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Abstract. Problem. To date, a number of features of the IVCS for power plants of electric and hybrid
vehicles remain insufficiently studied. The applied methods of analysis and synthesis of IVCS do not
pay sufficient attention to the multi-criteria nature of the emerging optimization problems. Methods of
adapting control to variable external operating conditions are not effective enough. These
circumstances do not allow to fully realize the potential of IVCS for power plants of electric and
hybrid vehicles. Goal. Substantiation and implementation of a comprehensive methodology for
building a highly efficient system of control over technological operations and measurement of
information in various types of power units of modern electric vehicles. The developed system allows
for the operational synthesis of the optimal control effect and the formation of control influences in
real time in accordance with the specified energy and quality efficiency criteria, with mandatory
consideration of the dynamic change in external operating conditions and environmental parameters.
Methodology. The methodological basis of this scientific work is a rational and balanced combination
of fundamental theoretical provisions and applied experimental research. The work uses a
comprehensive systemic approach to the design of an information and measurement control system,
which is invariant to the specifics of the design of various power units of electric vehicles. This
approach provides the opportunity to quickly and flexibly solve complex tasks of coordination and
control of operating modes according to a set of quality, energy and other operational criteria.
Results. During the study, a mathematically based optimal control was obtained, which can be
directly used in the development of clear logical rules for choosing a strategy for adaptive vehicle
control. In addition, the results provide a reliable scientific justification of the key parameters,
operating characteristics and functional relationships of modern systems and individual units of an
electric vehicle. Scientific novelty. An innovative concept of mathematical modeling and multi-criteria
optimization of analytical models of complex physical processes in power plants, which are critically
difficult to formalize by classical methods, was formulated and proposed by presenting and
approximating them in the form of artificial neural networks. Practical significance. Further
development and practical implementation of the results of this study has broad potential for
significant improvement of adaptive control systems for passenger and freight electric trains. The
practical use of neural network adaptive criticism methods enables effective overcoming of the
chronic lack of a priori information about the key parameters of the real driving cycle and changing
external operating conditions, as well as compensating for the low accuracy of traditional
deterministic mathematical models.
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Introduction selected control strategy corresponds to external
operating  conditions.  This  circumstance
necessitates  providing the  information-
measuring and control system (IMCS) of power
plants with adaptive properties, i.e., the ability to

During the operation of electric vehicles, their
energy efficiency and environmental safety are
largely determined by the quality of control of
the power plant and the degree to which the
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select a control strategy for the power plant units
that minimizes a chosen quality functional while
taking into account external operating conditions
under given constraints. To date, a number of
features of IMCS for electric and hybrid vehicle
power plants remain insufficiently studied. The
applied methods of analysis and synthesis of
IMCS do not pay sufficient attention to the
multi-criteria nature of arising optimization
problems. Methods for adapting control to
changing external operating conditions are not
sufficiently effective. These circumstances do
not allow full realization of the potential
capabilities of IMCS for electric and hybrid
vehicle power plants. This determines the
relevance of improving and developing new
methods for modeling and optimizing IMCS for
controlling power plants of electric and hybrid
vehicles based on modern control theory, vector
optimization, neural network and neuro-fuzzy
adaptive control.

Reference Analysis

The process of training a neural network model
and a neurocontroller is considered as an
optimal filtering problem using the Kalman
filter. The weights of the neural network are
represented as a state vector of a dynamic
system. The neural network model is trained
over 3000 epochs using a dataset consisting of
input-output signal pairs from 20 different
operating conditions of a hybrid power plant
generated by a simulator. The neurocontroller is
trained over 1200 epochs.

According to the results of testing the neural
control method [11], the neurocontroller
provides a 17% reduction in fuel consumption
and reduces the variation range of the traction
battery state of charge by 35%, while also
minimizing emissions of toxic substances. To
improve the operational characteristics of the
power plant, an optimization objective function
of the neurocontroller parameters is used in its
current form. A disadvantage of this method is
the lack of adaptation of the control strategy to
changes in driving modes.

These works [9, 12, 13] are devoted to the
use of a fuzzy control system for improving fuel
efficiency and environmental safety of hybrid
vehicles with a  parallel  powertrain
configuration. The effectiveness of the proposed
control system was tested by simulating vehicle
motion under various operating conditions.
When tuning the fuzzy controller to reduce
nitrogen oxide emissions, said emissions
decrease by 10% while fuel consumption
decreases by 25%.

