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1. Introduction

Ukrainian tank two-stroke diesel engines with uncon-
trolled turbosupercharger of series 5TDF and 6TD, mount-
ed on the tanks “Bulat” (T-64 BM), “Bereza” (T-80UD) and 
“Oplot” (T-84), in unanimous opinion of foreign military 
experts, is the best tank diesel engines in the world [1]. 
Diesel engine 5TDF MA with power of 750 hp, mounted 
on the tank “Bulat” of weight 39 t, provides for the speed of  
65 km/h. Diesel engine 6TD-1 with power of 1000 hp, 
mounted on the tank “Bereza” of weight 44 t, provides 
for the speed of 70 km/h, while diesel engine 6TD-2 with 
power of 1200 hp, mounted on the tank “Oplot” of weight 
48 t, provides for the speed of 72 km/h. Attempts to use a 
promising diesel engine 6TD-3 with power of 1500 hp on 
the tank “Oplot” did not lead to a considerable increase in 
torque and speed characteristics of the tank. The fact is that 
at the speeds, which exceed 70 km/h, power losses in the 
caterpillar propulsor grow sharply. Apparently, this speed 
should be considered maximum for the tank with traditional 
construction of the caterpillar propulsor.

Until recently, transport diesels engines of series YMZ-
238, produced by Yaroslavl Motor Plant (Russia), were used 
mainly for lightly armored wheel and caterpillar equipment, 
as well as for army vehicles KrAZ (Ukraine). The break-
up of economic relationships with Russia in the sphere of 

defense sector of economy raised a question about creating 
Ukrainian transport diesel engines for the types of indicated 
armaments. As a result, Ukrainian diesel engine designers in 
the Kharkov Design Bureau of Engine Technology created 
diesels engines of series 3TD, namely, 3TD-1, 3TD-2, 3TD-3  
and 3TD-4 with power, respectively, of 300 hp, 400 hp, 
500 hp and 600 hp. When creating these diesels engines, 
tank diesel engines 6TD-1 and 6TD-2, which contain 6 pairs 
of cylinders with oppositely located pistons, were taken as a 
basis. Diesel engines of series 3TD contain 3 pairs of cylin-
ders and develop half power in comparison with the power of 
diesel engines of series 6TD. The fuel feed system of diesel 
engines 3TD in practice is not different from the fuel feed 
system of diesel engine 6TD, it is hydro-mechanical, besides, 
all-mode regulator has a non-uniformity degree of 8÷12 %. 
This means that angular velocity of crankshaft rotation ω0, 
set by the driver with the help of control pedal of fuel feed 
is supported relative to the assigned value with accuracy 
(0,08÷0,12) ω0 s-1. For tank diesel engines, this accuracy 
of the all-mode fuel feed regulator is completely acceptable 
mainly during tank motion under conditions of impassable 
road at average speeds of (25÷35) km/h. For transport 
diesel engines, used in the wheeled lightly armored vehicles 
and army automobiles, which move at the speed exceeding 
average speed of tank motion by 2÷3 times, this accuracy of 
all-mode regulator is clearly insufficient.
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In this connection, an increase in operation accuracy of 
the all-mode fuel feed regulator of transport diesel engine by 
using electronic control unit for fuel feed is a relevant task. 
This unit implements a control algorithm, providing for the 
property of invariance of regulator to the action of continu-
ously changing external disturbances.

2. Literature review and problem statement

The design of all-mode fuel feed regulator for transport 
diesel engine with the electronic control unit was patented 
in 1979 [2]. The regulator contained electrical sensors of 
angular velocity of crankshaft of diesel engine and position 
of the lath of the fuel pump and position of control of fuel 
feed pedal. The regulator combined two basic principles of 
control, the principle of deviation control and the principle 
of disturbance control, and provided for the invariance 
property of closed fuel feed system to the action of external 
disturbances and, therefore, increased static and dynamic 
accuracy, while the diesel engine, equipped with this regula-
tor, possessed increased fuel efficiency.

Specialists at Kharkov Design Bureau of Engine 
Technology and from Kharkov Design Bureau of Machine 
Building named after A. A. Morozov were engaged in the 
development of industrial models of all-mode fuel feed 
regulators with electronic control unit for the transport 
diesel engines of series 5TDF and 6TD, which were used 
in the national armored tank equipment. Thus, in article 
[3] it was shown that the use of the all-mode fuel feed 
regulator with the electronic control unit leads to the 
reduction in route fuel consumption by the diesel engine 
5TDF from 397 l/100 km to 305 l/100 km during motion 
of tank T-64B at speed 30 km/h, and from 370 l/100 km 
to 350 l/100 km during motion of the same tank at speed 
43 km/h. With the use of electronic control unit in diesel 
engine 6TD-1, route fuel consumption decreased from  
479 l/100 km to 383 l/100 km during motion of tank 
T-80UD at speed 30 km/h.

In paper [4], a conclusion was drawn that during mo-
tion of tank T-80UD with diesel engine 6TD-1, equipped 
with fuel feed regulator with electronic control unit, 
route fuel consumption decreased on average by 7 % un-
der severe motion conditions and by 22 % under ordinary 
conditions.

