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ABSTRACT

Currently, light electric vehicles are rapidly developing in various kinds. To power these vehicles with batteries, the simplest
electric drive system is a DC motor controlled by a DC-DC converter. This work utilizes a bidirectional Zeta-SEPIC DC-DC con-
verter with an integrated DC motor. This implementation enables control of motor speed and torque in traction and regenerative
braking modes. Additionally, it allows for the use of a lower voltage battery compared to the motor's rated voltage, reducing battery
weight and increasing safety. In this work, a decomposition approach is applied. Two separate port-controlled Hamiltonian subsys-
tems are obtained to adjust the motor angular velocity in the traction (Zeta) and braking (SEPIC) modes of the DC-DC converter. The
Passivity-Based Control (PBC) method is used to synthesize the drive control subsystems in these modes. This method is based on
the energy laws of processes in systems and provides asymptotic stability of nonlinear systems, in this case, two fourth-order subsys-
tems for speed control. Two third-order current control subsystems synthesized by the PBC were used to limit the motor current at a
given level. The synthesis resulted in sets of possible structures of control influence formers (CIFs) for all PBC subsystems using
Zeta and SEPIC DC-DC converters. The study analyzed the operation of the obtained structures of the CIFs, selected the most effec-
tive ones, and determined the laws of adaptation of their parameters to the value of the motor angular velocity through computer
simulation in Matlab/Simulink. The results of the simulation showed that the drive operated well in both static and dynamic modes.
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INTRODUCTION low voltage and high specific capacity are used. That
simultaneously guarantees the safety of operation
and provides the necessary range of LEVs [4]. To
regulate the electromagnetic torque and speed of the
drive motor, a DC-DC converter is required for
powering a brush DC motor or a brushless DC motor
(BLDC), which is controlled only by DC voltage.
The DC-DC converter output voltage needs to be
adjusted from zero voltage at motor start to a nomi-
nal motor voltage high enough to provide maximum
LEV speed. To achieve this, the DC-DC converter
must be of the buck/boost type. The main topologies
that implement this function are classic buck/boost,
Cuk, Zeta, and Single-Ended Primary-Inductance
Converter (SEPIC) [6, 7], [9, 10], [11]. Among these
types, the last two are distinguished from the others
by the presence of a common negative bus for the
input and output voltages of the converter. This fea-
ture allows the output voltage to maintain the same
polarity as the power source.

To preserve the kinetic energy of motion in the

In recent years, the automotive market has un-
dergone rapid changes. Traditional vehicles with
internal combustion engines are being replaced by
autonomous electric vehicles (EVs) of various
shapes and capacities [1]. The main reason for this
shift is the need to address the environmental prob-
lems caused by the massive use of cars in large cit-
ies. This shift is also facilitated by the improvement
of rechargeable batteries, particularly the lithium
group [2]. A new group of EVs, called light EVs
(LEV), has emerged. LEVs come in various shapes
and serve multiple purposes, particularly in urban
and suburban areas [3]. This group includes personal
LEVs for micromobility, such as e-bikes, kick e-
scooters, and electric two-wheelers, as well as the
L7e-C category of LEVs with a rated power up to 15
kW and a maximum speed up to 90 km/h [4, 5].

To form on-board buses of LEVS, as a rule, Li-
ion batteries with an energy capacity of 5-15 kWh of

battery during LEV braking, it is necessary to im-
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using the bidirectional type of DC-DC converter
[10,11], [12]. Studies have shown that combining
Zeta and SEPIC topologies can result in an efficient
bidirectional buck/boost DC-DC converter [13, 14].
The converter uses two power switches with free-
wheeling diodes, as shown in Fig. 1a. The Zeta DC-
DC converter operates in the traction mode and con-
trols by a PWM signal applied to the S1 switch.
When S1 is closed, the reactive currents of the both
chokes L1 and L2 flow through the diode of the S2
switch. In regenerative braking mode, the SEPIC
DC-DC converter operates, in reverse, by the PWM
controlled S2 switch, and the reactive currents of the
chokes flow through the freewheeling diode of the
S1 switch.

