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1. INTRODUCTION 

The hydraulic excavator that is mostly used in construction 

working has spread its role and function in construction, forest, 

mine, manufacturing and undersea etc. because of mechanical 

flexibility and high power, and a skilled operator who can 

handle it is very necessary. However, a lot of time and costs 

have been required in order to train a skilled operator and due 

to dangerous and poor working environments, the number of 

skilled operator have been decreasing, and then the automation 

of excavating task has been required for corresponding to a 

variety of tasks and conditions[1,2]. 

The hydraulic excavator is organized of mechanism with 

multi-joint links and hydraulic circuit which actuating the 

mechanism. The multi-joint mechanism involves the strong 

coupling and nonlinear, time-varying characteristics and the 

hydraulic system has various uncertain parameters difficult to 

estimate or describe. These make an exact mathematical 

modeling for excavator and the systematic design of a 

controller very difficult. Also, a natural frequency of each 

links of the attachment is small in a hydraulic and it is hard to 

do loop-gain greatly in the side of stability because a hydraulic 

cylinder is affected by a load variation directly. Hence, in 

order to track the attachments of an excavator on an arbitrary 

trajectory, a robust controller that insensitive to the variation 

of actuator parameters and external loads has been needed. 

In this paper, we proposed an advanced trajectory controller 

design method using H  control technique based on 

disturbance observer. Through experiments and off-line 

system identification methods, we obtain an approximated 

linear plant for designing controller. The controller with the 

structure of a disturbance observer is composed of a H

controller for compensating disturbance observer and a 

feed-forward controller for tracking a reference trajectory. 

Finally the proposed control technique has been applied for an 

oblique straight trajectory motion of the end-effector, and its 

effectiveness has been investigated through computer 

simulations.   

2. MATHMATICAL MODEL OF EXCAVATOR 

2.1 Modeling of Hydraulic Actuator 

The hydraulic system, which actuated the attachment, is 

composed of hydraulic pump, MCV(Main Control Valve), 

proportional control valve, hydraulic cylinder and auxiliary 

valves.

Fig. 1 represents the schematic of the hydraulic circuit of 

excavator, and boom, arm and bucket have all an identical 

structure. From the Bernoulli’s equation, the flow rate entering 

the hydraulic cylinder is expressed; 

Fig. 1 Schematic diagram of hydraulic circuit 
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0vx  :  

where

xv : spool displacement 

, cd : working fluid density and orifice coefficient 

Km : bulk modulus of working fluid 

A1, A2 : the areas cylinder head and rod side 

Ps  : the supply pressures  

p1 , p2 : the pressures cylinder head and rod side 

The chamber of single-rod cylinder as follows; 

On the other hand, the cylinder force acting the attachment 

is expressed by 

where D is the viscous friction coefficient of cylinder. 

2.2 Modeling of Attachment 

Fig. 2 shows the coordinate systems and link parameters for 

the modeling of excavator’s attachment. Where m and I denote 

the mass and the inertia moment of link, respectively.  is the 

joint angle, g is the gravitational acceleration and L, l and 

are the constants of length and angle as defined in Fig. 2. The 

subscript 1, 2 and 3 mean the boom, arm and bucket, 

respectively. 

Fig. 2 Schematic diagram of excavator attachment 

The dynamic equation of excavator attachment is derived 

using Euler-Lagrange equation as follows[3]. 

where D  is the inertia terms and a nonlinear function 

of , ,C  is due to centrifugal and Coriolis forces, 

G  is due to gravity, and  represents the joint torques. 

 In order to derive the relationship between the output 

cylinder force of the hydraulic system and the attachment 

motion, it is necessary to transform the cylinder length to the 

joint angle and the cylinder force to the joint torque. Then the 

relationship is simply expressed by introduce the link gain and 

the torque gain as follows[4]: 

3. DISTURBANCE OBSERVER AND NOMINAL 

PLANT

3.1 Concept of Disturbance observer 

Disturbance observer has been used to improvement the 

robustness of robot system and to simplify the algorithm for 

its force or position control[5]. As shown in Fig, 3, 

disturbance observer is composed of the inverse nominal 

model and a designing parameter J which determines the 

robust stability and disturbance suppression performance. Its 

basic concept is that the disturbance injected into a system can 

be compensated by an observer, although the disturbance can 

not be measured.  

Fig. 3 Block diagram of disturbance observer 

Output shown in Fig. 3 is expressed by; 

where

If a designing parameter J is the low pass filter, the transfer 

function at low frequencies are expressed by ( ) ( )yu nG s P s ,

( ) 0ydG s . So, the effect of disturbance is close to zero and it 

is possible to design the 2 th order robust controller based on 

linearized nominal plant to be a good tracking performance. 

3.2 Linearized Nominal Model 

In this paper, in order to design a disturbance observer 

based on H  control theory, we obtain an approximated 

linear model through experiments and off-line system 

identification method for the whole excavator system. As the 

input signal for the system identification, the double step 

signal was used under the conditions that the saturation of a 

hydraulic cylinder doesn’t happen and a link moves nearly the 

whole operation area[6]. And the experiments were performed  
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(a) step input              (b) boom angle 

Fig. 4 Input/output of ID experiment of boom

  (a) pole & zero       (b) plant & ARX model 

Fig. 5 ID results of ARX model of Boom

(a) boom 

(b) arm 

(c) bucket 

Fig. 6 Bode diagram of transfer function of ID model 

at the maximum and minimum of the inertial moment at each 

joint. Among the identification experiments for the dynamics 

of boom, arm, bucket, Fig. 4 shows only the experiment result 

of boom. Where, the solid line and the dotted line represent 

the outputs of maximum and minimum inertial moment 

respectively. Also, the identification experiments of arm and 

bucket were performed by the same method as the boom. 