In article [5], a conclusion was drawn that almost 
vertical regulatory characteristics, which occur in the use 
of all-mode regulator with electronic control unit, make it 
possible to maximally use energy capacities of the diesel 
engine. Such characteristics make it possible to expand 
operational rotation frequency due to the stable operation 
at low angular velocity of crankshaft, to increase mean 
motion speed of the tank and to decrease route fuel con-
sumption.

In paper [6], authors considered a possibility of building 
a digital electronic unit of all-mode fuel feed regulator. It was 
shown that dynamic characteristics of the all-mode regula-
tor essentially depend on the magnitude of period of quan-
tization of digital electronic unit, which is T 0.002 0.01= ÷  s 
for diesel engine 6TD-1.

Article [7] presents results of running tests of tank 
T-80UD with electronic-hydromechanical all-mode fuel 
feed regulator of diesel engine 6TD-1, which include the 
following:

1) a decrease in fuel consumption by (7÷27) %; 
2) an increase in mean motion speed along straight sec-

tions of rough terrain by (10÷12) % and during turning on 
the rough terrain by 15 %;

3) a decrease in steady frequency of crankshaft rotation 
from 80 s-1 to 40 s-1.

Article [8] presents comparative results of statistical pro-
cessing of the bench tests of diesel engine 6TD-1 with a stan-
dard hydro-mechanical all-mode regulator and the regulator 
with electronic control unit, which include the following:

1) average speed of tank motion with the use of the all-
mode regulator with electronic control unit increases from 
26.7 km/h to 27.1 km/h;

2) mean angular velocity of crankshaft decreases from 
270.5 s-1 to 241.4 s-1;

3) loading factor of engine increases from 0.44 to 0.49;
4) average hourly fuel consumption decreases from  

106.6 kg/h to 96.1 kg/h.
In article [9], similar data are presented for diesel engine 

6TD-2. 
In all the above-mentioned studies, values for the varied 

parameters of electronic control unit were selected experi-
mentally. A problem of parametric synthesis of the standard 
hydro-mechanical fuel feed regulator of diesel engines of se-
ries 5TDF and 6TD was not posed for the following reasons. 
Although a mathematical model of the disturbed motion 
of closed fuel feed system of diesel engine 5TDF with hy-
dro-mechanical all-mode regulator was sufficiently adequate 
to the real object, but in this model there was observed a 
rather strong dependence of values of the object’s parameters 
on the operation modes of diesel engine, caused, first of all, 
by a high degree of non-uniformity of hydro-mechanical all-
mode regulators. In this connection, it was not possible to 
select the optimum value of the gain factor of hydro-mechan-
ical regulator for the entire variety of possible operational 
modes of diesel engine. A small degree of non-uniformity of 
the all-mode regulator with electronic control unit made it 
possible to pose a problem about parametric synthesis of the 
regulator under condition of adequacy of the mathematical 
model of disturbed motion of closed fuel feed system. This 
mathematical model was constructed by one of the authors 
of present article by solving the problem of identification 
of unknown values of parameters of the fuel feed system of 
diesel engine 6TD with the help of research stand, created at 
Kharkov Design Bureau of Machine Building named after 
A. A. Morozov, and intended for full-scaletests of the ele-
ments of motor-transmission compartment of tanks [10, 11].

In paper [12], applying the developed mathematical 
model, the problem was solved about parametric synthesis of 
electronic control block of the all-mode fuel feed regulator of 
diesel engine 6TD-1. The electronic control unit was to meet 
the requirement of minimum integral quadratic functional, 
which provides high dynamic accuracy of maintenance of 
angular velocity of crankshaft, assigned by a driver. At the 
same time, road tests of the tank with electronic unit of fuel 
feed control showed that the developed unit was unable to 
provide the necessary static accuracy of control and led to 
the conclusion about the need for developing an all-mode fuel 
feed regulator, which renders the property of invariance to 
the action of external disturbances to the closed system [13].

At the same time, the absence of adjustable turbine su-
percharger for diesel engines of series 5TD, 6TD and 3TD 
leads to an increase in smokiness of exhaust gases and a cer-
tain decrease in the traction properties of diesel engine as a 
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result of incomplete fuel combustion in cylinders of the diesel 
engine. In the foreign models of armored tank equipment, 
either they use four-cycle diesel engines with adjustable tur-
bine supercharger or gas turbine engines, supplied with the 
uniform regulator of fuel feed and air supply, which prevents 
incomplete fuel combustion. In the two-stroke diesel engines 
with uncontrolled turbine supercharger, the indicated short-
comings are proposed to be removed by using an invariant 
all-mode fuel feed regulator.

3. The aim and tasks of research

The aim of present work is to solve a problem of parametric 
synthesis of electronic control unit of the all-mode fuel feed 
regulator of transport diesel engines of series 5TDF, 6TD and 
3TD, which renders the property of invariance toward the 
action of external disturbances to the closed fuel feed system, 
which leads to an increase in static and dynamic accuracy of 
the regulator, a decrease in smokiness of exhaust gases and an 
increase in the traction characteristics of diesel engine.

To achieve the set aim, the following tasks were to be 
solved: 

– the task of parametric synthesis of all-mode fuel feed 
regulator, which provides for high dynamic accuracy of 
control; 

– the task of parametric synthesis of all-mode fuel feed 
regulator, which provides for the property of invariance to 
the action of external disturbances; 

– the task of the synthesis of algorithms, implemented by 
a digital electronic unit of all-mode fuel feed regulator.

