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Abstract
This paper presents the results of the development of automatic control systems for walking dragline 
excavator digging process. The process enables operational productivity to be enhanced through optimizing 
digging process. This also prevents extreme loads on machinery and hoist cable deflection. The paper 
also describes mathematical models of the electric drives of the main excavator machinery which form 
the bucket motion and the model of cable length change. Further the study will analyse the tructure of 
the control system and the automatic digging algorithm. Computer modeling findings are also described 
to confirm the operability of the automatic digging algorithm. Computer simulation of the processes in 
electric drives of main machinery of a walking dragline in digging operations was performed by means of 
SimInTech software. The automatic control system optimizes digging trajectory with very fast penetration 
with permissible overregulation following digging at a constant cut depth. The integrated system of dragline 
operation process control is practically independent due to the following factors: the automatic digging 
control system in combination with automatic systems for transporting the loaded bucket to dump and the 
empty bucket to the face; the automatic main machinery overload protection systems; and the system of 
control over safe bucket movement in the dragline working space
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Аннотация
Актуальность исследований, результаты которых составляют основу систем автоматического управ-
ления рабочей операцией черпания шагающего экскаватора-драглайна, обусловлена необходимо-
стью повышения производительности машины и снижением предельных нагрузок на механизмы 
и канатные системы. Анализу подвергается система автоматического управления рабочей операци-
ей черпания шагающего экскаватора-драглайна, позволяющая обеспечить повышение его эксплуа-
тационной производительности за счет приближения процесса черпания к рациональному. 
На основе методов математического моделирования систем электропривода основных механизмов 
экскаватора-драглайна составлены имитационные математические модели, которые описывают 
движение ковша и канатных систем. Результаты компьютерного модельного исследования, выпол-
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Introduction
A walking dragline excavator is a highly effective 

mining machine with great technological capabilities. 
It is widely used in the mining industry for stripping 
via a non-transport process flow sheet applicable in 
open-cut mining of such minerals as: coal; shale; ores 
of ferrous and nonferrous metals; gold; and raw mate-
rials for chemical industry [1, 2].

The experience of operating these machines at coal 
mines in Russia over a long period shows that walking 
dragline efficiency does not exceed 70 %. 

High efficiency of walking dragline excavator op-
eration can be ensured by automating the following 
control processes: main working operations for trans-
porting loaded buckets to the dump and empty bucket 
to the face; automation of digging process, through au-
tomatic limitation of dynamic loads in electromechan-
ical systems; and providing safe control of excavation 
process [3–5].

Research aimed at the development of automatic 
control systems for walking dragline excavator digging 
process is relevant, since such systems will allow oper-
ational productivity to be enhanced through optimiz-
ing digging process, thus avoiding extreme loads on 
machinery and hoist cable deflection.

1. Mathematical model of digging operation
Mathematical modeling of walking dragline ex-

cavator processes is a first and important stage to re-
solving the question of creating algorithms and control 
systems for the individual devices/units and the ma-
chine as a whole [6, 7].

In order to compile a mathematical model of dig-
ging, it was assumed that drag cables are weightless 
and non-extensible, and that the rate of change in their 

length is constant. In the process of rock mass digging 
using a dragline excavator bucket, a resistance force 
Fс, arises. This can be represented as a sum of three 
forces F1, F2, F3 – a bucket friction force on soil; cut-
ting resistance force; and resistance force to movement 
of the rock mass dozing capacity. The bucket friction 
force on soil is defined by the expression F1 = βN, where 
β – is the bucket friction on soil coefficient, and N is 
the normal support response. Cutting resistance force 
is determined by the expression F2 = kрBbh, where kр – 
specific resistance of rock mass to cutting, Вb – width 
of bucket, h – bucket depth of cut. 

Figure 1 shows bucket and forces applied to it.

