0 o

Hocnioxceno niosuwenns nezaneic-
Hocmi poGomu asmompaxmopnux oeu-
2yHi6 6i0 6nAUGY 306HIUHL020 HABAH-
masiceHns Ha éan 06uYyHA 34 PAXYHOK
noKpaweHHs OUHAMIMHUX NOKA3HUKIG
eflemenmie cucmemu A6MOMAMUUHO-
20 pezyni08anis 1020 Kymoeoi umeuoxo-
cmi. [locniodcenns ounamivnux napa-
Mempie pobomu Ousenviozo 0euzyna
BUKOHAHI 3a 00NOMO2010 IMIMAUiliHO20
Mmodemosanns. Pospobaena i docnionce-
Ha ineapianmmna (xombinoseana) imi-
mauiiina Mo0eav cucmemu asmoma-
MUMHO20 PezyI06aAHH MA KOHMPOJIO
podomu 0uszenvrozo dsuzyna ma po3po-
01eH0 agmomamu3zosany cucmemy Kepy-
eanus Kiswom camoxionoi semnepuiirnoi
MAWUHU 3 6UKOPUCMAHHAM CYHUACHO20
anapammnozo 3abe3neuenus. 3HauwI0
npo0osicens 00CaI0NCeHHS THeapianm-
noi cucmemu CAP xymoeoi weuoxocmi
deuzyna, axa zabesneuye onmumanvii
NOKA3HUKU 11020 pOGOMU, He3aNedicHO 610
306HIMHIX 30Yperb, WNAXOM BKIIOUEHNS
8 cucmemy asmMOMAMUMHOZO Kepyean-
Ha Kopexmyeanvhoi aanxu. dac 6ionoe-
JIEHHA YCMAeH020 3HAMEHHA KYMmoGoi
weuodxocmi 06uzyHa Npu HAGAHMANCEH-
Hi 3MeHWYEMbCa npuOIU3HO 6 7 pasie,
a eeuuuna nNaoiHHs KYmoeoi weuoxo-
cmi — npubaustio 6 6 pasie. Pospobnena
aneopummivna cmpykmypua cxema
KoMmoinoeanoi ineapianmnoi CAP xymo-
601 weudKocmi 0euzyna i3 6paxyeaHHIM
6NAUBY KOMNEHCAUTUNH020 NPUCMPOIO
0 eunaoky, Koau 0is 30ypenns Hocumo
eKCNOHeHUIaIbHULL Xapakmep i aKa epa-
xX06ye pobomy npucmpoio oOMesicenns
nepesuUleHHs MaKCUMAIbHO-00nYCmu-
M020 3HAUeHHs Oii 30ypenns

Kmouosi cosa: imimauiiina mooew,
nepeoasanvia QYHKUisL, KOpeKxmyeaio-
Ha nanxa, ckpenep, ouseavHull 06uzyH,
Kymoea weuodxicmo 06uzyHna, 3emJie-
puiina mawmuna
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1. Introduction

At present, construction is one of the most advanced and
expensive branches in the industry. With increasing volumes
of land works, volumes of machine production and variety of
equipment for these works are increased too [1, 2].

One of the main directions of improvement of earthmoving
machines is increasing of productivity, reduction of energy
inputs for soil development, expansion of technological possi-
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bilities, increase of accuracy, reliability and durability, etc. In
addition, much attention is paid to determining the saving op-
erating modes of automobile and tractor engines and modern-
ization of the mechanism of scraper knife control system [5, 6].
Increased productivity, reduced energy consumption for soil
development are achieved, for example, due to improving the
accuracy of excavation.

In the traditional scraper design, there are no mechanisms
for controlling the level of cut chip, which reduces the accu-



racy of the work and increases energy costs. The use of diesel
internal combustion engines on self-propelled earthmoving
machines is due to their high efficiency (the highest among
thermal motors) when operating both in the calculated mode
and in the transition modes. Due to the exhaustion of oil re-
serves, further improvement of engine efficiency is undoubtedly
an important task facing designers [3, 4].