4. Parametric synthesis of all-mode fuel feed regulator, 
which provides for high dynamic accuracy of control

Fig. 1 shows a schematic of the closed fuel feed system of 
transport diesel engine with electronic control unit.

Fig. 1. Schematic of the closed fuel feed system: 1 – diesel 
engine; 2 – fuel feed system; 3 – lath of fuel pump;  

4 – control pedal of fuel feed; 5 – sensor of angular velocity 
of crankshaft rotation; 6 – sensor of position of fuel pump 

lath; 7 – sensor of position of pedal of fuel feed control;  
8 – electronic control unit; 9 – controlling element;  

α(t) – position of control pedal of fuel feed; ω(t) – current 
angular velocity of crankshaft rotation; h(t) – current position 

of the fuel pump lath; u(t) – controlling signal, formed by 
electronic unit; ∆MH(t) – current load torque on crankshaft

With the help of pedal 4, the driver sets the all-mode 
regulator by the assigned angular velocity of crankshaft 

rotation ω0. All-mode regulator supports the assigned value 
of angular velocity ω0 under conditions of continuous change 
in load torque MH(t) by changing fuel feed to cylinders of the 
diesel engine. 

A mathematical model of the disturbed motion of the 
closed fuel feed system is given in article [13] and is written 
down in the form of a system of differential equations

( ) ( ) ( ) ( )d d f H

d t
T t k h t k M t ;

dt

∆ω
+ ∆ω = ∆ − ∆   (1)

( ) ( ) ( )
2

2 m
1m 2m2

d z t d z t k
T T z(t) u t ;

dt dt c

∆ ∆
+ + ∆ = ∆   (2)

( ) ( ) ( )g

d h t
T h t z t ,

dt

∆
+ ∆ = ∆   (3)

where ∆ω(t) is the deviation of angular velocity of crank-
shaft of diesel engine from the assigned value ω0; ∆z(t) is the 
deviation of armature of electromagnet from its position z0 
in the state of established equilibrium; ∆h(t) is the deviation 
of lath of fuel pump from position h0, corresponding to the 
state of established equilibrium; ∆MH(t) is the deviation of 
external disturbance from its value in the state of established 
equilibrium.

At a constant position of pedal 4 α(t)=α0, corresponding 
to the assigned angular velocity ω0, controlling signal ∆u(t) 
is created in the form 

( ) ( ) ( )hu t k t k h t ,ω∆ = ∆ω + ∆
 

 (4)

where kω and kh are the varied parameters of electronic unit 
of all-mode regulator.

In equations (1)–(3), Td designates a time constant 
of diesel engine, T1m and T2m are the time constants of 
controlling electromagnet, Tg is the time constant of fuel 
hydraulic servomotor, kd and kf are the gain factors of diesel 
engine; km is the gain factor of electromagnet; c is stiffness 
coefficient of the fixing spring of electromagnet.

Let us substitute relationship (4) into the right part of 
equation (2) and solve system (1)–(3) relative to higher 
derivatives. As a result, we obtain a mathematical model of 
disturbed motion of the closed fuel feed system 

( ) ( ) ( ) ( )d f
H

d d d

d t k k1
t h t M t ;

dt T T T

∆ω
= − ∆ω + ∆ − ∆

( ) ( ) ( )

( ) ( )

2
2m

2 2 2
1m 1m

m
h2

1m

d z t d z tT 1
z t

dt T dt T

k
k t k h t ;

cT ω

∆ ∆
= − − ∆ +

 + ∆ω + ∆ 

( ) ( ) ( )
g g

d h t 1 1
h t z t .

dt T T

∆
= − ∆ + ∆   (5)

Let us introduce into examination a vector of state of the 
closed system of fuel feed

1

2

3

4

(t)
x (t)

z(t)
x (t)

X(t) d z(t)
x (t)

dt
x (t)

h(t)

∆ω    ∆    = =  ∆          ∆ 
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and write down system (5) in the normal Cauchy form:

( ) ( ) ( ) ( )d f
1 1 4 H

d d d

k k1
x t x t x t M t ;

T T T
= − + − ∆

( ) ( )2 3x t x t ;=

( ) ( ) ( )

( ) ( )

2m
3 2 32 2

1m 1m

m m
1 h 42 2

1m 1m

T 1
x t x t x t

T T

k k
k x t k x t ;

cT cTω

= − − +

+ +

  

( ) ( ) ( )4 4 2
g g

1 1
x t x t x t .