Fig. 5 shows the result of 7th ARX model[7]. The solid line 

represents the plant output obtained by the experiment, and the 

dotted line is the output of the identification model to the 

identical input. The arm and bucket system were identified as 

the 8th order and 10th order ARX model, respectively.  

Fig. 6 shows the bode diagrams of the 7th ARX 

model(dotted line) and the 2th order transfer function(solid 

line). The frequency response is nearly consistent at the low 

frequency domain below about 1rad/sec. And the cases of arm 

and bucket are omitted. 

An each transfer function is expressed by  

BOOM :  
2

5.4
( )

15 0.04
bP s

s s
            (9) 

ARM :    
2

5
( )

10 0.5
aP s

s s
            (10) 

BUCKET : 
2

16
( )

34 0.8
kP s

s s
           (11) 

4. DISTURBANCE OBSERVER BASED ON H

CONTROL TECHNIQUE 

4.1 Theoretical Background 

Fig. 7 shows the structure of control system using an 

internally stabilizing disturbance observer and a feed-forward 

controller Kf for a good tracking performance. If Pn is a given 

nominal plant, Eq. (12) is a coprime factorization of Pn and if 

M, N  RH  are coprime, then M, N satisfy the Bezout Identity

such as Eq. (12). 

Fig. 7 Structure of control system 

Let the dynamics of real plant assume to undergo the 

perturbations within any bound, then it should be defined as 

the set. The set of real plant can be defined as; 

where P P, N, M are perturbations of coprime N, M 

and -1 is the maximum size of admissible perturbation. 

Define the objective function for Q  design;

554



Only the good Q  design can completely not assure the 

stability against perturbations. Hence, the stability constraint 

for a plant against perturbations should be obtained.  

The mapping from (r, w1, w2) to [u, y]T is represented 

by[8];  

All transfer functions of Eq. (15) can be stable for all plants 

under some constraints. Then the modeling error is expressed 

by; 

If the 2-norm bound of modeling error is considered, we can 

get the next inequality by the assumption of the set of real 

plant;

If the small gain theorem[10,12] is applied to the mapping 

Eq. (15) and (16), then the stability condition can be shown as; 

If normalized coprime factorization[9] is used, since || N M||

 = 1, then we obtain below inequality; 

If the closed-loop transfer function is defined by the 

stability constraint, then it is expressed by; 

In Fig. 7, if we combine coprime factors, the feedback 

controller can be defined as; 

4.2 Design of Controller  

A generalization plant as shown in Fig. 8 is established in 

order to design a disturbance observer on a transfer function of 

each links and as follows; 

Fig. 8 Generalized plant 

The weighting function W1 considered for 

stability about a modeling error of a high frequency and the 

weighting function W2 considered to be satisfied 

with condition.. 

Consider a generalized plant as follow;  

To solve for the family of H controllers, we must solve two 

Riccati equations[8,10]. 

where  

Given a generalized plant suppose the plant for the double 

coprime factorization satisfying as[9,12]; 

where  

The plant is expressed by; 

where  
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where  

In this case, All stabilizing controller is described as 

follows[12] 

where  

The feedback controller for generalized plant is represented 

by; 

5. SIMULATION RESULTS 

The computer simulations have been performed for a 

constant angle excavating task using the proposed controller. 

The mathematical model for simulations is constructed using 

simulink and the design of a H  controller is aided by MatLab 

toolbox. The trajectory applied in this study is selected as a 

declined straight-line motion of end-effector and the path is a 

straight-line of horizontal distance 3[m] and vertical distance  

Table 1. Parameters of excavator used in computer 

simulation 

1[m] to high and inward from low and outward during 7[sec]. 

The disturbance is assumed as a harmonic variation of load 

toward the direction obstructing bucket tip’s movements. 

Table 1 shows parameters for computer simulation. 

Fig. 12(a)~(c) show the trajectory tracking results of boom, 

arm, bucket, respectively. The gain of P controller about each 

links was selected with 15, 10, 15 based on transient response 

after composing output feedback loop. At the initial and final 

time, the angular velocity of boom, arm and bucket are zero. 
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(a) Trajectory tracking of boom 
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(b) Trajectory tracking of arm
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(c) Trajectory tracking of bucket 

Fig. 12 Tracking of the boom, arm and bucket 
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Fig. 13 Trajectory tracking of the bucket's end-effector 
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Fig. 14 Output errors on the reference trajectory

Fig. 13 shows the tracking performances of the end-effector 

for the trajectories of an oblique straight line. It has been 

illustrated that the proposed disturbance observer can improve 

the tracking performance compared with P controller. 

Fig. 14 shows the absolute error of reference trajectory 

using the proposed disturbance observer and P controller. 

However, there is hardly an influence of periodic 

disturbance in case of disturbance observation banner, and an 

error is occurring in largest 5[cm], too. 

6. CONCLUSION 

This study has applied a H  control technique having a 

structure of disturbance observer to the trajectory control of 

excavator’s attachments.  

Through experiments and system identification methods, 

the approximated 2th order linear models which reflect main 

characteristics of whole system of excavator have been 

derived and used as nominal models for designing controllers. 

For uncertainty and disturbance of the trajectory tracking 

control system in a hydraulic excavator, disturbance observer 

applied H control theory has been proposed. It is illustrated 

by computer simulations that the proposed control system 

gives satisfactory performance in the trajectory tracking and 

the robustness to disturbances. 

Hereafter, we will apply the proposed control system for 

actual excavator and evaluate the robustness to external load 

variation and trajectory tracking.  
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