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Abstract

Unlike a car, a modern electric vehicle (EV) can have different configurations of the electrical traction
subsystem using one, two or four drive-wheel electric motors. This paper investigates a two-motor front-wheel drive
configuration, in which the control of the electromagnetic torques of the motors provides two functions: electric
traction and direction control. The latter function performs an electronic differential, which is used in place of the
traditional mechanical differential transmission and mechanical steering system. The implementation of the
aforementioned functions has been put on the developed motor drive control system based on Ackermann-Jeantaud
geometry. For the study of the experimental EV, a new energy-based approach for constructing mathematical models
of complex systems - Energetic Macroscopic Representation (EMR) is used. According to the inverse principle
provided by EMR, EV motion control system was developed. Conducted simulation studies in the software
Matlab/Simulink showed the efficiency of the developed control system and high accuracy of maintaining the set
speed and direction of motion in both steady and transient modes of EV.

Keywords: electric vehicle (EV); two-motor front-wheel drive; electronic differential; Energetic Macroscopic
Representation (EMR).

1. Definition of the problem to be solved

Two global crises — environmental and energy — have led to the rapid and irreversible transition of humanity to
autonomous electric transport. Electric vehicles (EV) beside environmental and energy advantages compared to
internal combustion engine (ICE) cars have significant advantages in handling and reliability too. However, EVs also
have problems, primarily related to the limited energy and long charging time of an on-board power supply and
storage battery system. These problems raise new challenges for improving not only on-board power supplies, but for
increase of energy efficiency in the operation of all other subsystems and devices of EVs [1]. First, it concerns the
most energy-intensive energy consumer — the traction drive.

Unlike ICE cars, EVs traction subsystems can be built in different configurations. This feature gives new
possibilities for quality control of vehicles, an increase of reliability and simplification of their mechanical design [2].
In particular, the configuration of the EVs with the individual drive of the two front wheels is promising. This
configuration makes it possible to greatly simplify the mechanical transmission of the EV and replace the mechanical
differential with an electronic one [3]. However, this configuration is not simple because of the complexity of
automatic control. This is confirmed by the almost absence of this solution in the serial EVs of various world firms.
Most of them go the easy way of creating a single motor drive.

For comprehensive research of new construction solutions and operation of such a complex object as EVs, a
mathematical modelling is used. The new Energetic Macroscopic Representation (EMR) approach differs favorably
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among various mathematical modelling technics. This approach makes it possible to integrate interconnected
subsystems of different physical nature based on the energy principle of their operation, and provides a clear
procedure for the construction of automatic control systems [4]. However, despite these advantages, the EMR
approach is not widespread among researchers. Apart from our previous work [5], we did not find information about
it use in publications of Ukrainian scientists.

2. Analysis of the recent publications and research works on the problem

EV power-train configuration, where two drive wheels are actuated by two separate traction motors through
gearboxes and drive shafts or by two in-wheel motors, has the important advantage of quickly generating torque on
each driven wheel [6]. By setting different values of the electromagnetic torques of the wheels, you can change their
angular velocities in EV turns without using a mechanical differential gear. Such implementation, called the
electronic differential, greatly simplifies the mechanical transmission and increases the reliability of the vehicle [7].
In the case of a two-motor EV configuration with the front drive wheels, the wheel electromagnetic torque control
system also performs the steering function. In this case, it is advisable to eliminate the traditional steering gear with
hydraulic or electric steering system and to steer virtually through wires by controlling the electromagnetic torque of
the drive wheels, the so-called steer-by-wire control [8]. In addition, the front-wheel drives can perform the function
of providing EV stability in cornering by a corresponding automatic reduction of wheel speed in the event of tire slip,
the so-called yaw moment control [9]. As you can see, the two-motor front-drive EV configuration has extensive
capabilities to ensure the handling and safety of the EV. However, this requires the creation of quite complicated
control systems.

In order to test the efficiency of technical solutions regarding design and joint work of separate EVs subsystems,
the mathematical modelling of EVs work in different modes is required. First, it concerns the subsystems of electric
traction and on-board electric power supply, as well as justification of the parameters of individual components of
these systems. In this case, computer simulations often have to be carried out over a long period, such as standard
transport cycles. The French researcher A. Bouscayrol developed in 2000 the EMR approach for such complex tasks
that combine the operation of systems of different physical nature [10]. This method is used for mathematical
modelling of renewable energy systems, energy storage systems, electric and hybrid vehicles [11] - [13]. In [13], a
front-drive EV system with two motors was simulated, however, the regularities of the electronic differential are too
simplistic, and the steering system is generally replaced by the reference of the steering angle.