α

µ

Glb

Fr

TR
HR

BS

EB
цм

α
F1

F2

Fig. 1. Diagram of forces applied to the bucket: 
HR – hoist cables; TR –drag cables; BS – face surface;  
EB – excavator bucket;  Fr – digging resistance forces;  

F1 – tension of hoist cables; F2 – tension of drag cables;  
Glb – weight of loaded bucket; α – angle of face slope;  

µ – deviation of drag cables from vertical direction

ненные программными средствами SimInTech, подтвердили работоспособность предложенного ал-
горитма автоматического черпания. 
Разработанная система автоматического управления операцией черпания позволяет приблизить 
траекторию черпания к оптимальной, обеспечивая предельно быстрое заглубление с допустимым 
перерегулированием и последующим равномерным черпанием с постоянной толщиной срезаемой 
стружки. Показатели качества управляемого процесса черпания в породах с удельным сопротивле-
нием kp = 1,45 ± 0,45 кг/см2 и kp = 3,35 ± 0,75 кг/см2 практически совпадают: перерегулирование в пер-
вом случае 7,2 %, во втором – 10,4 %, время регулирования в первом случае 4 с, во втором – 3,5 с. 
Разработанная система автоматического управления операцией черпания вместе с автоматически-
ми системами транспортирования груженого ковша в отвал и порожнего ковша в забой, системами 
автоматической защиты от перегрузки главных механизмов, системой контроля безопасного дви-
жения ковша в рабочем пространстве драглайна позволяют повысить уровень автоматизации экска-
ватора-драглайна и его производительность

Ключевые слова
горная машина, шагающий экскаватор-драглайн, ковш, операция, черпание, автоматизация, матема-
тические модели, электропривод, алгоритм, управление, регулятор
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The diagram of forces applied to the bucket (Fig. 1) 
was used for further calculation. This was used to de-
rive the equations of bucket movement dynamics in 
the axes of hoist and drag cables length {l1, l2}.

1 1 2

2 2 1

( ) ( ) ( ) ( )cos ( ( ) ( ))sin( ),

( ) ( ) ( ) ( ) sin ( ( ) ( ))sin( ),
lb lb r

lb lb r

m t l t F t G t F t F t

m t l t F t G t F t F t

= − µ − + α − µ

= − α − + α − µ





where mlb(t) is the mass of the bucket together with the 
contained rock mass.

2. Mathematical model of electric drives 
of hoisting and traction mechanisms

The electric drives of the hoisting and traction 
mechanisms of ESh 20.90 walking excavator have the 
same structure [8, 13]: generator – motor (G-M) with 
thyristor excitation; and control system according to the 
diagram of double-loop slave regulation with power cir-
cuit current controller and generator voltage controller. 

The mathematical model1 of the hoisting mecha-
nism–bucket–traction mechanism system was develo- 

1 Technical documentation for ESH 20.90. URL: https://
maxi-exkavator.ru /excapedia /technic/esh-2090_omz

ped in accordance with the flowchart shown in Fig. 2, 
under the conditions of known assumptions [9, 14].

A system of equations presents the electric drive 
mathematical model for any of the mechanisms of 
hoisting or traction, the input of which is Ut(t) – volt-
age of the command device for setting speed of chang-
ing length of the corresponding cable, and the output 
ω(t) – is the motor shaft speed (2).

= − *
1( ) sat( ( ) ( ) ; )    ,   ,VR t VR VRu t U t k e t k u

 
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Fig. 2. Schematic diagram of the hoisting mechanism-bucket-traction mechanism system:
S1 – fairlead sheaves; S2 – pointing units; l1 – hoist cables; l2 – drag cables; EB – excavator bucket; BS – face surface; W1 – hoisting 

mechanism winch; W2 – traction mechanism winch; SM1, SM2 – power control system for hoisting and traction motors, respectively; 
CS – hoisting drive current sensor; VS – generator voltage sensor; VR – voltage controller; CR – current controller; MA – matching 

amplifier; TC – thyristor converter; k1, k2, k3, k4 – loop gain blocks; m1, m2 – motors; M1, M2 – driving torques of hoisting and 
traction, respectively; U1, U2 – hoisting and traction motions assignments, respectively

