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HARDWARE AND SOFTWARE FOR ENGINE FUEL SUPPLY CONTROL
UNDER INCOMPLETE INFORMATION CONDITIONS

Purpose. Improving the performance of hardware and software tools for setting the phases of fuel and air supply to
engine cylinders based on processing the signal of uneven crankshaft rotation.

Methodology. The research methodology is based on the theory of automatic control and numerical methods.

Findings. The results of the study are: construction of a deterministic mathematical model of an internal combus-
tion engine; description of the mass movements of the model by a system of linear differential equations, the param-
eters of which are normalized using similarity theory methods; obtaining transfer functions of mechanical channels
using the Mathcad software environment and the method of determinants. The coincidence of the obtained transfer
functions is also established and for the first time it is proposed to represent the torque diagram of the power unit by
a mechanical system with one degree of freedom; the frequency characteristics of the torque transmission channel are
studied in the Matlab software environment. The effectiveness of the developed application software is established.

Originality. The scientific novelty consists in the development of the architecture of hardware and software tools
for setting the phases of fuel and air supply based on the principle of feedback control based on the state of the fre-
quency-modulated crankshaft speed signal. An information technology for processing an array of experimental data
when isolating a fluctuation signal has been developed. An algorithmic support for monitoring cylinder capacities has
been built by solving an overdetermined system of incompatible algebraic equations when setting a vector of cylinder
weight coefficients. To find its solution, the least squares method and the Seidel iterative method with zero partial
derivatives in the components of the generalized functional were used. As a result of mathematical transformations, a
symmetric and positive definite Gram matrix was obtained. An uncertainty limit for the solution of the system of al-
gebraic equations was established, upon reaching which the computational process stops.

Practical value. The practical significance lies in the development of algorithmic support for monitoring cylinder
capacities with a frequency representation of the fluctuation signal using the transfer functions of mechanical chan-
nels and approximated torques. Monitoring cylinder capacities is focused on setting the parameters of a curve that
passes through all points of measurement information and smoothest possible emissions due to their uncertainty. The
Laplace transform under zero initial conditions was used as a mathematical apparatus for establishing information
connections between cylinder torques and the fluctuation signal of the first mass of the crankshaft. A computer simu-
lation scheme of the signal of the uneven rotation of the first mass was built in the Mathcad software environment and
its parameters were identified using the method of adjusting the length of information connections.

Keywords: internal combustion engine, hardware, algorithmic support, mathematical modeling, fluctuation signal

Introduction. The standard setting of the fuel and air
supply phases to the cylinders of internal combustion
engines (ICE) affects their economic performance. To
reduce the uncertainty interval around the optimal
phase values, hardware developers use the method of
software specification of individual fuel supply angles.
A well-known method for determining the identity of
the operating cycles of ICE is focused on measuring the
cylinder pressure during one shaft revolution using a
primary transducer of the 8QP505CS type. The analog-
to-digital converter E14-140 generates the correspond-
ing code, and the “Power Graph” software registers the
indicator diagram of the individual cylinder. Compari-
son of several diagrams allows establishing the identity
of the working cycles. In its absence, at the stage of en-
gine tuning, fuel supply phases are adjusted. Engine
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modification for installation of pressure sensors and the
presence of several cylinders limit the application of this
method. The authors propose to use the crankshaft ro-
tation irregularity signal for indirect measurements of
the cylinder capacities of the 3RZ-FE ICE. By process-
ing this signal, the computer system (CS) establishes the
power distribution of the ICE and generates corre-
sponding changes to the fuel supply phase settings. This
will provide fuel savings of up to 5 % [1] and reduce
maintenance and repair costs. Improving the perfor-
mance of monitoring cylinder capacities of ICE by
hardware and software means of processing indirect
measurement data determines the relevance of the se-
lected scientific and applied problem.

Problem statement and literature review. The issue of
monitoring the cylinder capacities of ICE under condi-
tions of incomplete information is given attention in the
technical literature. Analysis of the force relationships of
the crank mechanism showed the influence of the work-
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ing process on the deviation of the indicator pressure
[2]. In work [1], the operating states of the D50 engine
were simulated and their coding was given. At the same
time, the generalizing functions of the experimental
data were obtained by machine learning methods [3, 4].

To assess the technical condition of the engine based
on the signal parameters of the uneven angular velocity
of the crankshaft, work [5, 6] is devoted. In work [7],
need is established to create new mathematical models
to improve known diagnostic methods and use artificial
intelligence systems to increase reliability.