3. Formulation of the goal of the paper

The goal of the paper is to develop, based on the EMR approach, a mathematical model, which includes a
complex subsystem of two-motor front-drive EV traction with electronic differential, performing the function of EV
steering. The developed model is used to study the EV work and justify a number of its parameters.

4. Presentation and discussion of the research results
4.1. Regularities of the work of the electronic differential

In order to construct a mathematical model of EV motion, it is necessary to describe the kinematic regularities
that occur during its turning [14]. The Ackermann-Jeantaud geometry (Fig.1), which underlies the construction of the
steering systems of cars [3], is used for this purpose. Let EV moves at a speed v determined from its gravity center
GC and then makes a left turn at the steering angle 8. Then the radii along which the right R, and left R, wheels move
are different. In order to minimize tire sliding, the angles of wheel turning are also different — the inner wheel turns at
a greater angle than the outer wheel: 8, > §,. According to Fig.1, the values of these angles can be described as

M
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where L is the wheelbase of EV and d is the wheel track.

The radii along which the wheels move are respectively equal

R =Lsin™§,; R =Lsin™3,. ®)
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Fig.1. Ackermann-Jeantaud geometry.

The linear velocities of the wheels, respectively v, and v,, are directly proportional to their radii of turning:
: 3

where Ry, is the radius of turning of the middle of the front axle and R is the radius of turning of the GC (see Fig. 1).
The values of the indicated radii according to Fig. 1 are equal

2
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where I"gc = lgc/L is the relative position of the GC with respect to the back axle of EV.

4.2. Development of EV control system

Based on the obtained regularities of the electronic differential the general functional diagram of the electric
traction system of two-motor front-drive EV (Fig.2) was developed. The driver using the EV control functions sets
the reference values of the speed v™ and the steering angle 5" that come to the speed distributor SD. SD calculates the
necessary values for speeds of the right v, and the left v,” wheels of the EV, which are the references for the
respective wheel speed regulators SR; and SR,. At the output of the regulators, references for the electromagnetic
torques of the drives of the right T,” and left T, EV wheels are formed. The right wheel drive and the left wheel drive
systems work out the torques given to them and the corresponding traction forces of the wheels are formed

Fr =Tr i/rw ; FI :TI i/rw ' (5)

where r,, is the radius of the wheel and i is the gear ratio of the gearbox through which the motor rotates the wheel.
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Fig.2. Functional diagram of the proposed two-motor front-drive EV traction system with electronic differential.
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With sufficient accuracy, it can be assumed that the EV resistance forces in the form of the rolling force F,,, and
the aerodynamic drag force Fg4 are evenly distributed between the right and left drive wheels. Then, the equations of
the balance of forces acting in the places where the right and left wheels clutch with road will have the form

dv,
“ dt

); 0.5M dv, =

0.5M B5M,, —t
dt

=F —05(Fy +F

roll drag

l:I _O'S(Froll + l:drag) | (6)

where M, is the equivalent EV inertia mass, which takes into account its equipped mass Mgy and inertia of rotating
parts, first of all are wheels with moments of inertia Jy:

Mg, = Mg, +4J3,, 1.2 (7)
The forces Fro and Fyrg are calculated by the following expressions

I:roll = MEV g kr; F

drag

=05pA C,V*, 8)

where p is the air density, A¢ is an EV frontal area, and Cy is the aerodynamic drag coefficient of the EV body.

According to the traction forces of the wheels drives (5) and the equations of motion (6), the right and left EV
wheels in cornering have different linear velocities v, and v;. The linear velocity of the middle of the front axle, as
well as the linear velocity of the GC based on (3) will be

R, R R
Vv, :?vr =?v,; V=Evr :EV' . 9
1 1

Since all the radii included in (9) respectively depend on the EV steering angle 9, it is necessary to obtain the on-
line value of & to determine the speeds v and v,,. EV wheel drive systems always have sensors of the angular
velocities of the right o, and the left ®; wheels, therefore, the value of 6 can be calculated by the angle estimator AE
based on the signals from these sensors. Using (1) - (3), the following dependence is obtained

) sin [arctg (tg 5 -d/(2L))7l}

N sin [arctg (tg 5+ d/(2L))71} .