T T
= − +  (6)

Let us write down system (6) in the vector-matrix form

( ) ( ) ( ) ( )hX t A k ,k X t BF t ,ω= +

where A(kω, kh) is natural matrix of system (7); B is the 
matrix of control; F(t) is the vector of external distur-
bances. Matrices A(kω, kh), B and vector F(t) take the 
following form

 

( )

d

d d

m 2m m hh
2 2 2 2

1m 1m 1m 1m

g g

k1
0 0

T T

0 0 1 0

k k T k k1A k ,k ;
cT T T cT

1 1
0 0

T T

ωω

 − 
 
 
 

=  − − 
 
 − 
 

 

f

d

k
T

B ;0

0

0

 − 
 
 =
 
 
  

 ( ) ( )HF t M t .= ∆

Then characteristic equation of the closed fuel feed sys-
tem is written down as

( )
( ) ( )

2 4
h d g 1m

2 3 2
m g 2m 1m d g 2m

m dm m
d h h

det A k ,k Es T T T s

T T T T s T T T s

k kk k
T 1 k s 1 k k 0.

c c c

ω

ω

 − = + 
+ + + + +

   + − + − − =      
 (7)

In the plane of varied parameters (kω, kh), we shall build 
the lines of equal stability level; for this purpose, we shall 
replace s=α+jω [14] in characteristic equation (7). Assigned 
by the magnitude α≤0 and by changing value of ω from zero 
to infinity, in plane (kω, kh) we obtain the line of equal stabil-
ity level, which limits region Gα. Inside region Gα, stability 
margin of the system, by which we understand a distance 
from an imaginary axis of plane of roots of characteristic 
equation (7) to the nearest valid root or the nearest pair 
of complex-conjugate roots, not less than α<0. At certain 
α=α*<0, region Gα degenerates into a point or the line of 
maximum stability margin. 

Substituting s=α+jω into equation (7), we obtain

( ) ( ){ }
( ) ( ) ( )
( )

( )

22 2 2 2 2 2 2
d g 1m

2 3 2 2 3
d g 2m 1m

2 2
d g 2m

m
d h

m dm
h

T T T 4 j4

T T T T 3 j 3

T T T ( ) j2

k
T 1 k j

c

k kk
1 k k 0.

c c ω

 α − ω − α ω + αω α − ω +  
 + + α − αω + α ω − ω + 

 + + α − ω + αω + 
 + − α + ω +  

 + − − =  
  (8)

Complex magnitude is equal to zero in case when its real 
and imaginary parts are equal to zero, therefore, from rela-
tionship (8), we obtain:

( )( )
( )( )

( )

2 2 2 2 2 2
d g 1m

2 3 2
d g 2m 1m

2 2
d g 2m

m dm
d h

T T T ( ) 4

T T T T 3

T T T

k kk
T 1 1 k k 0;

c c ω

 α − ω − α ω + 
+ + α − αω +

+ + α − ω +

 + α + − − =  
  (9)

( ) ( )( )
( )

2 2 2 2 2 2
d g 1m d g 2m 1m

m
d g 2m d h

T T T 4 T T T T 3

k
T T T 2 T 1 k 0.

c

α α − ω + + α − ω +

 + + α + − =  
 (10)

Relationships (9) and (10) are the system of two alge-
braic equations with two unknowns kω and kh. Let us solve 
system (9) and (10) relative to the unknowns kω and kh

( )
( )( )

( )
( ) ( )
( )( )

( )

g 2m

2 2 2
g 2m 1m

2 2 2
g 1m

2 2
d g 2mm d

2 2
d g 2m 1m

22 2 2 4
d g 1m

T T 2

T T T 3

T T 4
c

k ;
T T Tk k

T T T T 2 3 4

T T T 4

ω

 − + α −
 
 − + α − ω − 
 − α α − ω −  =  − + × α + ω − 
 

− + α + αω + 
 

  + α − ω − α    

 (11)

( )
( )( )

( )

g 2m

2 2 2
h g 2m 1m

m
2 2 2

g 1m

1 T T 2
c

k T T T 3 .
k

T T 4

 + + α +
 
 = + + α − ω + 
 + α α − ω  

  (12)

If in relationships (11) and (12) we assume α=0, then as 
a result we obtain the relationships, which describe the limit 
of stability region of the closed fuel feed system:

( ){ }2 2 2 4
g 2m 1m d g 2m d g 1m

m d

k

c
T T T T T T T T T ;

k k

ω =

 = + − + ω + ω  (13)

( )2 2
h g 2m 1m

m

c
k 1 T T T .

k
 = − + ω     (14)

In Fig. 2, the limit of stability region of the closed fuel 
feed system, built with the help of relationships (13) and 
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(14), is shaded in accordance with the rule of shading [13] so 
that shading is directed inside the stability region.

Fig. 2. Stability region and region of maximum stability 
margin of the closed fuel feed system 

Fig. 2 also shows the section of straight line ab parallel to 
axis kω and lagging behind it by distance *

hk 259.28=  V.m-1, 
to which the lines of equal stability level at α*=–44.183 are 
contracted, in this case, magnitude α* represents the maxi-
mum stability margin of the fuel feed system. At point a, the 
value of varied parameter kω is kωа=1.4 V.s, while at point b, 
the value of the same parameter is kωb=6.8 V.s.

Values of parameters of the closed fuel feed system, 
when constructing the stability region and the region of 
maximum stability margin, were taken to be equal to:  
Td=0.3 s; 2

1mT  40,15 10−= ⋅  s2; Т1m=1.51·10–4 s; Т2m=0.6·10–2 s; 
s=100 N.m-1; km=0.2 N.V-1; kd=–103 m-1.s-1.