(2)
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In these expressions:
uVR(t), uCR(t), uMA(t), uTC(t), uG(t) are the output 

signals of the voltage controller, current controller, 
matching amplifier, thyristor converter, and genera-
tor, respectively; * *  ,VR CRu u   – threshold values of signals 
of voltage and current controllers; kVR, kCR – limiting 
controller transfer factors; TTC, TG, TAC – response time 
of thyristor converter, generator, and armature circuit; 
k1, k4, k5 – parameters of p-controller of voltage and 
PI-controller of current; kMA, kTC, kG, kAC – transfer fac-
tors of matching amplifier, thyristor converter, gener-
ator, and armature circuit; J – mass moment of inertia 
of mechanism, reduced to motor shaft; I(t) – current 
of the motor armature circuits; CE, CM – design motor 
constants; MR – resistance torque in drive, reduced to 
motor shaft.

We performed a synthesis procedure of the PI-con-
troller for the inner circuit – current loop, by adjusting 
it to the modular optimum. The controller parameters 
and its transfer function 

4.6 1
( ) .

6.69CR
s

W s
s

+=

were obtained using the ESH 20.902 excavator specifi-
cations.

The parameter of proportional (p) controller of 
voltage and its transfer function were defined accord-
ing to the modular optimum synthesis procedure

( ) 8.32.VRW s =

2 Some technical characteristics of walking dragline ex-
cavator ESh 20.90 used for obtaining transfer functions of its 
model driving media:

– transfer factor of thyristor excitation device kTC = 44,3V/V;
– time response of thyristor excitation device TTC = 0,01s;
– generator transfer factor kG = 14,0V/V;
– generator time response TG = 4,6s;
– motor armature circuit transfer factor kAC = 31,0Ω−1;
– motor armature circuit time response TAC = 0,05s;
– motor rotor and hoisting/traction system winch product 

of inertia reduced to motor shaft J = 517Nm/A;
– motor constructional constants CE = 8,64V/s,  

CM = 8,64Nm/A;
– current sensor transfer factor kCS = 0,0029V/A;
– voltage sensor transfer factor kVS = 0,0081V/V;
– thresholds of voltage and current controllers signals 10V;
– stop motor armature current Istop = 3400A;
– generator rated voltage =* 1230 ;GU V  1230 V;  

nomGU =
– nominal motor rotational rate −ω =* 170,6 ;M s
– transfer ratio of hoisting/traction mechanism reducing 

gear r = 22,53;
– performance coefficient of hoisting/traction mechanism 

reducing gear η = 0,9;
– hoisting/traction mechanism winch barrel radius rW = 0,9m;
– electromechanical time response of motor TM = 0,06s;
– weight of empty bucket Gb = 220 kN;
– weight of loaded bucket (with rock mass) Glb = 480 kN.
Technical documentation for ESh 20.90 https://maxi-

exkavator.ru /excapedia /technic/esh-2090_omz

3. Digging operation modeling
The model of bucket movement in interaction 

with the face consists of the following: the model of 
traction and hoisting electric drives (2); the model 
of bucket movement while digging (1); and techni-
cal data of ESh 20.90 dragline excavator. The model 
structure is shown in Fig. 3.

3.1. Model studies of processes  
in electric drives of main machinery

SimInTech software was selected for computer 
simulation of key machinery (mechanisms') drives for 
a walking dragline excavator in the course of digging 
operations.

The modeling of processes of changing lengths of 
hoist and drag cables and processes in electric drives 
was performed on the basis of model representations 
(1), (2). The schematic diagrams of the computer mod-
els of the hoisting and traction electric drives and cable 
lengths changes are presented in Figs. 4 and 5.

The model parameters are taken from the speci-
fications [11] for ESh 20.90 walking dragline excava-
tor. The hoisting and traction electric drives use GPE-
2500–750UZ generator with a rated voltage of 1200 V 
and MPE-1000-630UZ motors with the rated angular 
velocity of 70.6 s–1.

Findings from the model studies shown in Fig. 
6 show that the electric drive model run-up time 
amounted to 3  s. The steady-state rate of cable length 
change νmax = 0.25 ms–1 agrees with oscillograms of real 
curves of dragline electric drives run-up and braking, as 
presented in [12]. 

The model studies confirm the adequacy of the 
description of dynamic processes in electric drives and 
the kinematics of drag and hoist cables motion.