To achieve this goal, the following objectives were set:

— to develop and investigate an invariant simulation model
of the automatic control system of the angular speed of the
diesel engine to increase its independence from the effects of
external loading;

—to determine the transfer function of the compensating
device and its rational dynamic parameters.

2. Literature review and problem statement

One of the main trends of modern engine-building is the
increase in the energy intensity of stationary and mobile
power plants, and much attention is paid to the study of the
working process of the scraper bucket [3, 4]. The process of
digging and unloading the soil directly affects the loading and
operation of the diesel engine, which in turn requires further
study of its operation.

In [5, 6], the results of a study of diesel engines are pre-
sented, aimed at increasing their productivity, efficiency and
reducing CO, emissions into the air. It is shown that the in-
fluence of design and operating parameters of the diesel cycle,
such as stroke ratio (d/L), equivalence ratio (ER), compression
ratio (CR), cycle temperature ratio (CTR), cycle pressure ratio
(CPR), stroke length (L), friction coefficient (FRC), engine
speed (N), average piston speed, inlet pressure and inlet tem-
perature all influence engine performance. In addition, incom-
plete combustion (IC) energy losses, friction losses (FRLs), heat
transfer losses (HTRLs), and exhaust gas output losses (EOL)
have been described as fuel feed energy. But there are some un-
solved issues related to automatic support of the nominal motor
parameters (angular speed, torque, power), independence of
automobile and tractor engines from the influence of external
loading on the motor shaft. This may be due to the significant
economic and time costs of conducting experiments in compar-
ison with real-time analytical studies. An option to overcome
such difficulties may be the development of a diesel engine
speed control system using simulation modeling. This approach
was used in [11], however, additional requirements imposed on
the ACS are related to the need to improve individual engine
performance, such as fuel consumption, exhaust gas toxicity
(EG), metal consumption and engine mass and dimensions.
This can be achieved by optimizing the engine operation pro-
grammatically and ensuring the optimal NO,/NO, ratio [7, 8].
In this case, it is desirable to ensure the invariance of the ACS
with respect to disturbing actions — load and position of the
accelerator pedal. These requirements can be met by increasing
the efficiency of the engine cooling radiator and regulating
the coolant temperature and by differently implementing the
exhaust gas recirculation system using electronic ACS. This
approach was used in [9, 10].

All this suggests that it is advisable to carry out a study on
the effects of dynamic loading on a diesel engine, which will
increase its energy intensity, efficiency, reliability, stable oper-
ation and reduce the amount of harmful emissions into the air.

3. The aim and objectives of the study

The aim of the study is to increase the independence of
automobile and tractor engines from the influence of external
load on the motor shaft by improving the dynamic performance
of the elements of the automatic control system of its angular
speed.

4. Materials and methods of research of the combined
control system of the angular speed of the diesel engine

The automatic control theory (ACT) mainly considers
the independence of two quantities — the original value and
the error signal from the input disturbance. In stabilization
systems, it is necessary to seek the independence of the original
value from the disturbance, and in the tracking systems — the
independence of the error signal from the setting signal. Such a
control principle can be applied if the nature of disturbance and
its mathematical description are known. As a rule, the principle
of disturbance control is applied in combination with the prin-
ciple of deflection control (combined system).

The authors of [11] proposed a structural diagram of the
invariant ACS of engine angular speed using a proportional
controller (P-regulator).

Improvement of results is possible by the inclusion of not
the proportional regulator, but the compensating element in
the ACS.

The use of the combined control system of the angular
speed of the diesel engine makes it possible to improve its per-
formance. However, to confirm this prediction, it is necessary
to determine the type of compensating element, its rational
dynamic parameters, quantitative and qualitative indicators
of the ACS operation, which requires analytical and experi-
mental studies.

Such research, without significant economic cost, is possi-
ble through the use of simulation modeling.

Fig. 1 shows the proposed algorithmic structure of the
combined disturbance stabilization system of the engine with
compensating coupling.

