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Abstract—On the basis of theoretical and practical studies of the 
multivariate electromechanical system, the scientific and tech-
nical problem of improving the control system of the electrome-
chanical system during the influence of multi-vector perturba-
tions on it is solved. The result of the research is the combination 
of equations in the system of differential equations with coeffi-
cients dependent on the fluctuations of the control object. In the 
theoretical part the mathematical model of the electromechanical 
system was synthesized, which made it possible to investigate 
ways of minimizing the angles of deviation and time intervals 
necessary to stabilize the movement of the electromechanical 
system, which made it possible indirectly to implement the signal 
associated with the stochastic nature of the moment of the control 
object fluctuation on coordinate plane. The method of parametric 
optimization of the mathematical model of the electromechanical 
system in the deviation angle function was also improved and 
investigated. Based on the determination of the structure and 
algorithms of work, the efficiency of the control system of the 
electromechanical system is increased in terms of reducing the 
time of stabilization of the control object. 

Keywords—multi-mass electrical vehicle, control system, math-
ematical modeling, improvement, adaptability, stabilization 

I. Introduction 

In order to improve the design of control systems for mul-
ti-mass electromechanical systems (MMEMS), methods of 
simulation design are applied [1]. The main advantage of sim-
ulation modeling is its versatility and the ability to ensure the 
high adequacy of the model of the real system under study. 
This is achieved due to the deep detail of the algorithmic de-
scription, which is impossible in the study by analytical meth-
ods, which are associated with the simplification of processes 
and tight restrictions on the conditions of use of the model. 

For example, the attempt to take into account the influence 
of random factors in the MMEMS leads model to considerable 
difficulties in the analytical study of systems, which cannot 
always be overcome. Simulation modeling in the study of sys-
tems under conditions of random influences is not complicated 
and is currently the most effective, and sometimes the only 
practically available means of obtaining information about the 
behavior of the system, especially at the stage of its design [2]. 

The random nature of the receipt of requests from multiple 
devices of the MMEMS is necessary in determining the re-
quired performance of processors of the control complex. Ran-
dom values measured in the process of controlling values are 
the reason for the undetermined number of operations per-

formed by the processor in the implementation of control algo-
rithms [3]. 

The MMEMS consists of a large number of different devic-
es and systems and is characterized by numerous external and 
internal random influences. Occasional perturbations are envi-
ronmental disturbances, changes in the system characteristics 
related to the wear of the elements, the occurrence of their fail-
ures, which require fault localization to prevent the develop-
ment of emergencies, and others. In this regard, the need to 
solve individual information processing problems and the time 
to solve these problems are also random [4]. 

Although many information processing tasks related to the 
control and control of a multi-mass electromechanical system 
(MMEMS) are cyclical, random influences on the control ob-
ject cause access to devices that perform various functions. 
control and management, in general, is not regular [5]. Random 
value is also the time spent by the processor on the processing 
of information in the control process, as algorithms for solving 
problems have branching, containing cycles. The number of 
processor operations performed when implementing such algo-
rithms depends on the random values for measured values [6]. 

All this necessitates the use of probabilistic models in de-
sign (MMEMS). Such models are needed both in describing 
the processes of performing individual task algorithms and in 
describing systems that perform the certain set of control and 
control tasks [7]. 

II. Purpose of work 

Improvement of the strategy of control of a multi-mass 
electromechanical system by increasing the adequacy of the 
model of the system functioning intended to solve a certain set 
of computational problems in the control process by using 
queuing algorithms at the design stage with their further im-
plementation in decision support systems [8]. 

III. CONTENTS AND RESULTS OF THE RESEARCH 

First, for the MMEMS backbone structure and the organi-
zation of distributed computing processes, in which the tasks 
are divided into separate stages performed by different proces-
sors, it is necessary to submit the MMEMSs functioning model 
in the form of interacting queuing systems (IQS) – the stochas-
tic network. In this case, individual systems included in the 
network can be single-channel or multi-channel IQS [9]. 

The objective of this study is to evaluate the characteristics 
and select the parameters that provide the required quality of 
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functioning of the projected complex MMEMS. Such studies 
are carried out on the basis of analytical models or by simula-
tion (software) modeling [10]. 