In work [8], the use of a high-pass filter with a finite
impulse response reduced the effect of interference on
the signal of uneven rotation. Also, the processing of the
measurement information signal was carried out in the
Matlab environment. In work [9], the influence of indi-
cators of uneven rotation of the crankshaft and the indi-
cator torque on the change in power of four-stroke ICE
was investigated.

The parameters of the movements of vibrating de-
vices on elastic supports with an eccentric rotor, unbal-
ances and an asynchronous motor can be established by
dynamic analysis [10]. In works [11, 12], the equations
of motion of the mechanism model in stable operating
modes were obtained. The use of linearized differential
equations [13], which approximately describe transient
processes in electric motors, leads to a significant over-
estimation of the design torque. In work [14], a complex
mathematical model of the dynamic processes of a vi-
brating device on elastic supports with an eccentric un-
balance rotor was proposed. The working chamber of an
asynchronous electric motor performs a planar parallel
motion. It was found that by choosing the eccentricity, it
was possible to reduce the rotor vibrations. A geometric
interpretation of the unevenness of the shaft rotation
during the start of the electric motor was also obtained.
In work [15], a mathematical model of the unevenness
of the rotation of the robot control device was devel-
oped. The model allows us to study the start-up process,
steady states and spatial movements of any points of the
robot. Using the ideas of the sensitivity theory, an infor-
mation technology for synthesizing the parameters of
the control device according to its own forms of oscilla-
tions was developed.

In work [16], the authors built an algorithmic sup-
port for monitoring the identity of cylinder capacities of
ICE based on solving an overdetermined system of in-
compatible algebraic equations. The column vector of
its right part constitutes the frequency representation of
the signal of uneven rotation of the crankshaft. Known
numerical methods for solving overdetermined systems
of algebraic equations use matrices of a certain struc-
ture. In particular, the method of radial basis functions
and some of its modifications when solving similar
problems operate with completely filled matrices, which
significantly limits the performance of monitoring cyl-
inder capacities.

The disadvantage of known methods for processing
frequency-modulated rotational speed signals for con-
trolling fuel supply to the cylinders of ICE is the unsat-
isfactory dispersion of measurements and the perfor-
mance of hardware for setting cylinder capacities, as well
as the lack of algorithmic and application software for
processing the input signal.

Unsolved aspects of the problem. Unresolved issues
of the general problem include improving the method of
non-disassembly diagnostics of ICE using a frequency-
modulated crankshaft speed signal as input information,
developing information technology for monitoring cyl-
inder capacities under conditions of incomplete infor-
mation, and improving methods for adjusting fuel and
air supply phases in order to improve their economic
performance.

The purpose of the article is to increase the perfor-
mance of hardware and software fuel supply control based
on processing a frequency-modulated shaft speed signal.

To achieve the goal, it is necessary to solve the fol-
lowing tasks:

- to develop the architecture of fuel supply control
hardware;

- to build a deterministic mathematical model of the
3RZ-FE engine torque diagram and identify its para-
meters;

- to establish information connections between cyl-
inder torques and the measurement information signal;

- to investigate transfer functions and adjust the fre-
quency characteristics of hardware using neural network
technology methods;

- to build a scheme for computer modeling of the
measurement information signal,;

- to develop information technology for monitoring
cylinder capacities.

Description of the research methodology. The re-
search methodology is based on the use of systems anal-
ysis methods, the theory of automatic control under
conditions of incomplete information, the theory of
similarity, and numerical methods for solving incom-
patible systems.

Presentation of the main material and obtained scien-
tific results. Hardware architecture development. The au-
thors used feedback on the state of the crankshaft un-
evenness signal for software control of the fuel supply of
the 3RZ-FE ICE. The signal from the top dead center
(TDC) sensor of the first cylinder synchronizes the op-
eration of the hardware and software with the phase of
shaft rotation. Piezoelectrically controlled injectors are
used as the actuators for setting the fuel supply phases.
The hardware and software architecture (Fig. 1) has the
following components: PCUR — primary converter of
the signal of uneven rotation, STDC — sensor of the
TDC, MTFS — measuring transducer of fluctuation sig-
nal, microcomputer and A1—A4 — actuators.

microcomputer —t MTFS
A1 A2 A3 Ad
— STDC -
Engine 3RZ-FE
PCUR —

Fig. 1. CS of software control of fuel supply
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Processing a set of research data involves the follow-
ing computational actions:

- we set the mathematical expectation of the periods
of the input signal of the PCUR block;

- the difference between the mathematical expecta-
tion and the current value of the period is the fluctuation
signal, which we present in the form of an array of ex-
perimental data;

- we perform averaging of experimental data within
one revolution of the crankshaft;

- we choose a method for solving the monitoring
problem and present the data in the appropriate form.