Fig. 1b shows the scheme of the LEV electric
drive system under study. The bidirectional Zeta-
SEPIC DC-DC converter, which integrates a DC
motor M, differs from the one shown in Fig. 1a. In
this case, the motor armature winding serves as the
output choke L2, and the back-EMF of the motor
E,, performs the function of the output capacitor

C2. A similar solution was used in previous studies
[15, 16] to implement a BLDC-based electric drive
system. The low-voltage battery B is modeled by the
EMF Eg and internal series resistance Rs. The circuit
also considers the internal resistance Ri of the choke
L1. Fig. 1b shows also the electromagnetic motor

torque T, =k.i,, where the motor constant is repre-
sented by the symbol k, =E,,/®, o is the angular

velocity of the motor, and the load torque applied to
the shaft is denoted by T, .
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Fig. 1. Scheme of the bidirectional Zeta-SEPIC
DC-DC converter (a) and the design scheme of
power part of the DC drive system based on it (b)

Source: compiled by the authors

LITERATURE REVIEW

The Zeta and SEPIC DC-DC converters utilize
four passive elements — two chokes L1 and L2 and
two capacitors C1 and C2 (see Fig. 1a). These ele-
ments respectively store the energy of the magnetic
and electrostatic fields. The mathematical models
that describe the dynamics of these converters are
systems of fourth-order differential equations [12,
14], [16]. The synthesis of an electric drive control
system using Zeta and SEPIC DC-DC converters is
significantly complicated due to the nonlinear trans-
fer functions that describe all DC-DC converters and
their non-minimally phase characteristics in voltage
boost mode. This presents the challenge of ensuring
both system stability and control quality. Numerous
studies have been conducted to address these issues
using modern control theory methods. They include
multi-loop control systems with PI, PID, or fraction-
al order controllers, adaptive control, intelligent
methods such as fuzzy logic and genetic algorithms,
and model predictive control [17, 18], [19, 20], [21].
A promising new area of research for synthesizing
control systems for complex nonlinear objects with
multiple inputs and outputs is the Passivity-Based
Control (PBC) method [22, 23], [24]. This method
offers the advantage of providing a clear understand-
ing of the physical processes involved in forming
control influences and ensuring the asymptotic sta-
bility of the controlled nonlinear system.

To synthesize a system using the PBC method,
the control object should be viewed as a port-
controlled Hamiltonian (PCH) system, which takes
the following form [23, 24], [25]:

K(t)=P(x)-RIIVHE)+GK) ), (@)

where Xx(t) is the vector of state variables, J(x) is the
asymmetric interconnection matrix, R(x) is the semi-
definite symmetric damping matrix, H(x) is the sys-
tem energy storage function (Hamiltonian function),
G(x) is the input port matrix, and u(t) is the vector
of system input variables.

The Interconnection and Damping Assignment
(IDA) method [22, 23], [24] is the primary means of
structurally synthesizing PBC systems. The IDA-
PBC method aims to obtain control influence for-
mers (CIF) structures on the system that ensure the
movement of the closed-loop system to a given de-
sired equilibrium point. At this point, the Hamiltoni-
an Ha, takes the minimum value.

The vector-matrix equation below describes the
dynamics of the closed-loop system:

X()=[J,(®) — Ry(®) ] VH, (%), @
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where H, (X)=0.5%'D%, £ = x — X is the new
vector of state variables whose elements are the er-
rors between the coordinates given by the equilibri-
um point vector x and the actual values of the cor-
responding coordinates given by the state vector x
and D is the diagonal inertia matrix.

The desired values of the interconnections and
damping of the system are achieved by introducing
additional interconnections and damping, which can
be written as:

Jg=d+3,, 3)
R,=R+R,, (4)

where Ja and Ra are the matrices of interconnections
and damping, respectively, which form the control
influences in the system, i.e. are actually the control
system.

The goal of synthesizing asymptotically stable
PBC systems is to determine the appropriate struc-
tures of Ja and Ra that ensure the identity of the ex-
pressions (1) and (2). The authors have developed
their own methodology to accomplish this task. It
involves the symbolic solution of the vector-matrix
equation in the MathCad environment [16, 23], [24].

In our previous study [25], satisfactory results
were obtained in the synthesis of the output voltage
control system of the alone bidirectional Zeta-SEPIC
DC-DC converter operating with an R-L-E load
using the IDA-PBC method. In order to obtain the
same quality indicators of the system operation in
both static and dynamic mode, control effects were
adapted to the value of the converter output voltage.