Analytical models based on the application of queuing the-
ory apparatus [11] are used in the initial stages of design. Such 
models allow to determine the device orientations and the or-
ganization of works in MMEMS to provide the necessary per-
formance characteristics [12]. 

More accurate estimates of the system's characteristics will 
be obtained by simulation using the statistical test Monte Carlo 
method. Such research is a complex, time-consuming process 
that requires the development of specific simulation software. 
Simulation modeling will be carried out in the design of the 
MMEMS, the structure of which varies within the operational 
mode, taking into account identification factors [13]. 

The functioning of any queuing system is characterized by 
a number of indicators: the average time of the application be-
ing in the system; the average number of applications on the 
system; the average number of applications in the queue; aver-
age queuing times for applications and more. The values of 
these indicators depend on the organization of MMEMS, the 
parameters of its devices and the parameters of the application 
flows. 

After presenting the model of functioning of MMEMSs in 
the form of interacting IQS, they establish the relations that 
link the characteristics of the system with its main parameters. 
Accepting the number of assumptions about the parameters of 
the input flows and the nature of their maintenance allows us to 
build the model of IQS that is amenable to analytical research. 
This applies first of all to Markov systems that occupy the 
same place in queuing theory as linear systems in the theory of 
automatic control [14]. 

Suppose the simplest (Poisson) nature of the flow of appli-
cations and laws of service in MMEMS. Then, the flow of 
events in the BMEMS must have three properties: ordinariness, 
no aftereffect, and stationarity, and obey Poisson law of distri-
bution [15]: 
 n λτ

n
P (τ) (λτ) e n!,−=   (1) 

where: Pn(τ) – the probability of occurrence of n homogene-
ous events in the time interval τ; 
λ – the constant positive number that defines the av-
erage number of events per unit of time. 

Time intervals between events in MMEMS, taking into ac-
count probabilistic operational factors, are distributed accord-
ing to the exponential exponential law [16]: 
   λtT t 1 eF(t) P − = −=  (2) 

with the probability density distribution of a certain operational 
factor 
 λtef(t) λ −=  (3) 

For MMEMS, many typical situational factors will have in-
tersections, that is [17]: 

 
ik ijС С , k 1,2,...,L;

j=1,2,...,L; k j.

= =


 (4) 

where: С̅i – the set of situational factors of the operating 
mode; 

L – the subset С̅i, k = 1, 2, ..., L, relevant to typical 
situational factors. All current situations are evaluat-
ed for belonging to a particular set С̅kj, k = 1, 2, ..., L, 
and the task is replaced by the task equivalent to the 
typical situation С̅kj. 

In case the typical situations will not have overturning, that 
is: 
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where: di,  bs  and aj – auxiliary indicator variables of the 
iterative process; 
pis – s-th sign of the situational factor; 
Pik – the set of characteristic features of the k-th typi-
cal situation factor for the i-th operating mode identi-
fier; 
C̅ik – set of variables taken into account in the modi-
fied task; 
C̅ij – an average set of typical situational factors for 
which aij ≠ 0. 

 The mathematical expectation of the occurrence of the cer-
tain situational factor, which will lead to the withdrawal of 
MMEMS from the stable state, will be [18]: 

 
2

0

M(t) t f(t)dt=1/ λ


= 
 (6) 

and variance in the time zone of the situational factor

 
2 2

0

.D(t) t f(t)dt=1/λ


= 
 (7) 

In approaching steady-state operation without significantly 

changing the state of MMEMS in terms of energy consump-

tion during multi-vector perturbations, applications for these 

or other situational factors tend to cluster in areas of short in-

tervals, since 
   1τ<1/λ 1 e 0.63P −= −   (8) 

that is, a large proportion of disturbance applications follow 

each other at intervals less than the average 1/λ. 
Consider the case where homogeneous call applications 

from sensors that record certain perturbations with intensities 
within the error, whose service time is distributed by exponen-
tial law with exponent µ, are received at the system input. We 
denote by S the steady state of the system when it contains also 
i applications. In the interval [t, t + dt], the probability of transi-
tion of the MMEMSs to the mode of compensation of the dis-
turbing influence of the j-th situational factor is determined by 
the matrix: 
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 (9) 



In constructing the matrix of the set of variables C̅kj, (4) the 

source of the applications can be considered as some system 

S0. Applications coming out of the i-th system (i = 1, 2, .... j) 

with the constant probability Bij are fed into the j-th system 

(j = 1, 2, .... L) (5) or leave the network (j = 0). In this case, 

the transfer matrix has the form 
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i0 i1 i2 ij
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. . . .

