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Abstract: Hydraulic systems based on adjustable pumps,
proportional electrohydraulic equipment and controllers
are used in mobile machines. The authors propose a new
scheme of the hydraulic system for mobile machines,
which provides the auger drilling operation. A number of
studies have shown that a certain ratio should be
maintained between the frequency of auger rotation and its
feed during operation, where the productivity of soil
disruption should not exceed the productivity of
transporting loose soil from the drilling zone. Ensuring the
required ratio between the speed of the auger rotation and
its feed is implemented by a controller that works
according to a certain algorithm. A nonlinear mathematical
model of the hydraulic system was developed to create the
algorithm for controller operation and setting. The
equations of the mathematical model are solved in the
MATLAB-Simulink environment by the Rosenbrock
method. As a result of solving the equations for the
mathematical model, the dependences of variables
describing the state of the hydraulic system on time are
obtained. The values of the controller settings are
determined at which the hydraulic system works steadily,
the error of flow rate stabilization, the time for pressure
adjustment and readjustment does not exceed the allowable
values. The algorithm for controlling the auger feed value
is formed. This algorithm provides the necessary ratio
between the auger feed and speed, as well as reducing the
feed rate in the case of soil hardness increases. This creates
the conditions for uninterrupted pit drilling at full depth
and protection of the hydraulic system from overload.

Key words: mobile machine, controller, adaptive hydraulic
circuit, mathematical model, controlling algorithm.

1. INTRODUCTION

Mobile machines with hydraulic drive and replaceable
actuating elements are widely used in industry,
construction, agriculture and transport [1-4]. Such
machines are efficiently operated during all seasons of
the year and perform various operations due to the use
of loading buckets, hydraulic hammers, excavator,
drilling and crane equipment. The hydraulic systems of
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these machines must provide highly economical
operation in a wide range of load changes on the
actuating elements and allow the regulation of speed
modes with minimal power loss. In addition, the
operation of a hydraulic system must be stable with the
simultaneous inclusion of two hydraulic motors, the
value of pressure readjustment should not exceed 30%,
and the error of flow rate stabilization of the hydraulic
motors should be less than 10%. Such hydraulic
systems are built on the basis of adjustable pumps,
proportional electrohydraulic equipment, sensors and
controllers. The programmable controllers available in
the hydraulic systems of mobile machines create broad
options for adapting the operation modes of hydraulic
systems to changes in external operating conditions and
loads. As a rule, controllers implement different types of
feedback, which allows to provide the necessary static
and dynamic characteristics of hydraulic systems. The
issue of effective correction of cross-links that occur
during the simultaneous operation of several circuits is
very interesting to research [1, 2, 4- 6].

The efficiency increase of hydraulic systems with the
last generation machines is provided by means of
adapting high-speed modes of movement of actuating
elements to change of external loadings at simultaneous
work of two hydraulic motors [7]. So, during the
operation of drilling pits with the auger, it is necessary
to coordinate the auger feed value with the frequency of
auger rotation. It provides necessary productivity in
transporting loosened rock from a drilling zone, and
accordingly continuity of machine operation process. In
the case when the auger feed exceeds the critical value,
the disruption of rock in the drilling zone is more
intense than the transportation of the destroyed rock to
the surface, which leads to the formation of the auger
zone of excessively compacted soil. At the same time
the drilling process must be stopped, the auger should
be lifted from the pit and forcibly cleaned of compacted
soil. This fact significantly reduces the drilling process
productivity [8, 9].



The task of creating an algorithm for controlling the
hydraulic system of a mobile machine which
coordinates the ratio of feed and the auger rotation
speed during drilling is topical to ensure the continuity
of the drilling process and increase productivity.
Creation of algorithm for controlling an adaptive
hydraulic system should be based on researches of
static and dynamic characteristics. This is due to the
fact that the cross-link, which is implemented by the
controller to coordinate the speeds of hydraulic motors
has a negative impact on the accuracy of adjustment,
operational speed and re-adjustment in the hydraulic
system. When developing a control algorithm, the
setting of the controller parameters should be chosen
such that the requirements for the hydraulic system are
met. This can be achieved by developing a
mathematical model of an adaptive hydraulic system
and calculating static and dynamic characteristics and
comparing them with the allowable indicators of
control accuracy, operational speed and re-adjustment.
It is also necessary to ensure control over the
maximum pressure values in the hydraulic system in
order to protect hydraulic equipment and pipelines
from disruption.