\Y
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Needed dependency S(m,, co,) can be numerically obtained from (10) and presented in tabular form. In the case

when one of the wheels slips, the AE will give a false value. However, such a situation is not a regular one, and its
correction relies on another system that ensures course stability and is not the subject of the current study.

4.3. Research approach

The EMR approach that is used in this article provides a macroscopic view of the systems in terms of the energy
processes that take place in them. The name EMR is described as follows: “Energetic” - the exchange of energy
(power) between subsystems taking into account the principle of causality of energy connections; “Macroscopic” -
macroscopic description of processes in each subsystem with the formation of their inputs and outputs as two
variables, which product is always a power; “Representation” means that a system is presented in the form of a
mathematical graphical model in which subsystems are connected by the principle of “action — reaction”.

Therefore, the EMR can be regarded as an intermediary step in the transformation of a complex real system into
its computer model. The complex system is decomposed into basic interacting subsystems (Table 1): energy sources
(green ellipses), energy storage elements (orange rectangles with diagonal), energy conversion elements without
accumulation (various orange icons) and energy distribution elements (orange icons with overlaying). The control
units and control strategy blocks are shown in light blue and blue parallelograms, respectively. Purple parallelograms
display estimation blocks.
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Table 1. Elements of the EMR [10].

Element with

Source of ener .
9 energy accumulation

Control block
without controller

Electrical converter
(without energy accumulation)

Control block
with controller

Mechanical converter
(without energy accumulation)

Electromechanical converter

(without energy accumulation) Strategy block

ieeEE

Coupling devices

(for energy distribution) Estimation block

1|+

The EMR approach is based on three fundamental principles [10], [11].

The principle of interaction. All elements of the system are connected according to the principle "action —
reaction” using the exchange of variables (arrays) (see Fig. 3 (a)). The product of the variables of action and reaction
between the two elements is the instantaneous value of the power that these elements exchange.

The principle of causality. The EMR considers general causality. The elements of energy storage are determined
by the time dependencies between their variables: their output quantities are integral functions of the input quantities.
Other elements are described using non-integral time dependent interactions.

The principle of inversion. The structure of the control system is regarded as an inversion of the simulated
system: control determines the input quantities that are come to the system depending on the desired output values
(see Fig. 3 (b)). In this approach, time-independent relationships are directly inverted (without any control or
measurement). Because dependencies with derivatives are unresolved, direct inversion of time dependencies is
impossible. Indirect inversion uses regulators and feedbacks. Each block of the simulated system has its own control
system block. They are usually parallel to each other.

- t y(t)
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ower - Control L
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Fig.3. Basic principles of the EMR: (a) Interaction principle, (b) Inversion-based control principle.

4.4. Creating an EMR model
The EMR model of the studied two-motor front-drive EV with electronic differential (Fig.4) was developed
according to the basic principles of the EMR approach and in accordance with the functional diagram shown in Fig.2.
In the block “DC source” we used the battery which forms an on-board DC-bus with the voltage Vg. In complex
studies, the operation of the battery can be sufficiently accurately described by the following equation:

Vg =E; —I5R;, (11)

where Eg is the battery electromotive force (EMF), I is the battery current, and Rg is the battery internal resistance.

The battery powers both the right and left wheel drive systems. In the model, this is represented by the “Current
distribution” block, which distributes the Vg into two power supply circuits of the DC-DC converters of the right and
left wheel drives. The currents of the converters are summed up in the battery: Iz = Ipc.pcr + lpcocy -

For the drive of modern EVs, usually, alternating current drives are used, which operate in the mode of

electromagnetic torque regulation. In this case, vector control methods are used that are close in quality to the voltage
control of the DC motor. Therefore, in this study, the operation of the real electric drive system was replaced by the
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equivalent operation of the system "DC-DC converter — DC motor". The buck type DC-DC converter is modeled as
an inertia-free and loss-free voltage regulator working under the law

Va.r(l) =My, VB ; IDC—DC.r(I) =My, Ia.r(l) ' (12)

where V.. and l.,q) are the voltages and currents of the right and left DC motors respectively, my, are the
transmission coefficients for the voltage of the DC-DC converters of the right and left wheels drives.
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Fig.4. The EMR model of two-motor front-wheel-drive EV with electronic differential.