The following elements are indicated by the symbols:

— BZ1 — engine nominal angular speed unit;

— PP1 — conversion device;

— VM — actuator;

— RO — regulator (engine fuel throttle);

— OR — engine (control object);

— D1 — feedback sensor (engine angular speed sensor);

— D2 — sensor of external disturbance of the object, dis-
rupting the ACS operation;

— BZ2 — disturbing force unit;

— KL — compensating element;

— NP — normalizing amplifier;

— X0(¢) — setting signal;

— X(t) — mismatch signal;

— Y(¢t) — output signal (engine angular speed);

— Yzz(¢t) — main feedback signal;

— Z(p) — output signal of the compensating element;

— F(t) — output of the disturbance sensor.

In Fig. 1, the disturbance is conditionally represented in the
union of the disturbance force unit BZ2 and the object external
disturbance force sensor D2.

The compensating coupling in the ACS acts on the initial
value with the sign, which is always opposite to the sign of
direct influence of disturbance. Given the rapid development



of electronic information devices and the improvement of their
technical characteristics, namely the ability to measure the
effect of disturbance, it seems rational to use them to improve
the operation of combined ACS.

The mathematical expression of the compensating device
can be found if the transmitting disturbance ACS is known.

The transfer function of the disturbance engine angular
speed ACS with regard to structural transformations is:

Wi (s)=
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where Wrg(s)=Wpp(s)-Wya(s)-Wro(s) — transfer function of
the control unit; Wpp(s) — transfer function of the ampli-
fier-conversion device; Wy (s) — transfer function of the
actuator; Wgo(s) — transfer function of the regulatory body;
Wy (s) — transfer function of the control object; Woz(s) —
transfer function of the external disturbance sensor; Wp(s) —
transfer function of the position sensor; Wy (s) — transfer
function of the compensating device.

The control value Y(¢) in the ACS under consideration will
not depend on the disturbance F(¢) if the transfer function (1)
is zero.

W, (s)=0. 2)

This condition is satisfied when the numerator of the trans-
fer function (1) is zero. By equating the expression (1) to zero,
we define the condition of invariance of the stabilized quantity
with respect to disturbance:

Wo, (S)_WKL (S)'WBK (S)'WSR(S)ZO’ 3

It follows from (3) that in order to obtain the indepen-
dence of Y(?) from the disturbance F(¢), it is necessary that
the dynamic properties of two parallel channels through
which the disturbance F(¢) acts on Y(¢) be the same.

In accordance with (3), the transfer function of the com-
pensating device is determined by the expression:
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In the block diagram, the transfer functions of the ampli-
fier-converter device, the regulator, the position sensor, the
normalizing amplifier, the object external disturbance sen-
sor are taken as proportional elements [11]. Also, the transfer
functions of the actuator, the control object, in accordance
with [11], are adopted as first-order inertial elements. After
substituting the accepted transfer functions of the ACS ele-
ments and transformations in (1)—(4), the transfer function
of the compensating device is determined by the expression:

koy (T Ton)-s” + (T + Tog)-s+1) s

W = ’
. (S) kPP 'kVM 'kRo 'kOR
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where T, =0.95¢ — control object time constant; &, = 0.662 —
control object gain; T, =0.06c — actuator time constant;

kyp =3 — regulatory body gain; kp, =1 — regulatory body gain;
k,,=0.1 — sensor gain; k,, =1 — normalizing converter gain.

Using the dynamic parameters of the D240 bulldozer
diesel engine, given in [11] and the dynamic parameters of the
elements that can be used in ACS under consideration and
neglecting the product T, -T, , since thesum T, +7, is by an
order of magnitude greater than the product T,, TU,, 'the final
expression of the transmission function of the compensating
element will look like:

B koz((TVM+TOR)~s+1)-s
 (5)=
kPP 'kVM 'kRo 'k(JR

(6)

The obtained transfer function of the compensating device
corresponds to the dynamic element whose properties are
determined by the properties of the disturbance W,,,(s) and
control Wy (s)-Wy(s) channels. If the inertia of the control
channel greater than that of the disturbance channel, the com-
pensating device must have the properties of differentiating
element. The greater this difference, the greater the order of the
differential element. The resulting expression of the compen-
sating device confirms the conclusions made in [11]. It should
be noted that a PID controller can be used as a compensating
device in some cases.