2. DEVELOPMENT OF CONTROL ALGORITHM
FOR AN ADAPTIVE HYDRAULIC SYSTEM

In Figure 1, the scheme of the adaptive hydraulic system
developed by the authors is presented [ 10]. The adaptive
hydraulic system includes: adjustable pumps 1 and 2,
distributors 3, 4, hydraulic cylinder 5, hydraulic motor
6, adjustable throttles 7, 16, differential pressure valves
8, 17, controller 9, amplifiers 10, 11, pressure sensor 12
and tank 19. The hydraulic cylinder 5, which moves the
handle 14 is mounted on the boom 13 of the excavator.
On the handle 14, the hydraulic motor 6 is installed,
which actuates the auger 15. The adaptive hydraulic
system operates as follows. The adjustable pump 1
supplies the working fluid to the hydraulic motor 6
through the adjustable throttle 7 and the distributor 3.
The distributor 3 with manual control provides stop,
start and reverse of the hydraulic motor 6. The
adjustable throttle 7 with electromagnetic control from
the controller 9 provides a change in the feed value Q,1,
supplied by the pump 1 to the hydraulic motor 6. By
changing the value of the area f,; of the working
window of the adjustable throttle 7, it is possible to
adjust the rotation speed w,, of the shaft of the hydraulic
motor 6. The sensor 12 measures the pressure at the
inlet of the hydraulic motor 6 and transmits the
corresponding signal to the controller 9. The adjustable
pump 2 supplies the working fluid to the hydraulic
cylinder 5 through the adjustable throttle 16 and the
distributor 4. The distributor 4 provides stop, start and
reverse of the hydraulic cylinder 5. The adjustable
throttle 16 with electromagnetic control from the
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controller 9 provides a feed change Q,,, supplied from
the pump 2 to the hydraulic cylinder 5. This enables to
control the travel speed vy, of auger 15. Based on the
signal from the sensor 12, the controller 9 generates an
algorithm for controlling the adjustable throttles 7, 16,
which provides the optimal ratio between the rotation
speed w,, of the auger 15 and its feed speed vy,

I
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-—

Fig. 1. Scheme of adaptive hydraulic system



The hydraulic system uses an adaptive regulator
(Figure 2), which has the unit 1 for switching modes,
units 2, 3 for adjusting the flow rates for hydraulic
motors, mode switch 4, signal delay units 5, 6, unit 7
for forming the pattern of the ratio change between the
flow rates to hydraulic motors, unit 8 for forming the
transfer coefficient of the adjusting component, unit 9
for forming the derivative. The adaptive regulator
processes signals Uy, Up, Uy U, from position
sensors of distributing valves and pressure according
to control algorithm and generates signals by means
of which the elements of adaptive hydraulic system
are controlled. Using the signals U,, U,,, the ratio of
the rotation speed w,, of the auger 15 and its feed vy,
is adjusted (Figure 1). The adaptive regulator
provides adjustment of the cross-connection signal
between circuits which provide auger rotation and
feed in order to improve the dynamic characteristics
of the hydraulic system. The adaptive controller
provides for possible adjustment of the parameter k,
— the transfer ratio of the adjustment component and
AT, — the time delay of the cross-connection signal.

Fig. 2. Scheme of adaptive regulator

A mathematical model was developed for the
presented adaptive hydraulic system. A non-linear
mathematical model is built up under the following
simplifications and assumptions [11-15]. Parameters
of the hydraulic system elements are considered as
concentrated, the working fluid temperature remains
unchanged in transient operating modes, the flow rate
coefficients for throttle and spool elements are
considered constant, there are no cavitation modes in
the operation of the hydraulic system, the volumes of
hydraulic lines and chambers of the hydraulic cylinder
do not change during the transition process, the pressure
losses in hydraulic lines and channels of hydraulic
equipment, except for the distributor, are not taken into
account. The controller is modelled as an analogue
regulator. The pressures in the rod chamber of the
cylinder and on the drain of the hydraulic motor are
considered constant values, the pressure in the circuit of
the hydraulic cylinder does not exceed the pressure in
the circuit of the hydraulic motor. The flow of working
fluid between the chambers of the hydraulic cylinder is
not taken into account.