Stability margin of the automatic control system is closely 
connected with another indicator – speed of response, which 
implies the time of attenuation of transient processes in the 
closed system. These indicators for linear systems of automatic 
control are connected by the following empirical dependence

n *

3
t .=

α

The larger is the stability margin of system α*, the higher 
is its speed of response.

It was indicated above, that the regulatory characteris-
tics of all-mode regulator with electronic control unit were 
close to vertical. This circumstance is the reason for the fact 
that even a small change in angular velocity of crankshaft 
∆ω(t) leads to a significant change in the displacement of the 
fuel pump lath. However, the magnitude of displacement of 
lath is limited and does not exceed magnitude h*=12.5 mm. 
Consideration of this limitation leads to the fact that the 
mathematical model of disturbed motion of the closed fuel 
feed system becomes nonlinear and takes the form

d f
1 1 5 H

d d d

k k1
x (t) x (t) x (t) M (t);

T T T
= − + − ∆

2 3x (t) x (t);=  

m 2m m
3 1 2 3 h 52 2 2 2

1m 1m 1m 1m

k T k1
x (t) k x (t) x (t) x (t) k x (t);

cT T T cTω= − − +

4 2 5
g g

1 1
x (t) x (t) x (t).

T T
= −

*
4 4

5 * *
4 4

x (t) at x (t) h ;
x (t)

h signx (t) at x (t) h .

 ≤= 
>

 (15)

Fig. 3 shows solutions for system (15) at initial con-
ditions x1(0)=10 s-1; x2(0)=x3(0)=x4(0)=0 and at the val-
ues of varied parameters kω and kh corresponding to po- 
ints a and b in Fig. 2.

а                                  b  

c                                   d  

Fig. 3. Processes in the closed fuel feed system:  
a, b – correspond to point a in Fig. 2; c, d – correspond to 

point b in Fig. 2

Analysis of Fig. 3 allows us to draw a conclusion that 
speed of response of the nonlinear closed system (15) at 
maximum stability margin does not exceed tn=0.2 s at po- 
ints a and b. The processes, which correspond to point a, 
are of aperiodic character, while the processes, which cor-
respond to point b, are of oscillatory nature with the lath 
of fuel pump entering limitation ||x5(t)=h*|. This indicates a 
decrease in fuel efficiency of the diesel engine at displacing 
its operating point from position a to position b. Thus, the 
values of the varied parameters of electronic unit of stabi-
lizer, which provide for high dynamic accuracy of the closed 
fuel feed system, are: kω

*=1.4 V.s; kh
*=259.28 V.m-1.

5. Parametric synthesis of the all-mode fuel feed 
regulator, providing invariance of the system to the 

action of external disturbances

Differential equation (1) describes dynamics of the 
control object – transport diesel engine, while differential 
equations (2) and (3), along with relationship (4), describe 
dynamics of the all-mode fuel feed regulator. We convert 
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the equations of mathematical model (1)–(4) according to 
Laplace:

( ) ( ) ( ) ( ){ }d d f HT s 1 s k H s k L M t ;+ Ω = − ∆

( ) ( ) ( ) ( )2 2 m
1m 2m h

k
T s T s 1 Z s k s k H s ;

c ω + + = Ω + 

( ) ( ) ( )gT s 1 H s Z s ,+ =

where through Ω(s), H(s) and Z(s) we designate the La-
place transforms of the corresponding time functions 
Ω(s)=L{∆ω(t)}; H(s)=L{∆h(t)}; Z(s)=L{∆z(t)}.

Then a transfer function of the control object and auto-
matic regulator may be represented in the form:

( ) ( )
( )

d
0

d

s k
W s ;

H s T s 1

Ω
= =

+
  (16)

( ) ( )
( ) ( )( )

m
a

2 2 m
1m 2m g h

H s k k
W s .

ks
c T s T s 1 T 1 k

c

ω= =
Ω  + + + −  

  (17)

Transfer function of the disconnected system is equal to 
the product of transfer function (16) and (17)

( )
( )( ) ( )

m d
p

2 2 m
1m 2m g h d

k k k
W s .

k
c T s T s 1 T 1 k T s 1

c

ω=
 + + + − +  

  (18)

The denominator of transfer function (18) is represented 
in the normal form according to decreasing degrees s. As a 
result, we have

( ) ( )

p

m
d

2 4 2 3 2 m m
d g 1m d 1m g 2m d g 2m d h h

W (s)

k
k k

c . (19)
k k

T T T s T T T T s T T T s T 1 k s 1 k
c c

ω

=

=
   + + + + + − + −      

An analysis of relationship (19) makes it possible to draw 
a conclusion that the closed fuel feed system of transport die-
sel engine, examined in the previous chapter, demonstrates 
astaticism of zero order [15]. Hence it follows that the system 
possesses a rather low static accuracy. 

If we assume that the gain factor of electronic unit kh 
satisfies the condition

m
h

k
1 k 0,

c
− =   (20)

then transfer function of disconnected system (19) takes 
the form

p

m
d

2 2 2 2
d g 1m d 1m g 2m d g 2m

W (s)

k
k k

c .
s T T T s T (T T T )s T (T T )

ω

=

=
 + + + + 

  (21)

It follows from relationship (21) that if condition (20) is 
satisfied, the closed fuel feed system has astaticism of second 
order, which provides for the invariance of system to the 

action of external disturbances and substantially decreases 
static error of system [16, 17].