Mathematical modeling of the torque diagram of the
power unit. A mechanical system with four degrees of free-
dom was chosen as a mathematical model of the kinemat-
ic scheme of a four-stroke ICE 3RZ-FE in-line type. The
mechanical parameters of the model are as follows: fric-
tion B = 1.44 Nms; malleability of relations between the
masses e = 1.32 - 1077 (Nm)~'; the moments of inertia of
the cylinder masses are J; = 0.246 Nm?. As a result of ana-
lyzing the structural diagram of the ICE, it was proposed
to install the primary converter near the first cylinder. The
maximum power of the 3RZ-FE ICE is 80 kW. Let us
move on to developing a deterministic mathematical
model of the torque diagram of the 3RZ-FE ICE.

A linear system of second-order differential equa-
tions describes the dynamics of rotation of the cylindri-
cal masses of the proposed mechanical system [17]

T+l (1) —e [ 9,1 (- 0,() |+
+e![,(0-0,, () ]= M,(0),

where i =1, 2, ..., 4; ¢?) is an angle of oscillation of the
corresponding mass; M(f) — torque.

In order to generalize the results of the research us-
ing the theorems of similarity theory, we will reduce the
system of differential equations (1) to a dimensionless
form. For this purpose, the following basic quantities
were chosen: J,, By, €y, My, ¢, 1. Let us introduce the
following notation [16]

J =JlJ,; B =B/B,; € =efe,;
M* :M/M 0N :(p/(pb; t :t/tb.

In these expressions, the quantities with the superscript
are dimensionless. We multiply each parameter of the sys-
tem of differential equations (1) by the ratio of the basic
quantities, since this does not change its output signal. Af-
ter multiplication and taking into account the introduced
notations, we obtain the following form of the system

(1)

J* " *
i b(gb i+B By9s *(Pb (@~ 9,)+
Mt Mz, ee,M,

?; =
)

(Pb *
+ —. ) =M.
e, M, (¢;—9,)=M,

Simplification of the system of equations (2) is en-
sured by fulfilling the conditions

S5 Ps -1 By®s - %
Mg T My, U eM,

By choosing the following values of the basic quanti-
ties J, = 0.246, B, = 1,44, ¢, = 1.32 - 107, ¢, = 1 deg ,
based on conditions (3), we establish the numerical val-

(3)

ues of the basic coefficients of torque and time M, =
=7.58-10° t,= 1.8 - 107*. Thus, by appropriate selection
of the basic values of the parameters of the system of dif-
ferential equations (2), we have a complete coincidence
of the dimensional and dimensionless forms of its writ-
ing. As a mathematical apparatus for solving the system
of equations, the authors used the Laplace transform
[18]. As a result of transformations under zero initial
conditions, the system of differential equations (2) takes
on the following form

(P> +p+2)9Ap) = 0;1(P) — 9, 1(p) = Mip). (4

In order to simplify further transformations of he
system of algebraic equations (4), we introduce the fol-
lowing notation

b=(p*+p+2)". (&)

Taking into account the notations, the system of al-
gebraic equations (4) takes the following form

a=(p’+p+ 1)

¢, —ag, =aM,

¢, —bo, —bo, =bM,

. (6)
¢ —bo, —bp, =bM,

Q4 —ap,=aM,

When establishing information relations between the
fluctuation signal and torques, the method of determi-
nants was used. Using the Mathcad software environ-
ment, the authors established the determinants of the
system of algebraic equations (6) in the form shown in
Fig. 2.

After establishing the expressions of the determi-
nants, the system of algebraic equations (6) takes the
following form

4 A 4
— J —
0D =X M(D=YW,M(p. (D)
Jj=1 Jj=1
1 -a 0 0
5 4 2

b 1 b 0 N p6 +3p 4+ ?-p4 + 9-p3 +6p +2p
¢ =b L -b p6 + S»p3 + 'J'»p4 + Q»p3 + Q»p2 +3p+2
0 0 -a 1.

a -a 0 0

k. e |

b 1 -b 0 N p4 + 2»p3 +3p +4p+2
b b 1 b p6 + 3-p3 + '.-'-p4 + 9-p3 + 9-p2 +3p+2
a 0 —-a 1.

1 a 0 0

4 Y

b b -b 0 N p4+ 2»1:.3 +5p +4p+2

¢ kL b p6 + 3»p3 + 7»p4 + 9-p3 + 9-p2 +3p+2
0 a —-a 1

1 —a a 0

-b 1 b 0 = p4 + 2»p3 + S»p2 +4p+2

0 -Bb -B p6 + 3-1:3 + '.l'-p4 + 9-p3 + 9-p2 +3p+2
0 0 a 1.