The mathematical model of the adaptive hydraulic
system includes the equation of continuity of flows
for hydraulic lines between hydraulic units, the
equation of moments acting on pump circuit plates,
handles and shaft of the hydraulic motor, the equation
of forces acting on pump regulators, adjustable
throttles, pressure drop valves, the equation of
voltage drop for control lines.
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where Ppi, Pmy Per Pyir Poir Pei — Pressure values at cylinders of the pumps; z;, x;, y; —

coordinates of

the pump outlet, the inlets of the hydraulic motor 6
and the hydraulic cylinder 5, the throttle outlets, in
the control systems of pumps 1 and 2, in the servo
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the position of pump regulators, adjustable throttles,
differential pressure valves; w,,, vs,— shaft rotation
speed of the hydraulic motor 6 and the feed of the



auger 15; y; — angle of rotation of the pump face
plates; foi, fei» f«i» F7 — areas of throttles in pump
regulators, the areas of spools of adjustable throttles,
the area of pump pistons; d.,dy,, dy;,d,, dg—
diameters of the piston of the hydraulic cylinder 5,
differential pressure valves, pump regulators, the
diameter of the contact circle of the pump pistons
with the pump face; i,,; — values of current in the
windings  of  electromagnets; k., kg, ki —
proportionality factors of electromagnet force of
adjustable throttles, pressure sensor, the number of
pistons in pumps; Le, Re— inductance and active
resistance of electromagnet windings; g, ¢y —
stiffness of springs of pump regulators and pressure
difference valves; T.,M,, — values of the reduced
loads on the rod of the hydraulic cylinder 5 and the
shaft of the hydraulic motor 6; u — flow rate through
throttle and spool elements; p — density of the
working fluid; / — arm action of servo cylinders of
pumps; I,I,, — moments of inertia of the pump
faceplate and moving elements driven by the shaft of
the hydraulic motor 6; I. — inertia moment of the
handle; Wy Wo Wi, Wy, W, W, volumes of
hydraulic lines at the pump outlet, in the pump
regulators, at the inlet of the hydraulic motor 6, at the
outlet of the pressure drop valves, at the inlet to the
hydraulic cylinder 5, between the throttles and servo
cylinders of the pumps; n; — number of revolutions of
the pump shafts; Fj (Upm) — transfer function of the
controller for the signal supplied to the amplifier 11;
F, — transfer function of amplifiers; Fj; — transfer
function of the controller for the signal transmitted to
the amplifier 10; Hy;, H,; — pre-compression springs
of pump regulators and differential pressure valves;
mgy, my, My, M3, My, Mg dependence
coefficients of the resistance moment on faceplates of
pumps on the feed and pressure values; S, — reduced
factor of pliability of the gas-liquid mixture; S, —
reduced factor of rubber-metal pipelines and gas-
liquid mixture; g,, — displacement of the hydraulic
motor 6; U;, U, voltage values on the
electromagnets of adjustable throttles 7, 16; U,;, Uy,
— voltage values at the inputs of the amplifiers 10 and
11; Epo, Ep, Emp(p) - modulus of the working fluid
elasticity, the reduced modulus of elasticity of the
gas-liquid mixture and rubber-metal pipelines; § —
wall thickness of the pipeline; Wy — volume of liquid
in the gas-liquid mixture at value of pressure p; W, —
volume of gas in the gas-liquid mixture at
atmospheric pressure, C; — parameter that depends on
the properties of soil; C, — parameter that depends on
the type of tool; z — number of cutting blades of the
tool; R, — pit diameter; R; — diameter of the auger
base; k,, — proportionality factor for the axial force of
electromagnets.