THE PURPOSE OF THE ARTICLE

The objective of this work is to synthesize pas-
sive control systems using the IDA-PBC method for
the traction and braking modes of the studied DC
electric drive system with a DC motor integrated
with a bidirectional Zeta-SEPIC DC-DC converter.
Taking into account the different structures of the
control object in traction and braking modes, a de-
composition approach was applied [25] and the gen-
eral mathematical model was divided into two sub-
systems for each mode. Each subsystem was repre-
sented as a separate PCH system for Zeta and SEPIC
DC-DC converters, respectively, in the traction and
braking modes of the LEV electric drive.

To achieve this goal, it is necessary to solve the
following tasks:

e to develop mathematical models of the stud-
ied subsystems in the form of PCH systems;

e to create programs in Mathcad for symbolic
solution of systems of matrix equations and to obtain

of the possible CIF structures, which will be acces-
sible for practical implementation;

o to develop a computer model of the studied
LEV electric drive in the MATLAB/Simulink envi-
ronment;

¢ to investigate the effectiveness of individual
elements of interconnection and damping, which are
part of the obtained CIF structures, on the operation
of the studied electric drive system and to select the
most effective CIF structures for each of the drive
operation modes;

o to perform a computer simulation study of
the operation of the subsystems with the obtained
CIFs structures and to adjust their parameters in
order to ensure the same static and dynamic perfor-
mance of the drive over the whole range of its speed
control.

DESCRIPTION OF THE STUDIED SYSTEM
WORK AND ITS MATHEMATICAL
MODELING

The DC drive in the traction mode with the Zeta
DC-DC converter

When the DC motor operates in traction mode,
its power is provided by the Zeta DC-DC converter,
which transfers energy from the battery B to the
electric motor M. The switching is performed by the
S1 switch.

When the S1 switch is turned on (see Fig. 2a),
two parallel circuits are formed for the current from
the battery (shown by red lines). In the first small
circuit, the current flows through the choke L1,
charging it with part of the energy. The second large
circuit is formed by the capacitor C1, which is
closed by the motor armature winding.

When the switch S1 is turned off, the battery is
disconnected from the common circuit (Fig. 2b), and
two new circuits are formed for current flow. The
first circuit is composed by the self-inductance EMF
of the choke L1, and the current flows through the
diode of the switch S2 and the capacitor C1. The
self-inductance EMF of the motor armature winding
forms the second circuit, and the current flows
through the same diode of the switch S2. In this
state, the stored intermediate energy is recharged —
the choke L1 charges the capacitor C1.

To develop a motor armature current control
system, i.e. motor electromagnetic torque control, a
mathematical model of the electromagnetic part of
the electric drive system must be created. The model
was built considering the peculiarities of the Zeta
DC-DC converter integrated with the motor arma-
ture winding based on the first and second
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Fig. 2. DC drive in the traction mode with the
Zeta DC-DC converter in the ON (a)
and OFF (b) states of the switch S1

Source: compiled by the authors

Kirchhoff’s laws. The model comprises three differ-
ential equations, one for each state variable that de-
termines the energy stored in three intermediate
energy storage devices: the choke L1 with induct-
ance Li, the capacitor C1 with capacitance Ci, and
the motor armature winding with inductance La. The
impact of each voltage or current element on the
right-hand side of the equations, which is determin-
ing by the state of the switch S1, is described by its
PWM duty ratio pa when S1 is on and (1-p1) when
S1 is off. The sign before each term on the right-
hand side of the equation indicates its influence on
the direction of change of the state variable.

The equation of torque equilibrium on the mo-
tor shaft, based on Newton's laws, yields the follow-
ing fourth-order nonlinear system of differential
equations:

%iu = %[(1_ My Ve + 1V =i, Rl]
d
dt
d
dt
d 1

amzj[keia _TL]

. 1 .
I, = L_[Hlvu ko +pv, i, Ra]
2 , @)

1 . .
Ver = E[(l_ Ml — l“llla]
1

where i and v are the currents and voltages of the
corresponding circuit elements, and vg = E; —i;Rg
is the battery voltage.

The DC drive in the regenerative braking mode
with the SEPIC DC-DC converter

During regenerative braking mode, the SEPIC
DC-DC converter transfers energy from the DC
motor to the battery. The converter is controlled by
the S2 switch in this mode.