“DC motors” blocks consist of two connected subsystems. The first subsystem is the energy storage element,
which is an armature winding of the motor and is described by the following equation of voltage balance

dl
()
La ;tr :Va.r(l) - Ea.r(l) -

I R (13)

ar(l)'‘a»

where L, and R, are the inductance and active resistance of the armature winding, E.; are the EMF of the right and
left DC motors.

The second subsystem is the multiphysical element of energy conversion. Its work is described by known
equations of electromechanical conversion in DC motor:

Ty =KO 1 Ea.r(l) =ko DOy (14)

where T, and o, are the torques and angular speeds of the right and left DC motors respectively, k® is the back-
EMF constant of the DC motor that equal to the product of the structural machine constant per excitation flux.

Blocks of mechanical energy conversion “Gearboxes” reflect the regularities of perfect mechanical transmission
of torques T and angular speeds o between the DC motors and EV wheels (o):

Tw.r(l) = iTr(I) ; Oy = i O rqy - (15)

“Wheels” blocks reflect the regularities of converting EV wheels rotating motion into them translational motion
according to the equations

Fo = w.r(l)/ My Oy, iy :Vr(l)/ fy - (16)



Modeling of Two-Motor Front-Wheel Drive Control for Electric Vehicle with Electronic... 57

In the EMR, “Chassis” blocks are considered as elements of EV half that can store energy because they take into
account such parameter as EV mass. The inputs of these subsystems are powered by traction wheel forces, which
should provide the required speeds. The actual values of these speeds by causality will be the outputs of blocks that
cannot rise or fall in an instant. The second outputs will have the same speed values and the second inputs will be the
forces opposing the motion. The work of these blocks is described by equations (6).

The “Environment” block generates the resistance driving forces Fr and Fg,g according to equations (8) and
evenly distributes them between the two EV wheels: Feny = 0.5 (Fron + Farag)-

The control blocks are highlighted in light blue and arranged in parallel to the corresponding blocks of the
simulated system. All control blocks without controllers are constructed with clearly inverse mathematical
expressions, which are inverted to their blocks of the simulated system. For example, for “Gearboxes inversion”
control blocks that are inverted to “Gearboxes” blocks, instead of equations (15), we obtain their inverse expressions:

* *

=i'T

w.r(l) !

Tr(l)

(D:(I) =i (D:V.r(l)' a7

References for the control system are formed by separate subsystem (not shown in Fig. 4) as time dependencies
of the EV speed of motion v'(t) and the steering angle & (t). The "Speed distribution" block provides the distribution
of the speed reference between the wheel drives according to equations (1) - (3) coming to the blocks "Closed-loop
chassis inversion". Since energy is stored in the “Chassis” blocks, it is impossible to realize direct inversion. Separate
closed loops must be implemented for such subsystems. In this case, they will be the speed controllers of the right and
left EV wheels, which are built according to expressions:

*

Fay = K [ Vi (8) =iy (8) ]+ i (8) (18)

where K, v is the gain factor of the speed controllers.

The outputs of the blocks “Closed-loop chassis inversion” form references for the wheels traction forces F*,(D,
which drives have to be developed to achieve the set wheel speeds.

According to a similar principle, closed systems for regulating the armature DC currents of electric motors are
built because of magnetic field energy is accumulated in their armature windings. Therefore, in the blocks "Closed-
loop motors inversion” implemented the current controllers of DC motors according to the equations

VI;C-DC.r(I) =K, ':I;.r(l) (t)_ Ly (t)}" E.y (t) ) (19)

where K is the gain factor of the current controllers.

The outputs of the "Closed-loop motors inversion™ blocks are the references for the output voltages of the blocks
"DC-DC converters" V*DC_DCAr(.). They are used by the control blocks "DC-DC converters inversion” to form the
required values of the transmission coefficients of the DC-DC converters:

M =VI;C—DC.r(I) /V B " (20)

The blocks of estimation “Steering angle estimation” and “Speed estimation” carry out the calculation of the
obtained values of the steering angle 6 and the EV speed v respectively, as shown in the functional diagram in Fig. 3.