&3

The mathematical model equations (equations 1 to
27) were solved by using the Rosenbrock numerical
method in MATLAB-Simulink environment with
absolu}te accuracy of &,=10 and relative accuracy of
&~=10".

The presence of several simultaneously operating
regulators in the adaptive hydraulic system, the
pliability of the working fluid and metal-rubber
pipelines, the inertia of the load on the hydraulic
motors, the friction forces in the regulators, in the
hydraulic motors and on the actuating element can
create unstable operating modes. A study of the
influence of parameters kj, and AT on the stability of
the adaptive hydraulic system is carried out based on
two pumps in the ranges of parameter changes of k,=
=(10...1000)-107 s and ATy=(0.025...1.1) s. The
research results are presented in Figure 3. The
adaptive hydraulic system loses stability at values of
k,<80-107 s, k,>1000-107 s and AT(<0.025 s,
ATy>0.11 s. On the basis of the carried-out researches
the area of admissible values of k, and AT is
defined, at which steady work of adaptive hydraulic
system is provided k,, = (360...800)- 107 s and AT, =
=(0.03...0.094) s.
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Fig. 3. Setting intervals for values k p and AT 0 to
ensure stable operation of the adaptive hydraulic system

A study of the influence of the parameters of the
controller settings k,, and AT, the time of regulation t,,
and the re-adjustment value ¢ according to the pressure
in the adaptive hydraulic system with a step change in
the load on the auger is carried out. In Figure 4(a), the
influence of AT, on t,, is shown. The adjustment time
tp varies from 3 s to 1 s when changing k, from
100-107 s to 350-10” s and increases from 1 to 3 s
when increasing k,, from 500107 s to 800-107 s when
settings of AT;=0.08 s.

In Figure 4(b), the influence of values k,, and AT, on
the value of of re-adjustment ¢ determined by the
pressure p,, at the inlet to the hydraulic motor is
presented. When the value of AT,= 0.02 s, the value



of o increases above 40% when changing k, from
100-107 s to 600-107 s. When the value of AT,=0.08
s, the value of ¢ decreases from the values o = 50% to o
= 23% at increase of k;, from 150-10” s to 800-107 s.
When the value of ATy=0.1 s, o decreases from 50%
to 29% at k,, = (400.. .500)-107 s with further growth
of o up to 42% at increase of k,, from 500-107 s to
800-107 s.
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Fig. 4. Influence of values AT, and k,, on adjustment time ¢,
(a) and the value of re-adjustment o (b)

During the operation of the adaptive hydraulic system
for pit drilling operations, it is necessary to maintain
a stable rotation speed w,, of the hydraulic motor
shaft, which actuates the auger. This is ensured by the
presence of the throttle 7 and the differential pressure
valve 8 in the adaptive hydraulic system (see Figure
1). The controller 9 provides a change in the feed rate
v, according to a certain dependence, which is
implemented in the program. The program uses the
dependence of type Uy, == Uy — kgUpm, Where Uy
and k are rates that vary depending on the mode of
operation of the adaptive hydraulic system and the
value of loads on the auger.
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The static characteristic of an adaptive hydraulic system
was defined as the dependence of Q,, = f(p,,) and
Q. = f(pm). These dependences were determined by
a mathematical model of adaptive hydraulic system.
When changing the load torque M,, on the shaft of
the hydraulic motor 6, the rotation speed of w,, its
shaft is maintained stable, and the feed rate vy, is
reduced by a value determined by the algorithm of
the controller 9. The value of the hydraulic motor
shaft rotation speed w,, value before the change of
torque M,, and after its increase at different torque
values of M,, was determined and the dependence
Qm = f(py) was built up, where the value of Q,,
was defined as Q,, %. At the same time, the

value of the feed rate v, was used for determining
the value of Q.. The static characteristic of the
adaptive hydraulic system is presented in Figure 5.
For the characteristic of Q,, = f(ps), the error of
flow rate stabilization Q,, was determined at change
of pressure p,,, which was calculated by the formula
Qmax_Qmin
of A = -t

gmm —'100%, where Qmax gmin _ the

maximum and minimum values of the flow rate
arriving to the hydraulic motor at various values of
pressure py,.