When the S2 switch is turned on (see Fig. 3a),
current flows through two circuits. The first circuit is
composed by the capacitor C1, the switch S2, and
the choke L1. In this circuit, the energy stored in the
capacitor C1 charges the choke L1. The second cir-
cuit is formed by closing the back-EMF of the motor
through the switch S2.

When the S2 switch is turned off (see Fig. 3b),
two new parallel circuits are formed. The back-EMF
of the motor forms the larger circuit, and current
flows through the capacitor C1 and the switch S1
diode to the battery B. The small circuit is formed by
the self-inductance EMF of the choke L1, and cur-
rent flows through the same diode to the battery.
During this state of operation, the energy from the
motor and energy stored in the choke L1 charge the
battery B. Additionally, the capacitor C1 is charged
by the back-EMF of the motor too.
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Fig. 3. DC drive in the regenerative braking
mode with the SEPIC DC-DC converter during
the ON (a) and OFF (b) states of the S2 switch

Source: compiled by the authors
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Following the description of the operating pro-
cesses of the SEPIC DC-DC converter, a mathemat-
ical model of the electromagnetic and electrome-
chanical parts of the drive system was obtained in
the form of a system of fourth-order differential
equations for each of the state variables:

d. 1 .
alu = E[szm —(I=py)Vvg — ||_1R1]

d. 1 .

ala :L_|:(1_l’l2)(_VB _V01)_IaRa + kem]
? , (6)
1 . .

avm = a[_l/lzlu +(1 _“2)la]

d 1 .

Eﬂ)zj[—kela _TL]

where L2 is the PWM duty ratio of the switch S2.

MATHEMATICAL MODELING OF THE DC
DRIVE AS PORT-CONTROLLED HAMILTO-
NIAN SUBSYSTEMS

The traction mode with the Zeta DC-DC
converter

Considering (1) and (5), the state vector, the di-
agonal inertia matrix and the vector of input varia-
bles of the subsystem in traction mode are as fol-
lows:

x=[iy, i, Vo o], (7
D=diag [L, L, C, J], (8)
u=[pmve vy 0 -T.J. )

Taking into account (7) and (8), the Hamiltoni-
an function of the subsystem is described by the
following expression:

H (x):%xTDx=
(10)
1, . .
=§(L1|L12 +Li2+Cv +J0°).

The vector of Hamiltonian partial derivatives
for each of the subsystem state vector variables,
considering (10), is given by:

OH (X
VH(X)z—( ).
OX (11)

=[Liy Li, Cvy Jo].

Based on (1), (5), and (7)-(11), the interconnec-
tion matrix, the damping matrix, and the port matrix

of the subsystem are described by the following
expressions:

0 0 (u-1) 0

0 My _ke
J(w= , (12
W (- - 0 (42

0 kk 0 0
R=diag[-R, -R, 0 0], (13)
G=1. (14)

The regenerative braking mode with the SEPIC
DC-DC converter

Based on (1) and (6), the following vectors and
the inertia matrix were formed for the PCH subsys-
tem, which refer to the braking mode of the electric
drive:

T

x=[iy, I, Vo o],
D=diag [, L, C, J],

u=[-1-p,Vg —(A-p)vy 0 T ]. (A7)

The Hamiltonian function and its partial deriva-
tives for the subsystem are as follows:

(15)

(16)

H (x) :%XTDX =

1 (18)
:E(Lliuzﬂ,iiauclvcf+Jm2),
VH (x)= M) _
ox (19)
=[Liy Li, Cvy Jo].

The structure matrices of the PCH subsystem
are obtained by considering (1), (6) and (15)-(19):

0 0 W, 0
0 _(Hz _1) ke

J(n)= , (20
W -y o o @
0 -k 0 0
R=diag[-R -R, 0 0], 1)

G-1. (22)

SYNTHESIS OF THE PBC SUBSYSTEMS

For the synthesis of the PBC subsystems of the
LEV electric motor speed control, the following
vectors of steady-state values of the state variables
were formed as:
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i:[iuo o Ve O :" (23)
where o is the reference value of the angular ve-
locity that is set at the input of the control system.

In equation (23), the index '0" represents the
steady-state values of the state variables resulting
from the structural synthesis of the PBC subsystems.
The PWM duty ratios pu and pe, along with icio, iao
and vcio, are the fourth solutions of vector-matrix
equations and reflect the structures of the CIFs syn-
thesized for respective PBC subsystems of the trac-
tion and braking modes.

