0
(2) 

I(t) 0 (3) 
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bucket. In Fig.1, boom, dipper and bucket rotate around 
points O1, O2 and O3, respectively. So their motions are 
not straight line motions about the cylinders, that is to 
say, their motion directions are different from y in 
Eqn.(5). So, m in Eqn.(6) cannot be simply regarded as 
the sum mass of boom, dipper and bucket. 

Considering O1 at an axis of manipulator, the torque 
and angular acceleration can be given as follows: 
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where  M and ω are the torque and angular acceleration 
of manipulator to O1, respectively; BOl 1

 is the length 
from point O1 to point B. According to the rotating law: 
M=J�, we get ,/sinsin

11 cc BOBO lJalF ββ =  that is 
 

2
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where  J is the equivalent moment inertia of 
manipulator to point O1, kg⋅m2, and it can be written as 
follows: 
 

312111
2
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J1, J2 and J3 are the moment inertia of boom, dipper and 
bucket to their own bary center respectively. The values 
of them can be obtained by dynamic simulation based on 
the dynamic model, J1= 450.9 N⋅m, J2 =240.2 N⋅m, J3= 
94.9 N⋅m. 

Comparing Eqn.(9) with Fc=mac, the equivalent 
mass at point B can be given: 
 

BOlJm 1
2/=                                 (11) 

 
4.2 Estimation for load on hydraulic cylinder 

The equivalent moment equation of manipulator to 
O1 is 
 

3121111 321c sin GOGOGOBO glmglmglmlF ′′′ ++=β      (12) 
 
where  ,

11GOl ′ 21GOl ′ and 
31GOl ′ are the length from point 

O1 to point ,1G′  2G′  and ,3G′ respectively. Then, the 
counter force of load is 
 

)sin/()(
1312111 321c βBOGOGOGO lglmglmglmF ′′′ ++=  (13) 

 
4.3 Estimation for flow gain coefficient of valve 

The flow of pump can be measured by flow 
transducer. The instrument used in this work was 
Multi-system 5050. The step response of flow of boom 
cylinder under the electro-hydraulic proportional valve 
controlled by the step current is shown in Fig.5. At the 
same time, the curve verifies Eqn.(1). Based on the 
experiment curve, the range of KqKI can be identified 

according to Eqns.(1) and (4). And then, according to 
data in Fig.4, we can get: KqKI 2.825 10�4 m3/(s·A). 
 

 
Fig.5 Flow of boom cylinder under electro-hydraulic 
proportional value controlled by step current 
 
5 Conclusions 
 

1) The mathematic model of electro-hydraulic 
system is developed according to the characteristics of 
excavator. It is assumed that the flow across the valve is 
directly proportional to the size of valve orifice, and the 
influence of internal and external leakage of hydraulic 
system is ignored. The simplified model can be obtained: 
Y(s)= [b1Xv(s)+ bfsFc(s)]/[s(a0s2+a1s+a2)], where Y(s) and 
Xv(s) represent the displacement of piston and the 
displacement of spool. 

2) From the model of electro-hydraulic system, we 
can obtain the equivalent mass ,/ 2

1BOlJm = bearing force 
),(

312111 321 GOGOGOl glmglmglmF ′′′ ++=  flow gain 
coefficient of value KqKI 2.825 10�4 m3/(s·A), where 
KI is the current gain of electro-hydraulic proportional 
valves. 
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