Q_,“'“T_::Im!'-'s
1.2 *
x
0.8 =
KQF
- ol 'I-
04 ™~ '\\
0 3 12 #,,, MPa

Fig. 5. Dependence of flow Q,, to hydraulic motor and Q.
to hydraulic cylinder on the value of pressure p,, at the
inlet to the hydraulic motor

The error of flow rate stabilization O, does not
exceed 8.6%. When changing the flow rate to the
hydraulic motor in the range of Q, = (0.15...1.2)-10”
m’/s and the pressure in the range of p,,= =(2...16)
MPa.

In Figure 6, the working process calculated on
mathematical models in adaptive hydraulic system at
change of the resistance moment of M,, on a shaft of
the hydraulic motor 6 is presented.
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Fig. 6. Working process in the adaptive hydraulic system at change of the resistance moment on the shaft of the hydraulic
motor AM,,=80 N'm (a), AM,,=300 N-m (b)

In Figure 7, the control algorithm for an adaptive

hydraulic system is shown. 11
The algorithm provides automatic adjustment of two <& ol | o
parameters for setting the adaptive hydraulic system: py = | = ;‘12:
e cnsuring the ratio between the rotation speed of 'f :':'N_’ é, "
the auger w,, and the feed of the auger v, at N, ;
which the productivity of loose rock transportation
exceeds the productivity of drilling. This ratio -
eliminates pinching of the auger during drilling. —
e active pressure control of p,, at the inlet to the
hydraulic motor is carried out in order to limit the < S 2] |
pressure of p,; at the pump outlet and ensure + o L f _,Qﬂ‘&“
uninterrupted drilling when soil properties are N S| !s
changed. <

The algorithm works as follows:
kp

1. The value of the auger rotation speed wy, is
determined.

yes

2. The value of rotation speed w,, = a)’,;p of the .

hydraulic motor speed is set. 3 3=
3. The critical value of the auger feed v, is < i
determined by the formula v, = %. l« S
4. In accordance with the determined value of vy,

the value of the area of the throttle 7 is adjusted,

which determines the flow rate Q,; to and the

rotation speed w,, of the motor 6.
5. The value of the area of the throttle 16, which \

determines the flow rate Q,,, the value of feed U;n :: N

is adjusted. 2% 182 |4 S|S0
6. The condition vg, < vipis checked. %3 ié n LS 0‘1‘#‘_
7. The condition p,, < pm®*is checked. ;, sl s S :s 15
8. In the case of p,, = py?*, due to the increase of f: i

external forces, acting on the auger during
drilling, the feed rate value vy, is decreased. Fig. 7. Algorithm for an adaptive hydraulic system
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9. Reducing the auger feed vg, and, accordingly, the
pressure at the pump outlet prevents the pump 1
from shutting down.

10.If the value of pressure p,, decreases during drilling
and the condition p,, < py2* is fulfilled, the feed
rate vg,, will increase, but the condition is provided.

According to the mathematical model, the possibility

of using the values for the controller settings of k;, =

400-107 and ATy=0.08 s is tested. The operation of

the adaptive hydraulic system is stable, the transients

are oscillating in nature £ = 3...4. The adjustment
time did not exceed t,= 1.0 s, and the value of re-

adjustment o is less 30%.

3. CONCLUSIONS

The proposed control algorithm of the adaptive
hydraulic system provides such a ratio between the
rotation speed of the auger and the value of its feed in
the drilling process, in which the productivity of soil
disruption with the auger does not exceed the
productivity of transporting loose soil from the drilled
depth, which ensures uninterrupted operation of the
machine in the working cycle. Depending on loading,
the auger feed value changes under condition of not
exceeding admissible pressure value in the hydraulic
system. With the setting of the controller k,, = 400 107
s, AT, = 0.08 s, the adjustment time in the hydraulic
system does not exceed t,=1.0 s, the value of re-
adjustment on pressure ¢ < 30%, and the error of
stabilization of the flow rate to the hydraulic motor 4 <
8.6 %.
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