The synthesis resulted in a set of CIFs struc-
tures for the traction and braking modes of the elec-
tric drive, as shown in Table 1.

To control the S1 Zeta switch of the DC-DC
converter in the traction mode of the drive, the basic
structure of the CIF (without introducing additional
interconnections and damping) is obtained as fol-
lows:

ke2 ® + R,T,
W =

= _ . 24
K.V +kZo +R.T, (24)

The obtained structures of the CIFs for various
additional interconnections introduced in the PBC
subsystem for the Zeta DC-DC converter are shown
in Table 1 on the left side. The additional intercon-
nection ji4 has no realization, and jo« one forms a
structure that is difficult to implement. From the four
possible additional damping elements, only r2. and
ras ones are useful in forming CIFs structures. The
damping ru has no implementation, and rs one
forms the same to (24) CIF structure.

The basic structure of the CIF for controlling
the S2 switch of the SEPIC DC-DC converter in the
braking mode of the drive is obtained as follows:

ke VB

= N 25
kg +k’o +RT, (25)

Mo

The obtained CIFs structures for various addi-
tional interconnections in the PBC subsystem for the
Zeta DC-DC converter are shown in Table 1 on the
right side. The additional interconnections jus and jos,
as well as the additional damping rus, rzz, rss, and ras,
behaved similarly to the previous case.

Table 1. Obtained structures of the CIFs with various additional interconnections and damping
for the PBC subsystems of DC motor speed control in the traction and braking modes

Zeta DC-DC converter (traction mode) SEPIC DC-DC converter (braking mode)
le “ — kez(’)* + RaTL — leilee (26) W, = keVB + jlziake (32)
' keVB + kez(’0 + RaTL - j12ke (iLl + ia) ? keVB + kezm* + RaTL + leke (iLl + ia)
iz W = (keo +R.T )1~ js) Q7)) | w,=- ja(kio —RT —kVe, +RT) -k, (33)
' KoVg (L= Ji3) + ke2 o + R.T. = JisKVey ? KV L+ ji3) + ke2 o + R,T,. + JisK Ve
.23 H — kez(")* + RaTL + j23keV01 (28) W, = kevB (1_ j23) (34)
J ' keVB + kezo‘)* + RaTL + j23ke (VCl + VB) ’ keVB + kez(o* + RaTL - j23ke (VCl + VB)
j34 lvl — kez(D* + RaTL B j34 RaVCI (29) M — VB (ke B j34 Ra) (35)
' keVB + kezm* + RaTL - j34 Ra (V(31 + VB) ’ keVB + kezm* + RaTL - j34 Ra (Vc1 + VB)
kK’ +RT +r —k.i k.v
2 H1= e(’);_*a L+ 22(TL ea) . (30) “22 — e'B - (36)
kg +k:o +RT +r,(T, —k.i,) Ky +k:o +RT, +r,(T, +k.i,)
kK’o0 +RT, —r,R (0— k.v
T e(02+*a LR (0-o) i 31) | = Y _ 37)
kv +k;o +RT, -1 ,R(0-o) kg +k;o +RT —1r,R (0—)

Source: compiled by the authors

76 Information technology
in management

ISSN 2663-0176 (Print)
ISSN 2663-7731 (Online)




Kuzyk R.-I. V., Shchur I. Z. / Herald of Advanced Information Technology
2024; Vol.7 No.1: 71-84

CONTROL SYSTEM DESIGN

The functional diagram of the investigated DC
drive system with the Zeta-SEPIC DC-DC converter
and synthesized PBC motor speed system is shown
in Fig. 4.

Four sensors were used for implementation of
the control system. Three of them, the battery volt-
age sensor BVS, the motor speed sensor SS, and the
load torque sensor TS, are used to generate the
PWM duty ratios to control the S1 and S2 switches.
The fourth motor armature current sensor CS is used
as a control signal for the switch Sm, which provides
the function of switching the drive operating mode
and, accordingly, the type of DC-DC converter in
operation. The input reference signal is o .

The technical implementation of these sensors
can be carried out in well-known ways, for example:
the BVS and CS sensors should be the best chosen
from those operating on the Hall Effect; the SS can
as an incremental encoder, the TS can be imple-
mented as a torque observer, which structure and
parameters can be obtained by known methods.