. . . .
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 (10) 

In order to determine the throughput of the disturbance 

factor sensor network, it is necessary to determine the intensi-

ties of the applications in each of the MMEMS subsystems. 

Due to the fact that in the stable mode, the average number of 

applications leaving the system is equal to the average number 

of applications, the equality is true. Therefore, for λ (1) appli-

cations from sensors, given (5), we have: 

 
L

i i ij

i=0

λ = λ β ,   j=0,1,2,...,L.  (11) 

To determine the architecture and load intensity of the 

MMEMS sensor network, it is necessary to determine the 

transmission coefficients and the characteristics of the sensors 

that form the network with the corresponding transmission 

ratios. 

The parameters of the individual sensors, calculated ac-

cordingly calculated in accordance with (11), must meet the 

following criteria: 

- the speed of the device due to the parameters (8); 

- the number of channels, which depends on the set of var-

iables that are taken into account in the modified tasks C̅kj; 

- the complexity of the stage; 

- average service time (2); 

- service intensity (3); 

- transmission coefficient (7). 

Therefore, for the system of values of the coefficients of 

the speed of the sensors, which are determined by the values 

of the transmission coefficients b0, b1,…, bt with theoretical 

averages β0, β1,…, βt (10), we form the matrix of central mo-

ments defining all the statistical properties of the coefficients 

Bij, and hence, and the regression equation. We obtain the var-

iance-covariance matrix Mij, the principal diagonal of which 

are the estimates of the variances, and the rest of the seats are 

estimates for the variations of the regression coefficients: 
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From here we obtain the ratio for the variance estimation 

of the accuracy of the sensors and the covariance of the coeffi-

cients of the regression equations s2{bi}=Сij
2{y}; 

cov{bibj}=Сijs2{y}. 

Variance estimation of sensor accuracy of the reproducibil-

ity sensors s2{y}, in respect that (4), is determined by the for-

mula,  
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s y ,
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where y̅k is the average value of yk, determined from the Mij 

data of repeated measurements. 

The number of degrees of freedom of the variance estima-

tion of the accuracy of the sensors, which allows to determine 

the significance of the coefficients, i.e. to specify the structure 

of the MMEMS model, is determined by the expression: 

 
L

y k

k=1

f = (L -1)  (14) 

The variance estimate of the predicted value of the re-

sponse of the sensor s2 {ŷk} is determined by the law of mak-

ing errors 
2

2n t t
2 2

k i i j
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    (15) 

or in matrix form, taking into account (12): 

 2 2L L -1 L 1

k k ij kk k k{ } X (X X) {ˆs y s X X M X ,y } −= =  (16) 

where Xk is the coordinate vector of the k-th point of the ex-

periment. 

The estimation of the variance of adequacy is determined 

by the expression 

 
2

L
2

ij jk ij

k=1jk ij

1
ˆs (y -y ) ,

N -L
=   (17) 

where Lij is the number of coefficients included in the regres-

sion equation after discarding insignificant coefficients. The 

value of fki = Njk – Lij is called the number of degrees of free-

dom of the variance of adequacy. 

For example, to estimate the significance of the coeffi-

cients and the adequacy of the obtained MMEMS model, we 

will make the variance estimation of reproducibility according 

to 14 measurements of the values of the disturbance sensors. 

The largest error is 0.0911 from the maximum signal value. In 

this case, there is the uniform duplication of the measurements 

L1 = L2 = … = L = N and the variance estimation of reproduci-

bility is in the form 

  

k
2

LN

kq k

k=1 q=12 -3

k

(y -y )
0,0911

s y = =1,6267×10 .
N(L -1) 14(5-1)

=

 
  

Thus, taking into account (4) and (5), for the set of situa-
tional factors С̅kj of the operating mode, we define the corre-
sponding intersections for k = 1, 2, ..., L, s = 1, 2, ..., S. Indica-
tor variables of the iterative processes di, bs, and aj change arbi-
trarily within the set of characteristic features of the k-that typ-
ical situational factor for the i-th identifier of the operational 
mode Pik (Fig. 1). The set of variables of the modified problem 
is an intersecting set of typical situational factors for which 
aij ≠ 0. 