A drawback of this approach to power plant
control is the inability to consider more than
one optimality criterion when tuning the fuzzy
controller, as well as the lack of adaptation to
external operating conditions. The method for
synthesizing a fuzzy control system for a
hybrid vehicle with a parallel configuration
ensures efficient redistribution of torque
between the internal combustion engine and the
traction electric drive based on the analysis of
driver input, battery state of charge, and motor
rotor speed.

The operation of the fuzzy controller is based
on three principles: the state of charge of the
traction battery should not be low; driver control
inputs from the accelerator and brake pedals are
always satisfied, except when they contradict the
first principle; optimization of the overall
efficiency of the main components of the hybrid
power plant, provided it does not contradict the
first two principles.

The optimal battery state of charge is
determined by the minimum internal resistance.
If the battery is discharged below this value, an
active charging mode is activated by taking part
of the power from the internal combustion
engine. If the battery is charged above the
optimal value, it is used in the electric drive to
generate traction.

These control principles of the hybrid power
plant are implemented as a rule base of fuzzy
inference in the fuzzy controller, which is the
main element of the control system.

Purpose and Tasks

The purpose of this work is to improve the
efficiency of vehicle operation by implementing
a methodology for the operation of an intelligent
information and control system for various
electric vehicle power plants, which enables
rapid synthesis of control actions based on
energy and quality criteria while considering
external conditions.

To achieve this goal, it is necessary to
scientifically substantiate the development of a
methodology for the operation of an intelligent
information control system that is invariant to
different electric vehicle power plants and
allows prompt control of operating modes
according to quality, energy, and other criteria.

Adaptive control of an electric vehicle power
plant

In cases where preliminary training of a
neurocontroller for an adaptive automatic
control system of the EV power plant using a
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reference model is difficult, a neuro-fuzzy
network can be used to calculate the utilization
coefficient of the electric drive. In this case,
initialization of the neuro-fuzzy controller
SZFGsu_KR(XFc), with input vector XFc:[(O, GTAB,
Masuzd]", involves the use of a priori expert
knowledge of a qualitative nature about the
power plant control process, formalized as fuzzy
production rules.

Subsequent adaptation of power plant control
strategies to the current driving cycle is carried
out by training the neuro-fuzzy controller
similarly to previous approaches. The controller
Fesukr may have the structure proposed by L.
Wang and J. Mendel. Functionally, the Wang-
Mendel network is a special case of the Takagi—
Sugeno-Kang fuzzy inference model, where
conclusions are represented as zero-order
polynomials and the algebraic product operator
is used as an aggregator.

On the other hand, the Wang—Mendel
network can also be considered as a Mamdani
fuzzy inference system with  singleton
membership  functions for the rule base
conclusion terms, using centroid defuzzification
and algebraic product for conjunction during
aggregation.

It has been proven that, with proper
parameter selection, the fuzzy inference system
with this structure is capable of approximating
any nonlinear multivariable function with
arbitrary accuracy.

The inference system involves introducing

linguistic  variables wh, 0tras, MYy,
corresponding to the neuro-fuzzy controller
Fesurc. The input linguistic variables form this
vector

Xllgc = [a)L ' QTLAB ' MéNU.zd JT = {XII;C.i } 1)

i=13

These variables are defined on basic term
sets {T;}, j=1 Nr.i, where Nt; is the amount
of terms in term sets corresponding to the F~th
linguistic variable.

Each of the values (terms) of each linguistic
variable is represented by a fuzzy variable in the
form of a Gaussian membership function with
center crand variance 67

2
Hr, (XIIQC.i’O-TJ-i G, ): eXp % (2

T;

where  Xgc; represents carriers of the

corresponding fuzzy sets:
Xeci € [0’ Wmax] v Xpc2 € [0’1] '

Xec3 € [MGSU.min ' MGSU.max] :

A rule base of fuzzy productions is formed to
formalize a priori expert knowledge about the
nature behind the control process for EV power
plants, where conditions are expressed as fuzzy
linguistic statements and conclusions as crisp
values d, where m isthe number of a rule,

_ . L _ : L _ .
m=LN,Pn XFC.Z_ijl 1 XFC.Z_TJ.M2 i

L
Xec, =T, 5. Therefore

e=d 3

m

where: j €{1,2,...N;} is the term number of

Fth linguistic variable involved in mth rule.

The structure of the Wang—Mendel neuro-
fuzzy network for determining the electric drive
utilization coefficient is shown in Fig. 1.

The calculation of the utilization coefficient
at step k is described by the corresponding
expression based on the Wang-Mendel fuzzy
inference algorithm

1

Zm(Hiﬂrlm, (XFC.i (k))) 4)
2 ndn '(Hiﬂnm, (XFC.i (k)))

In this structure, only the first and second
layers are parametric. The first layer parameters
(o7 and c ) of the membership functions of the
terms of the input linguistic variables are
adjustable, while the third layer contains weights
an, interpreted as centers of output membership
functions for fuzzy production rules.