1 —a 0 a

- 1 -bb N p4+ 2»p3 + 5»p2+ 4p+2

- 3 . o |

0 b L& p6+3-p3+ ?-p4+ 9-p3+9-p"+ 5p+2
0 0 —a a

Fig. 2. Scripts of determinants of the system of algebraic
equations (6)
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where @,(p) is Laplace transform of the measurement
information signal; W, — transfer functions.

The results of analyzing the determinant expressions
allow us to draw the following conclusion: the transfer
functions of the mechanical channels are the same, re-
spectively, the kinematic scheme of the four-stroke ICE
3RZ-FE of the in-line type is represented by a mechan-
ical system with one degree of freedom. This statement
significantly simplifies further transformations. Based
on the analysis of Fig. 2, the transfer function expression
takes the following form

pr+2p+5p +4p+2
(P +3pt+7p +9p2 +6p+2)

W(p)=

The system of differential equations (2) assumes that
the signal of measurement information is the oscillation
of the twist angles of the first mass of the crankshaft of
the four-stroke ICE 3RZ-FE. The appearance of the
obtained transfer function of the cylinder torques allows
us to establish the presence of a circuit with integration;
accordingly, in this case the signal of the measuring in-
formation is the fluctuations of the rotation speed of the
first mass. The information connection between these
two signals establishes the following equation

dtp(t)‘

==

®)

Under such conditions, the expression of the transfer
function of the mechanical channel has the form

4 3 2
W(p)=— LTI )
p+3p*+T7pP+9p* +6p+2

For further research of torque transmission paths,
the Matlab software environment was used [19]. The in-
formation technology of the transfer function research
consists of the following computational actions:

- the command line for specifying expression (9)
looks like W=1([12542],[137962)]);

- the logarithmic amplitude-frequency characteris-
tics (LAFC) of the torque transmission path are ob-
tained using the bode(W) command. The calculation
results are shown in Fig. 3;

- the Nyquist hodograph (Fig. 4) is constructed us-
ing the Nyquist (W) command,;

- the zero (W) and pole (W) commands allow you to
set special points of the transfer function, which repre-

Bode Diagram
T

Magnitude (dB)

-45

Phase (deg)

-90
102 107! 10° 10! 102
Frequency (rad/s)

Fig. 3. LAFC of torque transmission paths

Nyquist Diagram

Imaginary Axis

0 0.2 0.4 06 08 1
Real Axis

Fig. 4. Nyquist hodograph of the torque transfer function

Table 1
Special points of transfer functions
Zero (W) Pole (W)
—0.5000 + 1.7788i —0.5000 + 1.7788i
—-0.5000 — 1.7788i —-0.5000 — 1.7788i
—0.5000 + 0.5795i —1.0000 + 0.00001
—0.5000 — 0.5795i —0.5000 + 0.57951
- —0.5000 — 0.5795i

sents them in the form of a series connection of elemen-
tary circuits (the calculation results are given in Table 1).

Canceling the roots of the numerator and denomi-
nator that have fallen off, discarding unstable and sec-
ond-order roots of smallness simplifies the expressions
of the transfer functions. Based on the obtained roots,
the transfer functions take the following form

1
W(p) —ﬁ- (10)

For further research, we will use the frequency rep-
resentation of the input and measurement information
signals. The transition to the frequency domain gives the
transfer function of the mechanical channel the follow-
ing form
W(jo)= L e,

Jo+l Jl1e?

After establishing the transfer function, we will pro-
ceed to the approximation of the torques of the 3RZ-FE
ICE.

Approximation of input signals. The indicator and
compression diagrams were used as the initial informa-
tion. Table 2 presents the dimensionless harmonic com-
ponents of the torque from the action of gas forces. The
pressure measurement of the first cylinder was carried
out by discretization by the engine rotation angle with a
step of six degrees, respectively, the iteration step of the
experimental data is 0.0333r.

Accordingly, the torque from the action of gas forces
of the 3RZ-FE ICE is mathematically represented by
the following expression

an

6
M (t)= (A, sinnQt + B, cosnQ). (12)

n=1
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Table 2
Discrete frequency spectrum of torque

A, B,
433.10° 1.46 - 1075
3.88. 107 ~0.11-10°
2.52-10° -0.3-10°
1.66 - 1075 ~0.37-10°
1.09- 107 ~0.48 - 105
0.73-10° ~0.39- 1075

The torques of the other cylinders were obtained
based on the known order of their operation, taking into
account the displacement in the angle of rotation of the
crankshaft in this form

Mz(t) = M1 (t)e—jO.Sn;
M,(t)=M,(t)e /™.