To confirm the obtained calculation results and taking into
account the adopted dynamic parameters of the ACS elements,
a combined algorithmic structural simulation model of the
ACS of the diesel engine was developed and implemented. The
simulation was performed using MathLab, version 2018b, the
functional diagram of the developed model is shown in Fig. 4.

The diagram reflects the ACS operation for the following
cases:

1. The ACS operates without taking into account the effect
of the compensating device KL. Load simulation is performed
by signaling from the disturbance unit BZ2 and the force sensor
D2, which provide a simulation of the reduction of the set angu-
lar speed depending on the load.

2. The ACS operates taking into account the compensating
device KL (the aggregate chain of compensating elements —
KL1, KL2, KL3) and the device limiting the maximum per-
missible value of disturbance (the device includes elements
BZ3, PP2, YR, YC). The limiting device is required when the
disturbance is exponential.

Load simulation is also performed by signaling from the
disturbance unit BZ2 and the force sensor D2, which provide a
simulation of the reduction of the set angular speed depending
on the load.

The device for limiting the maximum permissible value
of disturbance simulates, in the case of a decrease in engine
angular speed when the load changes, a proportional increase
in the magnitude of the disturbance force. After receiving the
amplified misalignment signal from the amplifying and con-
verting element PP2, the device provides for the activation of
the hydraulic directional control valve YR to start up the hy-
draulic cylinder YC of the bulldozer bucket lifting mechanism.
This reduces or increases the engine load to rated.

The design block diagram of the combined invariant ACS
of engine angular speed allows: performing calculations and
studies of the system with and without taking into account
the influence of the compensating device. For cases where the
disturbance is step and exponential, the model also takes into
account the operation of the device limiting the maximum per-
missible value of disturbance. The block diagram of such com-
bined invariant ACS of engine angular speed is shown in Fig. 3.
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Fig. 4 shows the waveform of the transient of engine
angular speed ACS at the external load of the system in the
form of step disturbance.

From the transient waveform shown in Fig. 6, it can be
concluded that, with step disturbance, without taking into
account the influence of the compensating device, there is
a long and significant decrease in engine angular speed.

The ACS transient under exponential disturbance has the
same appearance (there is only a slower decrease in angular
speed).

The transient processes of the ACS at external load, which
is exponential in nature, are shown in the waveforms (Fig. 5).
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Fig. 5. Transient process of the combined invariant
ACS of engine angular speed taking into account the
influence of the compensating device: a — output
characteristic of the ACS; b — characteristic of the
initial value of the disturbance; ¢ — output signal
characteristic of the device limiting the maximum
permissible value of disturbance

The disturbing action that simulates exponential distur-
bance is represented in the scheme by an inertial element
(D2) with the time constant, T=1.

The simulation model (Fig.3) provides for the start of
the disturbing action at the thirtieth second, that is, when
the steady-state value of engine angular speed is reached.
The magnitude of the disturbing force, at the same time, sim-
ulates the load, which causes a decrease in the nominal angu-
lar speed by one and a half times. The maximum permissible
value of the disturbing action is accepted for conditions that
correspond to the nominal operation mode of the engine and
the nominal value of angular speed.

3. Results of studies of the developed simulation model of
the automatic control system of the diesel engine

From the transients obtained, we can conclude that
using a compensating device, deviation of engine angular
speed from the nominal value, even at low inertia of the
disturbing action, is practically not observed. That is,
with a rational choice of dynamic elements of the ACS,
the compensating device with a transfer function satisfies
the goal. The magnitude of deviation of engine angular
speed from the nominal value, however, can be adjusted
by changing the transmission ratio of the compensating
device. Thus, in the actual operating conditions of earth-
moving machines and similar mechanisms, it is advisable
to use the obtained compensating devices in the diesel
engine angular speed ACS.