Ve

BVS

b ——oSm Sl

lV YvY

DC-DC

YVYY

H2

BLDC Motor

Fig. 4. Functional diagram of the investigated
electric drive with PBC speed control system of
DC motor

Source: compiled by the authors

However, when such passivity-based drive
speed control system is used, the problem arises of
providing a motor armature current limitation in
transient modes and drive overload. To solve this
problem, it is proposed to use an auxiliary speed
control subsystem as shown in Fig. 5. This subsys-

tem follows the principle of subordinate coordinate
control utilizing an external angular speed control
loop with a PI speed controller SC and two internal
armature current control subsystems, respectively
for the traction and braking modes of the drive. The
last subsystems are implemented as passivity-based
current control subsystems pi2 and pz2, which are
synthesized similarly to the main passivity-based
speed control subsystems pai and pes using the IDA
method.

The best expressions of the CIFs for the pas-
sivity-based current control subsystems were ob-
tained in [26] as:

1, = ke(’o+ Raia B r22(ia _ia)
vy +ko+Ri -1, (i, —i)

,  (38)

_ Ve . 39
Mo = ik o—Ri +1,(0, —1) (39)

where i, represents the reference value of the motor
armature current generated at the output of the speed
controller.

It is important to note that this implementation
of current limitation does not require the use of addi-
tional coordinate sensors that avoids any complica-
tions to the existing control system. The control
transition to current limiting is provided through an
additional switch Sms. This switch transfers control
from the main passivity-based speed control system
to the auxiliary one when the armature current
reaches the set current limiting value.

RESEARCH OF THE OBTAINED STRUC-
TURES OF CIFS BY COMPUTER
SIMULATION

The study was performed using the Zeta-SEPIC
DC-DC converter with the same parameters as in
[12]: a maximum power of 600 W, a supply voltage
of 24 V, a rated output voltage of 48 V. The value of
the PWM carrier frequency was chosen of 20.0 kHz.
The experimental DC motor had a rated power of
300 W, a supply voltage of 48 V, and a rotational
speed of 1000 rpm. Other its parameters were as
follows: an armature winding resistance of 0.45
Ohm, an armature inductance of 0.02 H, and the
motor constant ke =0.3737 V's. The drive's moment
of inertia was 0.05 kg'm®. A computer model was
created in the Matlab/Simulink environment (Fig. 6)
based on the power scheme shown in Fig. 1b and the
functional diagram presented in Fig. 5.
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Fig. 6. Computer model of the power part of the studied electric drive system
Source: compiled by the authors

The studies of the obtained CIF structures pre-
sented in Table 1 showed an increase in the fluctua-
tions of the system main variables compared to the
basic structures (24) and (25). This is because the
PBC system with CIFs (26)-(37) becomes closed
due to the introduced interconnections. The conduct-
ed research shown that introduction an additional
damping ra resulted in the best performance in

terms of ensuring control quality and moderate sys-
tem fluctuations. Through the research, it was de-
termined that the most effective is the CIF structure
(31) for the traction mode and the CIF structure (37)
for the regenerative braking mode of drive. The con-
trol subsystems synthesized by PBC effectively con-
trolled the drive speed for both traction and braking
modes of motor operation. The use of CIF structures
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(31) for the Zeta converter and (37) for the SEPIC
converter ensures minimal fluctuations in the motor
armature current and, consequently, in the electro-
magnetic torque.

However, computer studies revealed different
drive dynamics at different angular velocities of the
motor due to the nonlinearity of the DC-DC con-
verters. To eliminate this drawback, the damping
coefficient rss was adapted to the value of the angu-
lar velocity.

The optimal dependencies of the damping coef-
ficient ras on the motor angular velocity resulting
from computer studies are as follows:

e for the traction mode

r,, (m) =—0.298367 —0.000220824®» +

(40)
+3.08858-10 ° w” —7.38151-10 % ’;
o for the regenerative braking mode
r,, (®) =—-0.456452 —0.000359921w» + (a1)

+2.45563-10° w® —4.0404-10° »’.

According to the research results, for the range
of changes in the motor angular velocity from zero
to 100 rad/s, the values of the damping coefficient
ra according to expressions (40) and (41) vary from
-0.3 to -0.3585 in the CIF structure (31) for the
drive's traction mode and from -0.32 to -0.46 in the
CIF structure (37) in the braking mode. The results
of this adaptation are shown in Fig. 7 for the traction
mode and in Fig. 8 for the regenerative braking
mode.