M3(t): Ml(t)e_jljn; (13)

Let us introduce the concept of differential torque,
which ensures the rotation of the crankshaft of the ICE
3RZ-FE with a given angular velocity. This torque is de-
termined using the following expression

M; (1) = M; (1) — M; (1), (14)

where M; (), M;,(f) are torques obtained when process-
ing experimental data, respectively, indicator and com-
pression diagrams.

The concept of cylinder weight coefficients is used
D;=0,..., | to assess the identity of their work. Devia-
tions from the standard setting (D; # 1) require adjust-
ment of the fuel supply phase to the corresponding cyl-
inder. This allowed us to perform algorithmization of
the problem of monitoring the cylinder capacities of the
3RZ-FE ICE. Taking this into account, expression (14)
takes the following form

DiM] ,p(t) = Mi,l(f) - Mi,2(t)‘ (15)

The Fourier transform was used as the mathematical
tool for further research. Under these conditions, ex-
pression (7) takes the following form

4 4
0, (jo)=D W,D,M, ,(jo)+ Y W,M,,(jo). (16)

i=1 i=1

Let us move on to building a scheme for computer
simulation of the fluctuation signal. For this, it is conve-
nient to use the Mathcad software environment.

Development of a computer modeling scheme. It is com-
piled taking into account the capabilities of the Mathcad
environment based on expressions (11—13). The output
signal is the fluctuations in the rotation speed of the first
mass. Torque models take into account normalization by
amplitude. For this purpose, amplifiers are used in the cir-
cuit, the conversion coefficients of the input signal of

which are equal to M;' =1.32-107. The learning model
method [20] was used to identify the parameters of a me-
chanical system with one degree of freedom. For compari-
son, the fluctuation signal obtained by processing experi-
mental data was used. When setting up the computer sim-
ulation scheme (Fig. 5), the weighting coefficients of the
cylinders were used p;, which are changed by amplifiers.

Do

Fig. 5. Computer simulation scheme

Selected for comparison ;= 1, g, =1, =1, py =1
and y, = 1.5, w, = 1.0, u3=0.75, py = 0.5. The graphs of
fluctuation signals during one revolution of the crank-
shaft (T) at these values of the cylinder weight coeffi-
cients are shown in Fig. 6. It was established that their
change corrects the output signal. Computer modeling
established the signal of fluctuations from the action of
torques in the absence of fuel supply to the cylinders.

Algorithmic support for hardware. Determination of
weighting factors D; cylinders is performed by solving an
overdetermined system of incompatible algebraic equa-
tions of the form (17), which is based on the expression

4
B(jo)D=Q,(jo)- Y W(jo)M,(jo),  (17)

3]

4
where B(joo)zW(jm)ZM,"l(jco) is a matrix of size
i=l

n x i, whose coefficients are determined using the ex-

4
pressions (12, 13); ZW(jco)Mi,Q(j(n) — a column vec-
i=1

tor of fluctuations in the absence of fuel supply, its coef-
ficients are set in advance; D — a column vector of sys-
tem solutions; Q,(jo) — a column vector of measure-
ment information.

After transformations, expression (17) took the fol-
lowing form (18)

Qo) ¢ .

4
where C(jo)= Z:M,.’1 (Jo).
i=1
The computational procedure for monitoring the
cylinder capacities of the 3RZ-FE ICE involves setting
the parameters of a curve that passes through all points

alr) "
peto™ ¥

/

i Y &
Ij | // \
1N \
o A = / \\
VARVAIVIRY
‘ \
\\ / \ /

—1x10”* 7

(=]

0 0.2 04 0.6 08 T

Fig. 6. Results of computer simulation:

w=Luw=1p=1p=1-=slid p =15 =10,
p;=0.75, s = 0.5 — dash
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of measurement information and smoothest possible
emissions due to their uncertainty. The coefficients uy,
u, of a direct will be established by the results k + 1 ex-
periments conducted with a step 0.0333n. For each
equation of system (18), we assume a non-binding of the
following form

e = Ur Xy + Uy = [, (19)

where k£ =0,0.0333rx, 0.0666m, ...; f, =f(x;) — the calcu-
lated value of the fluctuation signal which is set at the

Q(jo) <
W) 2 Mo

Since the non-binding takes both positive and nega-
tive values, accordingly, in order to ignore the signs, the
mathematical operation of squaring is used. A function-
al equal to the sum of the squares of the non-binding is
introduced for consideration.