4.5. Simulation results

An EV based on the chassis of the Audi A2 was selected for the study. Table 2 shows the basic parameters of
this vehicle that are necessary for modelling of its operation. It is accepted that after conversion of this car into a two-
motor front-drive EV with electronic differential, the curb weight of the EV will grow to 1200 kg due to the weight of
the battery. Consumer EV settings were selected as follows: the maximum acceleration of 2.78 m/s? (acceleration to
100 km/h in 10 s), the maximum speed of 140 km/h. For two-zone speed control of electric motors, their nominal
angular velocity is chosen corresponding to the EV speed of 60 km/h. Under such conditions, as shown by the
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calculations, the rated power of the motors, which allow 2.5x overload at a torque, will be 14.3 kW. Basing on this, as
well as accepting that the motors are connected to the wheels via planetary gearboxes with a gear ratio i = 3.6, other
parameters of the driving DC motors are given in Table 3. The voltage of the onboard DC-bus and hence the nominal
voltage of the battery is taken to be Vg =350 V.

Table 2. Parameters of the EV.

Parameters Values Parameters Values
EV mass Mgy (kg) 1200 Gear ratio i 3.6
Front track d (m) 1.47 Tire radius ry (M) 0.293
Wheel base L (m) 2.405 Wheel inertia J, (kg-m?) 1.8
Position of GC "¢ 0.55 Rolling resistance 0.015
Frontal area As (m?) 2.05 coefficient k;
Aerodynamic drag coefficient Cy 0.3

Table 3. Parameters of the DC Motors

Parameters Values Parameters Values
Rated power P, (kW) 14.3 Rated efficiency n, 0.92
Rated speed n, (rpm) 1977 Armature resistance R, (Q) 0.42
Rated torque T, (Nm) 68.9 Armature inductance L, (H) 0.0105
Rated voltage Van (V) 300 Back-EMF constant kd;, (V-s) 1.33
Rated current l,, (V) 57.3 Moment of inertia J (kg-m2) 0.023

The computer model of the investigated EV was constructed in Matlab/Simulink in strict accordance with the
EMR model shown in Fig. 4. In this case, each block is represented as a subsystem depicted similarly to a block in
which the mathematical models described above are implemented. The models of energy storage subsystems use the
transfer functions of objects derived from differential equations (13) and (6). In their respective control subsystems
described by equations (18) and (19), P-controllers with the following parameters are used: for speed control K,y =
10000 and for current control K, = 20.

The “Speed distribution” and “Speed estimation” subsystems require some explanation.

In the “Speed distribution” subsystem, the reference values of EV wheel speeds are calculated using the
following expressions obtained from (1) - (3):

v, =sin? [arctg (tg 5 -d/(2 L))fl} - [tg’2 5+(lac )ZT'S v (21)

-0.5

v, =sin™ [arctg(tg 5+ d/(ZL))fl][tg‘2 6+(I:BC )2} v, (22)

It should be noted that equations (21) and (22) are valid only for the left turning of the EV, as shown in Fig. 1. In
the right turning, the expressions for v, and v, (21) and (22) must be interchanged and the sign of the steering angle &
should not be taken into account. In straight-line motion (8 = 0), expressions (21) and (22) lose their definiteness.
Therefore, in the model, for 5 < 1°,v', = v, = v" was accepted.

In the “Speed estimation” subsystem, based on the measured real values of the v, and v, the steering angle d is
first calculated using the expression (10). For this purpose, a pre-tabulated function S(vr /v,) with the parameters of

investigated EV was obtained and represented in the model by the “Look-up-Table” block. Further, the EV velocity is
calculated for one of the expressions similar to (21) or (22). In the right turning, it is necessary to interchange the
numerator and denominator in (10), consider the minus value of 3, and the expressions in (21) and (22) also need to
be interchanged and used the module of 8.

The results of computer simulation are presented in Fig.5

As can be seen from Fig.5(a) and Fig.5(b), motors control systems work precisely and the values of EV speed v
and steering angle 6 are practically the same as their set references. To verification the controllability of EV in the test
section of its motion, it is given the following cornering: 30° to the left at a speed of 30 km/h, 10° to the right at a
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speed of 55 km/h, and 15° to the left before the start and in the braking process (see Fig.5(b)). The wheel speed
distribution subsystem according to (21) and (22) sets the references v, and v', for the wheel drives, which are clearly
worked out by the control systems (see Fig.5(c)). Time dependencies in Fig.5(d), Fig.5(e) and Fig.5(f) demonstrate,
respectively, the traction forces of the right and left wheels, the currents of the motors forming these forces, and the
voltages of the armatures of the motors in the processes of forming the currents.

v (1w/s) F(N)

3000 =
2000
1000 |

o
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-2000 [

I I I I I I 1 -3000 - i i I
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© ®

Fig.5. Results of computer simulation: (a) EV speed reference and its real value, (b) steering angle reference and its real value,

(c) right and left wheels speeds references and their real values, (d) right and left wheels forces references and their real values,
(e) right and left wheels motors currents and their real values, (f) right and left wheels motors voltages and their real values.