On the other hand, if condition (20) is satisfied, it leads 
to the fact that the coefficient at s in the characteristic equa-
tion of closed system (7) becomes zero, which indicates the 
loss of stability of the closed system. Consequently, there is 
a contradiction between the property of invariance of the 
closed control system to the action of external disturbances 
and the property of its stability, which is usually removed 
through a compromise when selecting varied parameters of 
the regulator [18, 19]. 

Let us select the law of control, realized by electronic 
unit in the following form [13]

( ) ( ) ( ) ( )h h
u t k t k h t k h t .ω∆ = ∆ω + ∆ + ∆     (22)

Then characteristic equation of the closed fuel feed sys-
tem is written down as

( )2 4 2 3
d g 1m d 1m g 2m

2m
d g 2m h

m m
d h h

m dm
h

T T T s T T T T s

k
T T T k s

c

k k
T 1 k k s

c c

k kk
1 k k 0.

c c ω

+ + +

 + + − +  

  + − − +    
 + − − =  





   (23)

If in characteristic equation (23) we assume kh=0, then 
equation (23) degenerates into equation (7). 

Taking into account condition (20), equation (23) takes 
the following form

( )
2 4

d g 1m

2 3
d 1m g 2m

2m
d g 2m h

m dm
h

T T T s

T T T T s

k
T T T k s

c

k kk
k s k 0.

c c ω

+

+ + +

 + + − −  

− − =



   (24)

Analysis of characteristic equation (24) leads to the con-
clusion that at certain specific values of varied parameters kω 
and 

h
k   the invariant system of fuel feed control at value of 

the varied parameter

h
m

c
k ,

k
=   (25)

is stable. Let us build the boundary of stability region 
of the closed invariant fuel feed system in the plane of 
varied parameters (kω, 

h
k ), for which in equation (24) we 

replace s=α+jω, highlight real and imaginary parts and 
make them equal to zero. As a result, we shall obtain the 
following relationships for constructing the boundary of 
stability region

m d

2 2 2 2
d g 2m d g 2m 1m 1m g

c
k

k k

T T T T T T T T T ;

ω = − ×

     × + + + + ω ω           
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( )2 2
d d 2m 1mh

m

c
k T T T T .

k
= − + ω   (26)

The boundary of stability region of the closed invariant 
fuel feed system, built with the help of relationships (26), is 
given in Fig. 4 (the shading is directed inside stability region).

Fig. 4. Stability region of the closed fuel feed system

Inside the stability region, we shall select an arbitrary 
value of varied parameter *

h h
k k .=   In this case, possible val-

ues of parameter kω are located in section (a, b). In this sec-
tion, we shall select the value of parameter *k k ,ω ω=  providing 
for the maximum stability margin of the closed fuel feed 
system. For this purpose, we shall assume *

h h
k k=   in char-

acteristic equation (24) and express varied parameter kω as:

( )

* * 2m m
d g 2mh h

m d 2 3 2 4
d g 2m 1m d g 1m

k k
k s T T T k sc c ck .

k k
T T T T s T T T s

ω

  − + + − +   = −  
 + + + +  

 

 (27)

In the right part of relationship (27), we shall introduce 
designations:

*m
1 h

k
a k ;

c
= −

 

*m
2 d g 2m h

k
a T T T k ;

c
 = + −  

 

( )2
3 d g 2m 1ma T T T T ;= + +  2

4 d g 1ma T T T .=

As a result, we have

( )2 3 4
1 2 3 4

m d

c
k a s a s a s a s .

k kω = + + +   (28)

In (28), we assume s=α+jω, and we will highlight the real 
and imaginary parts in the obtained relationship:

( ) ( ) ( ){ }22 2 3 2 2 2 2 2
1 2 3 4

m d

Rek

c
a a a 3 a 4 ; (29)

k k

ω =

 = α + α − ω + α − αω + α − ω − α ω  

( ) ( ){ }2 3 2 2
1 2 3 4

m d

Im k

c
a a 2 a 3 a 4 .

k k

ω =

= ω + αω + α ω − ω + αω α − ω  (30)

Fig. 5 shows the boundary of stability region and lines of 
the equal stability level of the closed fuel feed system, built 

in the plane of complex parameter kω [20] with the help of re-
lationships (29) and (30) at changing ω from zero to infinity 
at different values α<0.

Fig. 5. Lines of equal stability level in the plane of 
comprehensive parameter kω

Each of the lines of equal stability level limits section ab 
along the real axis. At certain α=α*<0, section ab contracts 
to point kω

*, which is the point of maximum stability margin 
of the closed system. 

Table 1 contains values of varied parameters of the 
electronic unit of invariant all-mode fuel feed regulator and 
corresponding values of stability margin of the closed fuel 
feed system α*.

Table 1

Values of varied parameters of electronic unit

*
hk ,  

V.m-1
500 500 500 500 500 500 500 500

*
h

k ,  
V.m-1.s

–10 –20 –30 –50 –100 –200 –500 –1000

*k ,ω  
V.m

0,0064 0,0143 0,0228 0,0394 0,0815 0,1665 0,4165 0,833

α* –1,274 –1,43 –1,515 –1,572 –1,613 –1,67 –1,67 –1,67

An analysis of Table 1 allows us to make a conclusion 
that the maximum value of magnitude of stability margin 
of the closed system is equal to α*=–1.67 and is attained at 

*
h

00k –2=  V.m-1.s and *k 0.1665ω =  V.s. Further increase in 
absolute magnitude of varied parameter *

h
k   and, as a result, 

of parameter *kω  does not lead to an increase in stability 
margin of the closed system. 