point x; using the expression

O(uy,uy) = Zrk_z(ulxk+u0 - i) (20)

k=0 =

The following values are taken as the generalized so-
lution of the system of equations (18) u, u,, which pro-
vide the minimum value of the functional ®(u, u,). Set-
ting of weighting coefficients D; provided that the sum of
squares is minimum, the non-binding is carried out us-
ing a system of two equations of the following form

dv_ do

=0; —=0. 21
du, du, D
The non-binding is defined as
3
re= 2D, (x)-fp, 22)

m=0

where ,,(x;) — some functions that form the basis. In
this case, trigonometric functions are used, so we have
W,,(x,) = cos(mx). Therefore, for further research, the
real part of the system of equations (18) was used. The

3

expression Z Dy, (x,) is a generalized polynomial,
m=0

which, based on this choice of basis function, has be-

come algebraic. Therefore, the system of equations (18)

and the generalized functional take the form

Dy o(xp)+ Dy (x) + Dyw, (x0) + Dyws(xy) = fy
Dy (x;) + Dy (X)) + Dyw, (x)) + Dyys () = f

k)

Dywo(x,)+ Dy (x,) + Doy, (x, )+ Dyws(x, ) = fy (23)

n 3 2
(D(Do’DtzsDa):Z[Z Dm\Vm(xk)—ka .

k=0\ m=0

The solution of the system of equations was found by
the least squares method, equating all partial derivatives
with respect to the components of the generalized func-
tional to zero. As a result of these transformations, we
obtained the following expression

_2Z\Vm(xk)|:z \Vm(xk)_fk:':o- (24)
k=0

m=0

By changing the order of summation, we obtained a
system of equations of the form

Z|:Z\Vm(xk)wk(xk):|D ka\l’k(xk) (25)

m=0|_k=0

Let us rewrite the last relation (25) in the form of a
system of equations

Dy(wy,wo)+ Dy, w)+ Dy (yy,v,) +

+ Dg(\l/oa\l/3) = (\Voaf)

Dy(wy,wo) + Dy (v, W) + Dy (wy,w,) +
+Ds(\|’1’\|/3):(\|/1af) . (26)

Do(Wka\Vo)+ Dl(Wk7W1)+Dz(Wka\V2)+
+ D3(\Vk,\V3) :(\Vksf)

The indefinite algebraic system of the least squares
method has the form Bu = f. Matrix elements B are

scalar multiplications (y;,¥,)= Z\V J v (x). As a

result of the transformations, the Gram matrix is
obtained

(Yo, W) (Wos W) (Wo W) (W, 5)

(W]’WO)(W]’\V:)(WI’W2)(WI’W3) (27)

(\Vk,\Vo)(\lfksW])(Wk’\Vz)(\Vka\V3)

On the right side of the system are the projections of
the free component of the initial problem onto the

k
space of the basis function (y,f)= Z\uk (x;)f;- The
i=0
matrix is symmetric and positive definite, so the incon-
sistent system has a solution and it is one. This solution
is obtained thanks to the Seidel iterative method, the
main idea of which is to use in the calculation k + 1 ap-
proximation of unknowns Dy, D,, D, ..., D,_,. To apply
this method, the inconsistent system of equations is re-
duced to the form

1 0 0 0
D(() ) :ale( )+002D£ )‘H’ozDz( )"'fo
DY = a, D +a, DY +a,; D" + f,
Dél) = azoD(()D +a21D§1) +ay, D" + f, , (28)

(1) _ (1) 1) (1) (1)
D’ =a Dy’ +ay, Dy’ +a, Dy + a3 D57 +

where the diagonal coefficients of the system are maxi-
mal in modulus and the conditions for convergence of
the equations are checked. In the case of lack of conver-
gence, it is necessary to perform simple mathematical
transformations. The column vector of the free terms of
the system of equations (23) is used as the zero approxi-
mation. The peculiarity of the Seidel method is that the
approximation obtained in the first equation is used in
the second, and the approximations obtained in the first
and second equations are used in the third, etc. The
convergence theorem for the simple iteration method is
also valid for the Seidel method.
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The uncertainty of the solution of the system of
equations (28), upon reaching which the computational
process stops, satisfies the conditions

| Dk - Df|<e, at i=123,... 9)

The size ¢ is accepted in advance and this condition
is fulfilled for all equations. The developed software for
monitoring the cylinder capacities of the ICE 3RZ-FE
was tested using the example of processing the signal of
a computer simulation scheme with the following values
of weighting factors u, = 1.5, p, = 1.0, u3=0.75, u, =0.5.
The following column vector of the solution is obtained
D=1{1.501,0.998, 0.747, 0.504} 7. The calculation results
prove the effectiveness of the developed application
software.