1o

100 —

o0 -

oz o= =
g 8 2 8
T T

Angular velocity, rad/s
5

o
SR
T

Armature current, A

Time, s

b
Fig. 7. Time diagrams of the angular velocity (a)
and armature current (b) of the motor operating
in the traction mode with a step increase in the

reference speed
Source: compiled by the authors

A gradual change of 10 rad/s was set in the di-
rections of increasing and decreasing of the angular
velocity, respectively, at constant value of a load
torque of 1.0 N-m. The obtained time diagrams
demonstrate almost identical dynamics of the drive
operation in the entire range of its speed control
ensuring high accuracy of its control with a slight
overshoot.

=
>
T

Angular velocity, rad/s

Armature current, A
- =

Time, s

b

Fig. 8. Time diagrams of the angular velocity (a)
and armature current (b) of the motor operating
in the braking mode with a step decrease in the

reference speed
Source: compiled by the authors

Fig. 9 shows the results of simulation studies of
the PBC motor speed control system. The study
followed the set angular velocity of the drive motion
(Fig. 9a), which includes low and high-speed opera-
tion sections with motor acceleration and braking
modes, as well as a burst load in the time interval of
3.0-3.5 seconds. The results indicate a good working
out of the reference speed signal by the drive (Fig.
9a) with a slight overshoot and almost no steady-
state error. Fig. 9b shows the motor armature voltage
with a pulsed nature with PWM carrier frequency. It
is important to note that the PBC subsystems of the
armature current control fully ensure the drive's op-
eration under current limitation. The motor armature
current is limited at the set values: 20 A for the trac-
tion mode and at -15 A for the braking mode of the
drive, as shown in Fig. 9c. The electromagnetic
torque time diagram in Fig. 9d fully reproduces the
shape of the current time diagram. The battery cur-
rent (Fig. 9e) follows the shape of the power con-
sumed from the battery. The time diagram shows
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that braking power recovery is inefficient at low imum speed (4.0-4.4 s) provides a battery charging
drive speeds (0.75-1.0 s). However, braking at max-  current of -20 to -10 A.
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Fig. 9. Time diagrams of the main variables of the electric drive system obtained as a result of comput-
er simulation:
a — angular velocity; b — armature voltage;
¢ —armature current; d — electromagnetic torque; e — battery current; f — duty ratio for the switch S1;
g — duty ratio for the switch S2;

h — choke current; i — capacitor voltage
Source: compiled by the authors
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The time diagrams of the duty ratio of the con-
trol signals for the switch S1 (Fig. 7f) and for the
switch S2 (Fig. 99) show the sequence of their oper-
ation. By comparing these curves with the battery
current time diagram (Fig. 9e), it is possible to de-
termine the correspondence to the drive operating
modes. Specifically, the switch S1 operates in trac-
tion mode and the switch S2 operates in braking
mode. The time diagrams of the current of the choke
L1 (Fig. 9h) and the voltage across the capacitor C1
(Fig. 9i) exhibit significant pulsations, especially
during transient modes of the drive. This is due to
the peculiarity of the Zeta-SEPIC DC-DC converter.

CONCLUSIONS

The considered LEV electric drive system is
characterized by a low battery voltage, but the use of
the Zeta-SEPIC DC-DC converter with buck-boos
properties ensured that the motor supply voltage
could be adjusted from zero to a nominal value that
is twice the battery voltage.

The use of mode decomposition in the synthesis
of the passivity-based DC motor speed control sys-
tem integrated in the Zeta-SEPIC DC-DC converter,
which is a rather complex and nonlinear control

object, made it possible to simplify the task of syn-
thesizing the control system and to ensure the high
guality of the obtained static and dynamic character-
istics of the drive.

The desired PBC structures were formed to al-
low a flexible debugging of the subsystem imple-
mentation of various structures and adaptations of
interconnections and damping to achieve the re-
quired effects on the subsystems. The mode decom-
position was utilized to prevent mutual influence
between the subsystems. The CIFs for two subsys-
tems of motor speed control in the traction and re-
generative braking modes, as well as two subsys-
tems of motor armature current control in current
limiting modes, have simple synthesized structures.
The laws of adaptation of the damping coefficient to
the angular velocity of the motor ensure the same
and independent dynamics of the electric drive at all
speeds.