3.2. Modeling of digging process
The model studies of the digging process were per-

formed according to schematic diagram in Fig. 3. The 
digging process is performed with a constant traction 
speed equal to 1ms−1. The rational digging process is 
carried out either with maximum initial depth of cut or 
with a constant depth of cut. 

In the first case, digging time is minimal, since 
maximum power of excavator traction and hoisting 
drives is used. However, this method can lead to loc-
king of the traction drive and, just as importantly, to 
difficulties in subsequent digging due to the uneven-
ness of the face profile.

In the second digging case, the face relief is pro-
cessed evenly. The power of excavator drives is not 
used fully, the dynamic loads exclude the possibility of 
bucket locking.

The uniform bucket filling method was taken as 
a basis for the synthesis of the digging process control 
system, for which the adjustable value was the depth 
of cut.
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F1(t)

Fr1(t)

Fr2(t)

h(t)

xb(t), yb(t)

mrm(t)mb

mlb(t)

µ(t)

Fig. 3. The structure of model of bucket motion while digging:
block 1 – determination of angle µ; block 2 – model of hoisting mechanism; block 3 – model of traction mechanism; block 4 – model 
of face; U1(t), U2(t) – setting tensions of hoisting and traction drives; xb(t), yb(t) – current Cartesian coordinates of bucket position; 
µ – angle between hoist cables and y-axis; h(t) – value of bucket penetration into the face;  mb, mrm(t), mlb(t) – mass of the empty 
bucket, rock mass in bucket, mass of loaded bucket, respectively;  F1(t), F2(t) – force acting on bucket from traction and hoisting 
mechanisms, respectively; Fr2(t) – force acting on bucket from the face along the axis of drag cable, including friction force, rock 

cutting resistance, resistance to movement of rock dozing capacity; FrN(t) – force normally acting on bucket from, including gravity 
force and rock cutting resistance

  
    

  

    

Ut(t)
k1

k2

k3

k4

k5 k6
M(t)Mr(t)

I(t)

W1(s) W2(s) W3(s) W4(s)WR(s) ω(t)

Fig. 4. Schematic diagram of electric drives model:
Ut(t) – setting signal from master controller; coefficients: k1 = 0.324, k2 = 0.0081, k3 = 0.0029, k4 = 17.28, k5 = 0.00231, k6 = 389.769; 

transfer functions of link models: W1(s) = 44.3/(0.01s + 1), W2(s) = 14.0/(4.6s + 1), W3(s) = 31/(0.05s + 1), W4(s) = 0.032/s;  
ω(t) – motor shaft speed; Mr(t) – drag torque to motor shaft; M(t) – hoisting/traction winch shaft torque

  

.. .

M(t)

Vt(t)

l(t)

l(t)Fr(t)

k

l(t)l(t)

1/s 1/s

νmax

Fig. 5. Schematic diagram of the computer model of cable length change:
Vt(t) – command signal for cable length change rate. For the maximum rate the command-apparatus signal is 10V; 

the maximum digging resistance force max Fr(t) = 201,858.7234 кН; M(t) – hoisting/traction winch shaft torque;  
factor k = 3.2987e−06, νmax = 0.2497 мс−1 (maximum cable length change rate); ( ),l t  ( ),l t  l(t) – current values of acceleration, rate,  

and length of hoist/drag cables, respectively
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Fig. 8. Changing of cut depth at different parameters of three term controller (PID)
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Fig. 6. Findings of simulation studies: 
I – starting up to speed current, А; ω – motor shaft speed, s−1

R MH BS

SCT

Fr(t)

h(t)

F1(t)ht

mb

ν2

Fig. 7. Digging automatic control system structure:
block R – controller; block  MH– model of hoisting mechanism; block BS – face model; h(t) – current depth of cut; Fr(t) – current 

resistance to rock mass (soil) cutting; SCT – depth of cut sensor; ht – assigned depth of cut

The automatic control system structure for the 
digging process is presented in Fig. 7.