 

Fig. 1. The intersections of the set of situational factors С̅kj of the operational 
mode for k = 1, 2, ..., L, s = 1, 2, ..., S. 

 
In Fig. 2 shows the spectral characteristic of mathematical 

expectation of the occurrence of the certain situational factor, 
which will lead to the exit of the system from the stable state. 

 

Fig. 2. Mathematical expectation of the situational factor that will cause the 
system to exit from the stable state. 

 
In Fig. shows the intensity distribution of perturbations fol-

lowing each other at intervals less than the average of 1/λ. 

 

Fig. 3. Depend on the intensity of perturbation applications  
from the interval 1/λ. 

 

In Fig. 4 shows the diagrams of the change of the control-
task control system when using the calculated values of the 
coefficients of the PID-controller relative to the identification 
of transfer functions of the third (Fig. 4, curve “a”) and second 
(Fig. 4, curve “b”) orders. 

 

Fig. 4. Coefficients of the PID-controller with respect to the identified transfer 
functions of the third (a) and second (b) orders: с – default tasks. 

 

After the variance evaluation of the accuracy of the sensors, 
taking into account (13) – (17), according to Mij repeated 
measurements, it was found that the largest deviation of the 
response value of the sensor s2 {ŷk} = 1,6267×10-3 corre-
sponds to the certain range of change (1 – e–λt) (Fig. 5) [19]. 

 

Fig. 5. Variance estimation of sensor response accuracy. 

IV. CONCLUSIONS AND RECOMMENDATIONS 

The proposed approach to refinement of MMEMS as the 

component of the design process allows to predict the total 

number of disturbing factors with the possibility of multiple 

changes to the MMEMS architecture, even with minimal data 

on an existing project, and can be used for virtually any type 

of MMEMS in terms of power supply. This approach also 

allows upgrading of various types of MMEMCs to adapt them 

to operational mode (eg dynamic positioning) and enables 

synthesizing recommendations for MMEMS developers, con-

trollers and power systems. This is achieved by the fact that 

the proposed approach is based on the cognitive (in synergy 

with engineering) research decision-making process, which 

includes the stepwise improvement of the data that comes 

from the study of a specific operational mode of operation of 

MEMMS.  

The possibility of iterative optimization of MMEMS pa-

rameters allows to use the developed methods as a means of 

intellectual design, the result of which is the improved adjust-

ing, and therefore the operational characteristics of MMEMS. 



The proposed strategy, compared to existing systems, has a 

higher speed of detection of the risk of loss of position 

MMEMS, greater reliability and accuracy of positioning.  

The ratios of coefficients di, bks, and aik (5) correlate bet-

ter with probability coefficients, suggesting that MMEMS 

reliability is increased in operational modes, one of which is 

dynamic positioning, and allows the results to be added to the 

database of various decision support systems to provide de-

velopers and researchers with the information they need to 

create new MMEMS concepts or modify existing ones.  

Determination of the values of the probabilistic coeffi-

cients of the disturbing factors applied to MMEMS, and the 

formation of a configuration matrix of the compensating forc-

es with determining the distance from the place of application 

of the individual disturbing factor to the projection of the force 

vector on the plane of motion MMEMS possible on the basis 

of the identifying relevant identification factors.  

Obtaining correction factors that affect the components of 

forces and moments, proportional to the size of the MMEMS 

model and the real object bound to the original geometry, is 

possible by formalizing physical models of MMEMS with 

means of identifying disturbing factors on the lines of the 

compensating efforts of the calculators.  

Increasing the statistics of the frequency of significant 

identification factors of process characteristics in MMEMS 

during iterative procedures is proportional to the sample size 

and does not increase the variables and coefficients of the re-

gression model. The random values of the variables of disturb-

ing influences are not correlated, which is evidence of the pre-

requisite for the application of the developed principles of 

composition of regression models according to the results of 

experimental studies.  
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