With step disturbance and taking into account the effect
of the compensating device, the duration of reduction and re-
turn of the engine angular speed to the setpoint of the shaft
significantly decreases. But the amplitude of angular speed
reduction remains practically unchanged and can reach sig-
nificant magnitudes.

Frequent changes of load will significantly deteriorate
the engine dynamics, uneven operation will be observed,
which will reduce the wear resistance of not only the engine,
but all the mechanisms of the bulldozer.

Since instantaneous disturbance virtually does not oc-
cur under real conditions, Fig. 3 shows the developed and
investigated block diagram of the combined invariant ACS
of engine angular speed. It works with regard to the effect of
the compensating device for the case where the disturbing
action is exponential. It also takes into account the operation
of the device limiting the maximum permissible value of dis-
turbance (the device includes elements BZ3, PP2, YR, YC).

6. Discussion of the results of the study of the automatic
control system of the angular speed of the diesel engine

The results of the studies allowed obtaining the expres-
sion of the transfer function of the compensating device (6)
and its dynamic parameters. Due to the developed structural
simulation model of the system, it was possible to implement
diesel engine control (Fig. 3) and confirm theoretical predic-
tions of the possibility of improving the dynamic parameters
of the control system. When using the proposed control sys-
tem, these parameters are reduced accordingly — the recov-
ery time of the steady-state nominal value of angular speed
is reduced by about 7 times, and the magnitude of angular
speed drop under load decreases by about 6 times.



A feature of the proposed method for improving the
engine dynamics is the use of the invariant control system
of engine angular speed. Typically, the control and stabili-
zation of engine angular speed are carried out using closed-
loop control systems. In such systems, microcontrollers
that implement PID control laws are often used as a control
device. In this case, the control parameters of the micro-
controllers are adjusted to certain external disturbances
(averaged) and require extensive experience of adjusters.
The actual operating conditions of the mechanisms are
quite varied, which makes it necessary to adjust the control
parameters of microcontrollers. This disadvantage of such
systems can be eliminated by the use of invariant control
systems, including compensating devices whose cost is much
lower than the cost of microcontrollers and which do not
require adjustment.

The development and research of the proposed method
require the use of computer equipment and special appli-
cation modeling packages. However, with the development
and improvement of modern advanced technologies, such a
limitation of the proposed method can be considered insig-
nificant.

Like most studies, the studies that have been performed
require reliable information about the actual operating
conditions of the working mechanisms driven by the diesel
engine. That is, the results of the research should be based on
real information both on operating conditions and dynamic
properties of control system elements. In addition, the end
result should be the introduction of research into production.

The continuation of the performed research is seen in the
introduction of artificial intelligence in the diesel engine an-
gular speed control system, namely neurocontroller control
with the involvement of industry expert teams.

7. Conclusions

1. The invariant (combined) simulation model of the au-
tomatic control system of the diesel engine is developed and
investigated, which increases the independence of automo-
bile and tractor engines from the influence of external load
on the engine shaft by improving the dynamic parameters of
the elements of the angular speed automatic control system.
The recovery time of the set steady-state value after the ap-
plied load without the proposed ACS is 22 seconds and the
angular speed drop is approximately 50 rad/s. when the con-
trol system is not activated. These parameters are improved.
In particular, when applying the proposed control system,
these parameters are reduced accordingly — the recovery
time of the steady-state value of angular speed decreases
by about 7 times, and the magnitude of angular speed drop
under load decreases by about 6 times.

2. The transfer function of the compensating device and
its rational dynamic parameters (time constant and trans-
mission ratio) are determined, the desired transient process-
es of the diesel engine are obtained, which allowed confirm-
ing the theoretical studies. In addition, research findings can
be used in the development and design of similar ACS.
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