Let us substitute relationship (22) into right part of 
differential equation (2). As a result, a normal form of math-
ematical model of disturbed motion of the closed fuel feed 
system takes the form:

( ) ( ) ( ) ( )d f
1 1 4 H

d d d

k k1
x t x t x t M t ;

T T T
= − + + ∆

 

( ) ( )2 3x t x t ;=

( ) ( ) ( )

( ) ( )

mm h
3 1 22 2
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x t x t 1 x t

cT T cT
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T T c cT

ω
 

= − − − 
 

 
− + − 

 







( ) ( ) ( )4 4 2
g g

1 1
x t x t x t .

T T
= − +   (31)

The closed fuel feed system is invariant to the action of 
external disturbance ∆MH(t), if the value of varied param-
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eter kh satisfies condition (20). Taking into account this 
condition, as well as taking into account a limitation of the 
magnitude in displacement of the fuel pump lath, mathemat-
ical model (31) is written down as

d f
1 1 5 H

d d d

k k1
x (t) x (t) x (t) M (t);

T T T
= − + + ∆

2 3x (t) x (t);=  

mm h
3 1 22 2

1m 1m g

m2m h
3 52 2

1m 1m g

k kk k 1
x (t) x (t) (1 )x (t)

cT T cT

k kT 1
x (t) (1 )x (t);

T T cT

ω= − − −

− + −







4 2 5
g g

1 1
x (t) x (t) x (t);

T T
= −

*
44

5 * *
4 4

x (t) h ;x (t) at
x (t)

ath signx (t) x (t) h .

 ≤= 
>

 (32)

Let a change in load torque on crankshaft of the diesel 
engine take the form, represented in Fig. 6.

Fig. 6. Change in load torque ∆Mн(t)

Function ∆MH(t) is described by relationship F

  (33)

The processes of working out external disturbance (33) 
are the solutions for the closed system (32), (33) at values of 
the varied parameters of electronic unit of fuel feed regulator 
kω

*=0.1665 V.s; kh
*=500 V.m-1; *

h
k 200= −  V.m-1.s. They are 

presented in Fig. 7.
An analysis of these processes allows us to make the fol-

lowing conclusions: 
1) if load torque on the crankshaft of engine changes over 

time, in the examined system there occur dynamic errors, 
the magnitude of which is proportional to the rate of change 
in load torque; 

2) if the value of disturbing moment is constant, then 
the magnitude of static error in the examined system tends 
to zero, that is, the system is invariant to the action of static 
external disturbances.

 
 
 
 
 
 
 
 
 
 
 
 

а  
 
 
 
 
 
 
 
 
 
 
 
 
 

b 
 

Fig. 7. Processes of working out external disturbances:  
a – process of changing angular velocity of crankshaft;  
b – process of changing a position of lath of fuel pump

6. Algorithms, realized by a digital electronic unit of the 
all-mode fuel feed regulator

High quality in the control processes for the systems and 
aggregates of self-propelled wheel and caterpillar vehicles is 
achieved by the use of digital electronic units, including fuel 
feed systems of transport diesels engines [21]. A schematic 
of the digital electronic unit of fuel feed control of transport 
diesel engine is represented in Fig. 8, where the following 
designations are accepted: CAC is the converter “ana-
log-to-code”; FB are the digital Butterworth low-frequency 
filters; FL is the digital Lanczos low-frequency filter; SM is 
the switch of operation modes of the diesel engine; R is the 
relay; W is the winding of relay; K1, K2 are the contacts of 
relay; CCA is the converter “code-to-analog”.

Fig. 8. Digital electronic control unit 

The results, obtained above, lead to a conclusion that 
during motion of the vehicle along the rough terrain and 
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under tough road conditions, when a significant loading 
change within a short time interval occurs, it is expedient 
to use the all-mode regulator with high dynamic accuracy of 
control, the electronic unit of which implements the law of 
control (4). When moving along the routes with high-qual-
ity road surface, but with frequent ascends and descents, it 
is expedient to use the all-mode regulator, which renders the 
property of invariance to the action of slowly changing ex-
ternal disturbances to the closed system of fuel feed, as well 
as low static error of control. Transition from one mode to 
another is accomplished by a driver with the help of switch 
of modes SW that controls operation of relay R with the nor-
mally closed contact K1 and by the normally disconnected 
contact K2. Butterworth filters FB perform the filtration of 
high-frequency interferences of grid functions α[nT], ω[nT] 
and h[nT], where T is the period of quantization of digital 
electronic unit. 