Conclusions.

1. Hardware and software tools for controlling the
supply of the fuel-air mixture with feedback on the state
of the signal of uneven rotation of the crankshaft of the
ICE 3RZ-FE are proposed. Information technology for
isolating a discrete fluctuation signal is developed and its
frequency spectrum is established. Algorithmic support
for converting the input signal is developed, which meets
the performance requirements.

2. For the first time, a mechanical system with four
degrees of freedom was used as a mathematical model of
the 3RZ-FE ICE. Under the conditions of taking into
account friction, the motion of its masses is described by
a system of second-order differential equations. The pa-
rameters of the system were reduced to a dimensionless
form using theorems of similarity theory and the La-
place transform was used to solve it under zero initial
conditions. A system of algebraic equations was ob-
tained, the solution of which significantly simplifies
monitoring the identity of the operating cycles of the
3RZ-FE ICE.

3. The method of determinants was used to estab-
lish the transfer functions of mechanical torque trans-
formations. The coincidence of the expressions of the
transfer functions was established, accordingly, the
mathematical model of the ICE 3RZ-FE was first pre-
sented as a mechanical system with one degree of free-
dom.

4. The Mathcad software environment was used
and a scheme for computer simulation of the move-
ments of the first mass of the 3RZ-FE ICE was built
with the signal of uneven crankshaft rotation. The mod-
el parameters were identified by comparison with ex-
perimental data. The method for regulating the length of
connections of neural network technologies was applied
to adjust the parameters of the scheme for computer
simulation.

5. The frequency representation of the signal of un-
even rotation was used and an information technology
for monitoring the cylinder capacities of the ICE 3RZ-
FE was developed. The algorithmic support for solving
the overdetermined system of incompatible algebraic
equations implements the least squares and Seidel
methods. The uncertainty of the solution of the system
of equations was established, upon reaching which the
computational process stops. According to the calcula-
tion results, the hardware and software tools set the am-
plitude coefficients of the cylinders, on the basis of

which the settings of the fuel-air mixture supply phases
of the ICE 3RZ-FE are changed.
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Merta. ITokpalueHHsI MPOAYKTUBHOCTI arnapaTHO-
nporpaMHUX 3aco0iB 3agaHHs (a3 momauyi IaauBa
i1 TIOBITPS B LUMJIIHAPU JIBUTYHA Ha OCHOBiI OOpPOOKU
CUTHAJTy HEPiBHOMIpHOCTI 00epTaHHS KOJiHYaCTOro
Bay.

Metoauka. JlocaimkeHHs 6a3yl0TbCsl HA Teopii aB-
TOMaTHYHOTO KepyBaHHS I YMCEJTbHUX METOIax.

PesyabTaT. PesynbTaTamMu 10CIiIKeHb €: Mo0Oy10-
Ba JeTepMiHOBAaHOI MaTeMaTU4YHOI MOAEJi JBUTYyHA
BHYTPIILIHBOTO 3rOPSTHHS ; OITMC PYXiB Mac MoJeJli CUc-
TeMOIo JIiHIWHUX TndepeHIIiaTbHUX PiBHSIHD, ITapaMe-
TPU SIKOI HOpMaJli30BaHi 3a JIOIIOMOTOI0 METO/IiB TEOpil
MOIiOHOCTI; OTpUMAaHHS IepenaBaTbHNX QYHKIIIN Me-
XaHIYHUX KaHaJjiB 3a JOMOMOIOI0 TMPOTPaMHOTO ce-
penosuiia Mathcad i meTony BM3HAYHMKIB. Takoxk
BCTAHOBJIEHO 30ir OTpUMAaHUX MepeaaBalbHUX (QYHK-
Liif 1 BOepIle 3alpOMIOHOBAHO TOJATU KPYTHY CXEMY
CHJIOBOTO arperaty MeXaHidHOIO CHCTeMOIO 3 OITHUM
CTyIICHEM CBOOOIM; Yy TIPOTPAMHOMY CEpeIOBHIILI
Matlab mocyimkeHi 4acTOTHI XapaKTepUCTUKN KaHaITy

nepegavyi KpyTHUX MOMeEHTIB. BcraHoBeHa e(heKTUB-
HICTh PO3pOOJEHOr0 MPUKIIAAHOTO MPOrPaMHOIO 3a-
Oe3reyeHHs.