The simulation studies confirmed the effective-
ness of the control system developed by PBC for the
LEV electric drive system, which is a rather com-
plex nonlinear object, at different speeds and loads.
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AHOTAIIA

Ha nmanmii yac enekTpuyHI TPaHCIOPTHI 3aCO0M Majol MOTYXHOCTI CTPIMKO PO3BHBAIOThCS, HaOMparouw pisHux ¢opm. s
peamizamii eJEeKTPONpPUBOJA TAaKUX 3aco0iB, SKi JKUBISITBCA Bl aKyMyJSITOpPHHX OaTapel, HaHIPOCTIMIOI CHCTEMOIO
CJIEKTPOTIPUBOIA € ABUTYH IOCTIHHOTO cTpyMy, kepoBanuit DC-DC neperBoproBadem. ¥ 1iif poOOTi 3aCTOCOBAHO ABOHATPABICHUN
Zeta-SEPIC DC-DC mneperBoproBad, B SIKHMil iHTEIpOBaHO JBUIYH TOCTiHHOTO cTpyMy. Taka peaiizanis 3a0e3nedye KepyBaHHS
IIBHAKICTIO T& MOMEHTOM JIBHTYHA B PEKHMMaX TATH Ta PEKYNEPAaTUBHOTO TajbMyBaHH:I, a TAKOXK J[a€ 3MOTY 3aCTOCYBaTH Oatapero
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HIDKYOT HaNpyTH MOPIBHSIHO 3 HOMIHAJIBHOIO HANIPYTOIO JIBUI'YHA, 110 3MEHIIYe Macy Oarapei Ta miIBHUIIye O€3MEeYHICTh eKCIUTyaTalil
npuBosa. B poOOTi 3aCTOCOBAaHO JCKOMITO3MINIMHUMA MiAXil, 30KpeMa CHHTE30BaHO Bi OKpEMi MiJICHCTEMH KEpyBaHHS KyTOBOIO
MBHUIKICTIO ABHTYHAa OKpeMoO IUIA TsAroBoro (Zeta) ta ramemiBaOTo (SEPIC) pexxumiB podoTtu npuBoga. s cuHTE3y MiACHCTEM B
IMX pEeXHMaxX BHKOPHCTaHO METOJ IIaCHBHOTO KEPYBaHHS, SIKMH 0a3yeTbCsi Ha EHEPreTHYHHX 3aKOHOMIPHOCTSX HPOTIKaHHS
MPOILECIB y CHCTeMax Ta 3a0e3ledy€e aCHMNTOTHYHY CTIMKICTh HENiHIMHUX CHCTEM, Y JAHOMY BHIAJIKY IiCHCTEM YETBEPTOTO
TOPSAKY U peryaroBaHHA MmBHAKOCTI. OKpiM TOoro, Oyno peamizoBaHO OOMEKEHHS CTpyMy ABHIYHa Ha 3aJaHOMY DpiBHI 3
BUKOPHCTAHHSIM CHHTE30BaHUX MACHUBHUX IMIJICUCTEM PETyJIIOBAHHSA CTPYMy TPETHOTO MOPSAAKY. B pesyibTaTi cHHTE3y OTpHMaHO
Ha0OpH MOXKIIMBHX CTPYKTYp (popmyBadiB kepyrounx BwmBiB (DKB) mis ycix mizcucTeM MacMBHOTO KepyBaHHS pOOOTOIO IBUTYHA
3a ponomoroto Zeta ta SEPIC DC-DC neperBoproBauiB. [IpoBeneno mociimkeHHs: pobotu orpumanux crpykryp ®KB, Binidopano
HaWOUIBII Ji€BI 3 HUX Ta MUIIXOM IMITAIIHOTO KOMII'IOTEPHOrO MojemoBanHs B cepenosuini Matlab/Simulink Busnaueno 3akonu
pe3ynbTaTi poOOTH MPHUBOJA B CTATHYHUX TA JUHAMIYHHX PEXKHUMAX POOOTH.

KuawuoBi caoBa: wmamumit  enekrporpancmopt; Zeta DC-DC  meperBoproBau; SEPIC DC-DC meperBoproBay; DC
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