Butterworth filters of second order have a discrete trans-
fer function, written down in the form [22, 23]

( )
1 2

0 1 0
b 1 2

0 1 2

a a z a z
W z .

b b z b z

− −

− −

+ +
=

+ +
  (34)

Lanczos filters are used for evaluating grid function 

h
u [nT]  based on grid function uh[nT]. A discrete transfer 
function of the Lanczos filter of second order is written down 
as [24]

( ) 1 3 4
b 0 1 1 0W z c c z c z c z .− − −= + − −   (35)

Parameters of digital filters (34) and (35) are [18]: 

a0=0.08073; a1=0.16147; 

b0=1.48256; b1=–1.83854; b2=0.67789; 

c0=5; c1=2.5. 

In the mode of improved dynamic accuracy, the digital 
electronic unit of the all-mode fuel feed regulator in accor-
dance with relationships (4) and (34) realizes the following 
control algorithms

h hu nT k u nT k u nT ;ω ω∆ = ∆ + ∆            
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In the mode of increased static accuracy, in which the 
property of invariance of the closed fuel feed system to the 
action of slowly changing disturbances is provided, the elec-

tronic unit, in accordance with relationships (22), (34) and 
(35), implements the following control algorithms:

h h h h
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 (37)

The described all-mode fuel feed regulator with the dig-
ital electronic control unit for the tank diesel engine 6TD-2 
was created as a component of the tank information-control 
system (TICS) at Lvov Scientific Research Radio-Techni-
cal Institute (Ukraine) with direct participation of authors 
of present article. Tests of the regulator demonstrated 
that fuel efficiency of the diesel engine increases within 
the same limits as when using the regulator, depicted in  
Fig. 1 and described in articles [3–9]. However, the accu-
racy of maintaining tank motion speed, assigned by the 
driver, grows by 2÷3 times when using the digital regulator, 
which enables the motion of tank column en route with a 
higher speed and at lower safety range between moving 
objects of armored vehicles. The tests also showed that the 
use of Butterworth and Lanczos filters of second order in 
algorithms (36) and (37) is sufficient enough to provide 
for the required accuracy of regulator at the magnitude of 
quantization period T=0.002 s [25].

7. Discussion of results of solving the problem on 
structural-parametric synthesis of the electronic control 

unit of fuel feed system of the transport diesel engine

The conclusion was made as a result of conducted studies 
that in the fuel feed system of the transport diesel engine, 
it is expedient to use a two-channel electronic control unit. 
Selecting an appropriate channel of the electronic control 
unit is done by the driver depending on road conditions. 
This scheme of electronic unit makes it possible to minimize 
both dynamic errors, which appear during motion of vehicle 
in the rough terrain, when there is a significant change in 
load within a short time interval, and the static errors, which 
appear when moving along the routes with high-quality road 
surface but with lengthy ascends and descents. Thus, the 
proposed fuel feed system is in a certain sense universal. It 
should be used, first of all, in vehicles of high cross-country 
capability, in particular, in the wheeled and tracked vehicles 
with military purpose. Thus, specialists at Kharkov Design 
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Bureau of Machine Building named after A. A. Morozov are 
planning, after completion of road tests, to use the diesel 
engine of series 3TD with the digital electronic block of fuel 
feed in the wheel armored transporter BTR-4 instead of the 
diesel engine “DEUTZ” (Germany). 

A replacement of the diesel engine “DEUTZ” with the 
diesel engine 3TD, made in Ukraine, will make it possible 
to substantially reduce production cost of the indicated ar-
mored transporter.

8. Conclusions

1. The channel, providing high dynamic accuracy of fuel 
feed control, contains a sensor of angular velocity of crank-

shaft rotation of the diesel engine, as well as the sensors of 
position of fuel pump lath and the pedal of fuel feed control, 
the outputs of which are connected to inputs of the electron-
ic unit, which implements linear combination of the input 
signals of sensors.

2. The channel, providing for invariance of the fuel feed 
system to the action of external disturbances, realizes a 
control algorithm, which uses, in addition to the output 
signals of the above-indicated sensors, information about 
the velocity of displacement of the fuel pump lath of the 
diesel engine.

3. High accuracy and interference protection of the 
closed fuel feed system may be achieved by using a digital 
electronic control unit with the implementation of digital 
Butterworth and Lanczos low-frequency filters.
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1. Introduction

Fiber-optic gyroscopes (FOG) have been widely used 
recently in the control and navigation of aerospace systems 
[1]. Ensuring accuracy of measurement of external influenc-

es on instruments is an important technical problem. One of 
the main factors influencing FOG readings is the environ-
ment temperature variation. For the instruments installed 
aboard flying vehicles, this temperature can vary within a 
wide range. For example, temperature fluctuations can range  
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Розроблено та досліджено чисельно- 
аналітичні моделі теплового неста-
ціонарного процесу та пов'язаної з ним 
похибки вимірювань волоконно-оптич-
них гіроскопів (ВОГ). З урахуванням 
значень температури, отриманих шля-
хом моделювання, а також результатів 
калібрування конкретних ВОГ, побудо-
вано прогнози величин похибок вимірю-
вань. Проведено порівняння результа-
тів моделювання з експериментальними 
даними. Наведено рекомендації з розвит-
ку результатів та їхнього практичного 
використання
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татов калибровки конкретных ВОГ, 
выполнен прогноз величин погрешностей 
измерений. Проведено сравнение резуль-
татов моделирования с эксперименталь-
ными данными. Приведены рекомендации 
по развитию результатов и их практиче-
скому использованию
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