5. Conclusion

The presence of an electronic differential considerably simplifies the mechanical construction of an EV, reduces
its mass and increases reliability. It is also possible to easily implement various active safety systems, such as course
stability and electronic brake systems.

The EMR approach allows simulating complex systems in which subsystems of different physical nature are
combined. Using the principle “action — reaction”, the EMR makes it possible to present the system in the form of
interconnected blocks with input and output energy characteristics and implement of control structure clearly based
on inversion.

Based on Ackermann-Jeantaud geometry, the wheel drive control system ensures high precision torque forming
on each wheel and, accordingly, their speed providing EV cornering without wheel slip, ensuring driving safety and
tire durability.
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MoaenrBaHHS KePyBaHHS ABOJABUTYHHUM IePeAHbONPUBIIHUM
€JIEKTPOMOOLIEM 3 eJIEKTPOHHUM Au(epeHniajgom 3a NPUHIMIIOM
MaKpPOEHEePreTUHYHOro npeacTaBjieHHs

Irop Ilyp, Irop I'aBawo, FOpiii bineubkuii

Hayionanvuuii ynieepcumem «Jlvgiecoka nonimexuixa», gyn. C. banoepu, 12, m. Jlveis, 79013, Vrpaina

AHoTAaNis

Ha BimMiHy Big aBTOMOOINSA, cydacHuWid enekTpoMoOute (EM) moke Matw pi3HI KOHQIrypamii miacucTeMu
€JICKTPUYHOI TATH i3 3aCTOCYBAHHSAM OJHOTO, IBOX YW YOTHPHOX MPHUBIIHUX €IEKTPUYHHUX ABHTYHIB Koiic. Y IiH
poOOTI JOCIIIKY€EThCS TEPEeIHBOIPHUBIIHA ABOJABUTYHHA KOH(Iryparis 3 He3aJe)KHHM IMPHUBOJOM KOJIC, B SKid
pEryJIOBaHHSM €JIEKTPOMArHITHUX MOMEHTIB JBHUI'YHIB 3a0e3Ne4YyeThCsi BUKOHAHHS JBOX (YHKIH: €JIeKTpU4HOL
TATH Ta KEpyBaHHS HampsMKOM pyxy. OcTaHHS (yHKLiS BHKOHYEThCS €JIEKTPOHHUM AWU(EPEHIaIoM, SIKHH
3aCTOCOBYETBCSl 3aMICTh TPaAMLIHOT MexaHidHOl JudepeHIianbHOi nepenayl Ta MeXaHIuHOI CHCTeMHU PYJIbOBOIO
KepyBaHHS. BukoHaHHs BKa3aHMX (QYHKIIH MOKJIAJEeHO Ha po3pobiieHy Ha OcHOBI reomerpii Ackermann-Jeantaud
CHCTEMY KEpyBaHHS IPHBIIHUMH JBUTYHAMH. Y poOOTI I nociipkeHHs pobotu nocmigHoro EM 3actocoBano
HOBMHM MiaXiJ A0 NOOYyZOBM MaTeMaTHYHHX MOJEJIEH CKJIQJHUX CHCTEM Ha CHEpreTHYHIH OCHOBI —
MakpoeHepreTnyre npezcrasienns (EMR). 3a inBepcauM npuHmunoM, nepeabadyenum EMR, po3poGiieHo cuctemy
KkepyBaHHS pyxomM EM. IlpoBeneni cumymsamiiiHi mociikeHHs B cepemoumli MatLab/Simulink moxazamm
Hparne3 JaHicTb po3po0IIeHOT CHCTEMH KepyBaHHS Ta BUCOKY TOYHICTh MIATPUMAHHS 3aJaHUX IIBUIKOCTI Ta HAIPAMKY
PYXY SIK B YCTaJICHHX, TaK 1 B MEPEXiTHUX pexuMax podotu EM.

KurouoBi ciaoBa: enekTpoMoOinb;, JBOJBUTYHHUH TepeAHIH MPUBIN, eNEKTPOHHWHA  audepeHiia,
MaKpOEHepreTUYHe NMpeaCcTaBICHHS.