The system investigated the possibility of using 
a PID-controller with parameters adjusted using the 
Ziegler-Nichols method: kP = 46, k1 = 33.3, kD = 15.19. 
The setting of a small, 0.3 m, and significantly larg-
er, 0.75 m depth of cuts was performed. The findings 

of the study are shown in Fig. 8. In both cases, un-
acceptable overregulation and long regulation time 
took place.

The use of the integral controller allowed a con-
siderable decrease in overregulation. However, at the 
same time, the transition process became considerably 
longer.
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Fig. 9. Depth of cut changes with integral controller
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Fig. 10. Depth of cut change with non-linear controller:
h(t) – current cut depth; ( )h t  – rate of change in depth of cut
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RIS
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Fr(t)

h(t)

F1(t)ht
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ν2
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Fig. 11. Structural flowchart of automatic control system of walking dragline digging process:
LR – linear controller; NR – non-linear controller; LB – logic block; RIS – hoist cables angle sensor; MH – hoisting mechanism 
model; BS – face model; SCT – depth of cut sensor; hb – assigned depth of cut; h(t) – current depth of cut; xb(t), yb(t) – current 

Cartesian coordinates of bucket; block Fr(t) – current resistance to rock mass cutting

The studies showed inefficiency of linear control-
lers. Therefore, proceeding from the logic of real work 
of the operator, a two-step algorithm of forming con-
trol action on the traction drive is proposed.

The digging process is presented in two phases: 
digging, and movement of the bucket with constant 
cut depth. The second phase is provided by linear al-
gorithm of three term controller, the first phase of dig-
ging is formed by non-linear algorithm

ε ≤ µ
µ = − ε > µ

0

0

0, ( )
  

,
( ; )

10, ( ),
h

u h
h

ε = −3( ) ( ).t h h t

In the expression, h0(µ) – is the braking path when 
the bucket penetrates into soil. This depends on the 
hoist cable tension force, or more precisely, on the an-
gle of inclination of the hoist cables.

The meaning of this algorithm is that the bucket's 
penetration into a rock (cutting) is performed with 
maximum force, and the movement should be termi-
nated at the set depth. Thus, cut depth is a nonlinear 
function of time, while the rate of the depth of cut 
change is an almost linear function of time, as seen 
from Fig. 10.

Structural flowchart of automatic control system 
of walking dragline digging process is presented in 
Fig. 11.

Model research into the functionality of the dig-
ging process automatic control system process was 
carried out for the following case: weight of the empty 
bucket mb = 22,000 kg; α = 30°; slope angle of the face; 
ν0  =  1 ms−1 – drag cable speed when digging; ht = 0,85 
m – assigned cut depth at specific resistance to digging 
kp = 1.45 ± 0.45 kg/cm2; ht = 0.45 m – assigned cut depth 
at specific resistance to digging kp = 3.35 ± 0.75 kg/cm2.
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The simulation results are shown in the form of cur-
ves of depth of cut change in the process of automatic dig- 
ging for the assignments a, b, respectively. They are pre-
sented below in Fig. 12. In addition, Fig. 13 shows a gen-
eral view of the control action during automatic digging.

The quality indicators of the controllable dig-
ging process in rocks with specific resistance 
kp = 1.45 ± 0.45 kg/cm2 and kp = 3.35 ± 0.75 kg/cm2 are 
almost identical. Overregulation in the first case is 
7.2 %. In the second it is 10.4 %. Control time in the 
first case is 4 s, in the second, 3.5 s.

Conclusion
The automatic digging operation control system 

allows the digging trajectory to be practically optimal. 
It ensures extremely quick penetration of no more 

than 3 sec with permissible overregulation of no more 
than 10%, with following even digging at a constant cut 
depth. Cut depth is set externally.

The automatic control system lead to decreased 
loads on the electromechanical equipment and allows 
for an increase in operational productivity of a walking 
dragline excavator.

The integrated system of the dragline work 
process control can be almost autonomous due to 
the following factors: automatic digging operation 
control; automatic systems of transporting loaded 
bucket to the dump and empty bucket to the face; 
systems of automatic protection against overload 
of the main mechanisms; and control system for 
safe movement of the bucket in the dragline wor- 
king space.
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