The goal of training the neuro-fuzzy
controller is to generate power plant control
actions that minimize the quadratic value of the
control quality functional.

(k) =

A2
Erc :E* Jsv, = min (5)

During training, parameter adjustment of the
Wang-Mendel network is performed according
to expressions

d, (k +1)=d, (k)—/tiAd —_
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Fig. 1. The structure of the Wang—Mendel neuro-fuzzy network
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- if the j-th term of a linguistic variable is not
used in the m-th rule;

Aecd, Mece, Mec.o — learning speed coefficients
for the neuro-fuzzy controller;

2

| _(XFC.i _CT. ; )2
IID I

2
ZO'TW

m' — the number of a fuzzy production rule in
which the j-th term of i-th linguistic variable is
used;

«*» -
multiplication.

To ensure linear ordering of the elements in
the term sets of the fuzzy inference system,
appropriate constraints must be imposed on the
parameters, which prevent the adaptation
algorithm from making, for example, the fuzzy
set “low” larger than the fuzzy set “high.”

The presented expressions make it possible
to adapt the control strategy of the EV power
plant to the current driving cycle based on the
concept of reinforcement learning for the neuro-
fuzzy controller.

indicates element-wise vector

Conclusions

For the tractive performance determined by the
specified functions of vehicle speed variation
and external operating conditions, the optimal
control strategy of the electric vehicle power
plant can be obtained using the dynamic
programming method. However, this approach
does not provide a practical way to construct an
automatic control system due to the need for a
priori information, reference and disturbance
inputs, and high computational complexity of
the algorithm. The obtained optimal control can
be used to develop logical rules for selecting
control strategies and for scientific justification
of system and unit parameters for the EV
power plant.
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The use of adaptive control of the EV power
plant with a neural network adaptive critic
allows overcoming the lack of a priori
information about the parameters of the driving
cycle and external operating conditions, as well
as the low mathematical model accuracy. This
approach provides adaptation of the EV power
plant control strategy, ensuring asymptotic
convergence Jsy—J sy and u—u" as t—oo, based
on the concept of reinforcement learning.

To accelerate the adaptation of the control
strategy, it is advisable to carry out preliminary
offline training of the neurocontroller and the
neural network model using a reference control
model. As a reference model, control based on
logical rules for strategy selection or an optimal
strategy obtained by the dynamic programming
method for a given driving cycle can be used.

If preliminary training of the neurocontroller
of the adaptive automatic control system of the
EV power plant using a reference model is
impossible, the calculation of the electric power
plant utilization coefficient can be implemented
based on a neuro-fuzzy controller that realizes
the Wang—Mendel algorithm for fuzzy inference
conclusions.
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Heiipo-HeuiTke ajanTHBHe YNPABJIiHHA CHJIOBOIO
YCTAHOBKOIO eJIeKTPOMO0ins

Anomayin. Ilpoonema. Ha cbo200HiwHili OeHb

Huzka  ocobnueocmeun  Immeeposanoi  cucmemu
xkepyeanna  ogueynom  (ICV]])  ona  cunosux
YCMAaHo80K eNeKMPUUHUX ma 2IOpUOHUX

MPAHCROPMHUX 3AC0DI8 3ANUUAEMbCA HEOOCTNATNHBO
susuenorw. 3acmocoeani mMemoou auanizy ma
cunmesy ICV/] ne npudinaiomv docmammuvoi ysazu
bazamoxkpumepianohiil  npupodi  HOBUX  3a0au
onmumizayii. Memoou aodanmayii KepysawHs 00
SMIHHUX  306HIWHIX ~ YMO8  eKcniyamayii €
Hedocmamuvbo  epekmuenumu. Lli obcmasunu He
00380510Mb NOBHOIO MIPOTO Peaizyeamu NOMeHyia
ICV]] onsa cunosux ycmamogoxk eneKmpuuHux ma
2ibpuonux ~ mpaucnopmuux — 3acobie.  Mema.
Obrpynmysannsi  ma
Memooono2ii 011 nobyoosu
cucmemuy KOHMpOJIO HAO MEXHONO0IUHUMU ONepayisimu
ma euMipom IHGopmayii y PpI3HUX MUNAx Culo8uUx
azpezamis  cyyacHux —enekmpomobinie. Poszpobnena
cucmema 003607A€ 30MUCHIOBAMU ONEPAMUBHUL CUHME3
ONMUMATBHO2O eqpeKmy KepyBaHHs ma (HOpMYEaHHs.
Kepylouux 6nIuBi6 'y  pedCcUMi  peanbHo20  4acy
BIONOBIOHO 00 BGUSHAYEHUX EHEP2eMUYHUX A AKICHUX
Kpumepiis eexmugrocmi, 3 0008'53K08UM
VDAXYBAHHAM — OUHAMIYHOI 3MIHU  308HIWIHIX  YMO8