HaykoBa HoBu3HA. [lossirae y po3po0l1i apXiTeKTy-
pH armapaTHO-IIPOrpaMHMX 3ac00iB 3amaHHs a3 moma-
qi TTaJTBa Ha OCHOBI BUKOPUCTAHHS TIPUHITUITY YIIPaB-
JIIHHST 31 3BOPOTHUM 3B’SI3KOM 3a CTAHOM YacTOTHO-
MOJYJbOBAHOIO CHUIHaly IIBMIKOCTI OOEpTaHHSI KO-
JiHyactoro Bajay. Po3pob6rieHa iHgopMauiiiHa TexXHO-
JIOTisE 0OpOOKM MAacUBY JOCTiAHUX JAHUX 3 METOIO BU-
3HAUCHHS cUTHANy (iykTyalliii. CTBOpeHEe aJropuT-
MiuHe 3a0e3MeYeHHSI MOHITOPUHTY LWIIHAPOBUX I10-
TY>KHOCTEI Ha OCHOBI pPO3B’si3aHHSI ITepeBH3HAYEHOI
CUCTEMU HECYMICHUX ajireOpailuyHUX piBHSIHb [JIs1 BCTa-
HOBJIEHHSI TTapaMeTpiB BEKTOPY BaroBUX Koe(illiEHTIB
mutiHapiB. Jjis mouyky ii pilueHHs BUKOPUCTaHi Me-
TOI HaliMEHIIMX KBaIpaTiB Ta iTepaliiiHumii MeTon 3eii-
IIeJIST 32 YMOBU HYJIBOBUX YACTKOBUX TTOXITHUX KOMIIO-
HEHTIB Yy3arajibHeHoOro GyHKIioHamy. ‘K HacIimok
MaTeMaTUYHUX IePeTBOPEeHb, OTpUMaHa CUMETPUIHA
i1 mo3uTUBHO BU3HayeHa Matpuus ['pama. BcraHoBie-
Ha MeXXa HEBU3HAYEHOCTi PO3B’sI3aHHS CUCTEMU ajire-
OpaiyHuX piBHSIHb, IIPU JOCATHEHHI SKOi OOYMCIIIO-
BaJIbHUU MPOIIEC 3yMTUHSIETHCS.

IIpakTnuna 3naunmictsb. [Tonsirae y po3po0iii ajiro-
PUTMiYHOTrO 3a0€e3MeYeHHsI MOHITOPUHTY LIMJTIHAPOBUX
TIOTY>KHOCTEH 3a YaCTOTHOTO ITOTaHHST CUTHATY (DIIyK-
Tyaliil i3 BUKOPUCTAHHSM IMepenaBaJbHUX (DYHKILiN
MEXaHIYHUX KaHaliB i ampOKCUMOBAHUX KPYTHUX MO-
MEHTiB. MOHITOPMHT LWIiHAPOBUX MOTYKHOCTEH Opi-
€HTOBAHUWI Ha BCTAHOBJICHHS ITapaMeTpiB KPUBOIi, 110
TIPOXOIUTH Yepe3 yCi TOUKM BUMIipIOBaIbHOI iH(opMa-
1ii Ta 3rjaakye MOXJIMBI BUKUIM 32 PaXyHOK IXHbOT
HeBU3HaueHocTi. BukopucraHe neperBopeHHs Jlamna-
ca 3a HYJIbOBUX [MOYATKOBUX YMOB B SIKOCTi MaTeMaTU4-
HOTO afnapaty BCTaHOBJIEHHS iH(popMaLliliHUX 3B’ S13KiB
MK KPYTHUMM MOMEHTAMU LMJIIHAPIB i CUTHAJIOM
(yKTyarriif iepIroi Macu KOJIiHIACTOTO Bajy. Y IIpo-
rpaMHOMy cepemoBuili Mathcad cTBopeHa cxema
KOMIT'IOTEPHOT'O MOJAEIIOBAHHS CUTHATy HEpPiBHOMIp-
HOCTi 00epTaHHS TepLIol MacH i, Ha OCHOBI BUKOPUC-
TaHHSI METOAY DPEryJIOBaHHS MOBXWUHU iH(opmaliii-
HUX 3B’SI3KiB, ITpoBeJieHa ieHTU(iKallid ii mapaMeTpiB.

KimouoBi cnoBa: odsueyn eHympiuinb0eo 320psiHHS,
anapamui 3acobu, anreopummiune 3a6e3nevents, mame-
Mamuune Mo0eA08an s, CUSHAN PAYKMYAyiil
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