excniyamayii  ma  napamempie  HABKOIUUIHBO2O
cepedosuuya. Memooonozis. Memooonoziunoro
OCHOB0I0 OGHOI HAYKOBOI pobomu € payioHaibHe ma
30anancosame NOEOHAHHS @yHnoamenmanoHux
meopemuyHux NOJI0JHCEeHb i NPUKTIAOHUX
EKCNEPUMEHMANLHUX — OOCTIOJICEHD. Y pobomi
3aCMOCOBAHO  KOMWAEKCHULL  CUCHeMHULl nioxi0 00
NpOeKmy6aHHsA IHGOPMAYIHO-BUMIDIOBATILHOT

cucmemu  KepyGamHs, sKa €  IHEAPIAHMHOIO 00
cneyughixu - KOHCMPYKMUBHO20 — BUKOHAMHA  PIZHUX
CUNOBUX YCMAHOBOK enekmpomooinie. Taxuil nioxio

BNPOBAOINCEHHS.  KOMNIEKCHOL
sucokoehexmueHol

3a0e3neuye  MONCIUBICMb  ONEPAMUBHO U SHYUKO
BUPIWLYBAMU  CKIAOHI  3A60aHHA  KOOpOUHayii ma
KePYBaHHA PpOOOUUMU  PEHCUMAMU  3d  CYKYNHICIIO
SAKICHUX, eHepeemUYHUX ma ITHWUX eKCNIYAmAayiiuHux
Kkpumepiis. Pesynomamu. Y x00i 0docrioxcenns
OMPUMAHO MAMEMAMUYHO 0DIPYHIMOBAHE ONMUMATbHE
Kepyeamns, sAKe — Modice  Oymu  06e3nocepeoHbo
BUKOpUCMAHE NPU PO3POOYI YIMKUX JIOSTYHUX NpAsut
ona  eubopy cmpamecii  A0anmMueHo20  KepyBaHHs.
mpancnopmuum  3acobom. Kpim moeo, pesynomamu
3abe3neuyioms — HaoditiHe  HAYKOBe — OOIPYHMYBAHHS
KIIOUOBUX NApamempis, poOOYUX XAPAKMEPUCUK |
QyHKyioHanbHUX — 3613KI6  CyYacHUX — cucmem  ma
okpemux  aepeeamie  enexmpomoobing.  Haykoea
nosusna.  Cgopmynvosano  ma  3anpoNnoHOBAHO
iHHOoBayiLiHy KoHyenyiio MamemMamuiHo20
MOOeno8antss ma 6azamoxkpumepianbHoi onmumizayii
AHATIMUYHUX MOOeell CKIAOHUX (DI3UYHUX NPOYECi8 y
CUNOBUX ~ YCMAHOBKAX, — AKI ~ KPUMUYHO  CKIAOHO
PoOpMAniZVIOMbCS KIACUMHUMU MEMOOAMU, UWLISIXOM IX
npeoCmagnents ma anpoKcumayii y euenioi wmyyHux
Hetiponnux — mepexc.  Ilpakmuuna  3nauumicme.
Hodanvwuii po3sumox i npakmuyte NPOBAONCEHHS
Pe3yIbmamié  Yb02o OOCHONCEHHS MAE  WUPOKULL
nomeHYyian Oasl CYMMmMEBO20 B0OCKOHANEHHS CUCTEM
a0anmueHo20  YAPAGNiHHA — NACANCUPCLKUX — mMd
BAHMAIACHUX e1eKmponoizois. Ipaxmuune
BUKOPUCIMAHHSL MemOOI6 Heupomepedicesol adanmueHoi
KpUmuky 0ae 3mo2y e@ekmugHo noooamu XpOoHiuHy

Hecmauy — anpiopHoi  ingopmayii  npo  Kouosi
napamempu peanibHo20 i3008020 YUKTY MdA MiHAUGI
306HIWHI  YMOBU excnayamayii, a maxoorc
KOMNEHCY8amuy — HU3bKy — MOYHICMb — MpPAOUYILHUX
0emepMIiHOBAHUX MAMEMAMUYHUX MOOeTell.
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