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Integrated system of modular power supply and multilevel
control of brushless dc motor for electric vehicles
Purpose. Development of a multi-purpose control algorithm for a cascaded semiconductor inverter to provide a six-step
switching of phase voltages of a brushless DC (BLDC) motor, multilevel regulation of voltages magnitude, charge equalization of
battery modules in the modes of traction and regenerative braking of electric vehicles (EV), as well as checking the operability of
the developed algorithms by computer simulation.
Methodology. To solve these problems, the methods of automatic control theory, elements of the discrete mathematics, and the
theory of algorithms are used. The mathematical model of the studied system was implemented by means of the Simulink applica
tion, as well as programming in the MATLAB software.
Findings. Algorithms for coordinated control of the six-step switching of the BLDC motor armature winding, multi-level con
trol of the motor voltages with pulse-width modulation at only one level, and energy management in the form of equalization of
the battery modules charges have been developed. A computer mathematical model of the proposed EV electric drive system has
been created. Performed simulations confirmed the effectiveness of the developed multi-purpose control algorithm.
Originality. Substantiation and solution of the problem of complex increase of energetic and design indicators, as well as reli
ability of EV power-traction system due to application of an integrated configuration of the modular electric power supply system
and multilevel control of the BLDC motor by means of joint multilevel cascade inverter.
Practical value. The use of the developed solutions will increase the service life of electric motor, the reliability of the whole
power-traction system, improve their maintainability, expand the layout and loading of the EV chassis, ensure its fire and electrical
safety.
Keywords: electric vehicle, brushless DC motor (BLDC), multi-level cascade inverter, modular power supply system, energy management system
Introduction. According to modern trends in sustainable
development, humanity is implementing more renewable en
ergy and trying to reduce toxic emissions to the environment
as much as possible. These aspirations have led to the rapid
and probably irreversible transition to autonomous electric
transport. In addition to environmental and energy advantages
over cars, electric vehicles have significant benefits in handling
and reliability. However, they also have problems primarily re
lated to the limited energy of the onboard power supply sys
tems and the duration of its recovery – charging of electro
chemical batteries. These problems generate new tasks to im
prove onboard power sources and increase energy efficiency in
the operation of all other subsystems and devices of electric
autonomous vehicles (EAV). First of all, it involves the largest
energy consumer – the electric traction drive. Therefore, the
task of finding new technical solutions that can increase the
energy efficiency of EAV is especially relevant.
Literature review. Technologies for creating EAVs are rap
idly evolving in the directions of their various purposes and
classes: personal electric vehicles, passenger and truck EAVs,
special vehicles of military applications, and others. Consider
ing the size of the EAVs market, their central power-traction
systems consisting of interconnected subsystems – the on
board power supply subsystem and the electric drive subsystem
– are subject to strict requirements for energy efficiency, reli
ability, diagnostics, maintainability, and safety. However,
these two major subsystems are mostly examined separate
from each other [1].
The individual elements for the electric supply are batter
ies, supercapacitors, and fuel cells which have low voltages
(units of Volt). Therefore, to obtain the required voltage of on
board power supply system (DC bus voltage), many of these
elements must be connected in series. This complicates the
problem of energy management, such as the equalization of
voltages or charges. From this point of view, modular cascade
converters, which combine low-voltage modules of autono
mous power supply, are characterized by significant advantag
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es such as: enabling efficient management, increasing the en
ergy efficiency of the entire power supply system and reducing
its total weight [2]. This implementation also increases the
service life and significantly reduces the potential danger in the
event of an accident. With the use of modular cascade convert
ers, it is possible to regulate voltages and currents of the DC
bus, bidirectional power transfer, and charge equalization of
individual modules. Recently, many studies have proposed
new topologies of modular cascade converters, which are
characterized by additional positive qualities. Thus, in the pro
posed topology in [3], for the regulation of comparatively high
voltage of a DC micro-network with small pulses, the socalled interleaved control is applied, which allows increasing
the resultant pulse width modulation (PWM) frequency due to
the superposition of shifted in time multiple PWM channels of
lower frequency. Modular approaches are also promising for
the implementation of hybrid power storage systems built on
low-voltage batteries as energy sources and supercapacitor
(SC) banks as power sources. In hybrid power supply systems,
due to the large power of the SCs, it is possible to extend the
battery life significantly. At the same time, different topologies
of cascade converters are proposed for combining of different
modules: distributed SC modules and one common low-volt
age battery [4], distributed hybrid SC/battery modules [5].
Such power supply systems are also beginning to be used as the
onboard system for EAVs [6].
Similar topologies of kmultilevel cascaded inverters
(MCI), which consist of separate modules built on half-bridge
or full-bridge circuits of DC-DC converters, are used in elec
tric drives of medium and high voltages (powers). This helps to
reduce the inverter losses and use the simpler and cheaper
transistors [7]. Since it is advisable to use separate voltage
source to power of each module, such drives are organically
combined with the same hybrid modules of the EAV power
supply subsystem [8, 9]. Moreover, modular cascade convert
ers can be assigned to both subsystems: traction control and
energy management of power supplies.
A brushless DC motor (BLDC) with excitation from per
manent magnets is widely used for electric drive in various sys
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tems, from low-power fans to significant power vehicles. This
At the sinusoidal control, the motor phase EMF is equal to
is due to the considerable advantages of this electric drive
 2pt 
compared to others: maximum values of the specific power
esin (t ) = E0 sin 
(1)
,
and the specific torque, high reliability, simplicity of design
 T 
and control [10]. Given these advantages, the BLDC drive is a
and the voltage inverter forms the current in this phase arma
central system for electric vehicles of various classes, particu
ture winding
larly with autonomous power supply [1].
To control the electromagnetic torque and speed of high 2pt 
isin (t ) = I 0 sin 
(2)
,
power BLDC motor with medium-voltage DC bus, multilevel
T 

semiconductor converters including the MCIs are used [11,
where E0 and I0 are, respectively, the amplitudes of the EMF
12]. Because dU/dt on transistors in the MCIs is much lower,
and the current at the sinusoidal control.
the problem of electromagnetic compatibility reduces and cur
At the six-step control, the EMF and the armature current
rents through the bearings of the electric machine decrease
in the phase winding are respectively
which increases the reliability of the MCIs as well as the BLDC
motors.
12E6t
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Unsolved aspects of the problem. In the known works on
,
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the MCI control of powerful BLDC drives, to obtain close to
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special multilevel PWM technique are used, in particular with
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phase and level shifts of the triangular or the saw tooth carrier
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T
12E6t
waveforms at each level [13]. This, in our opinion, is due to a
 T + 6 ⋅ E6 , if 12 ≤ t ≤ 2

high drive’s power and the analogy with drives based on asyn
chronous and synchronous motors which were used earlier

T
than BLDC. However, this approach involves the use of ex
0, if t ≤
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pensive multi-point sensor of the rotor’s angular position (for
T
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example, an encoder) with all the problems of its installation
=
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,
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and reliability. It also complicates the control of the MCI and

5T
T

the energy management of the battery [14]. Since, for control
0, if 12 ≤ t ≤ 2
of the BLDC with trapezoidal electromotive force (EMF), si

nusoidal currents are not necessary. The traditional for this
where E6 and I6 are, respectively, the amplitudes of the EMF
case six-step control with simple Hall sensors will significantly
and the current at the six-step control.
simplify implementation, control of a modular cascaded sys
Electromagnetic power for a half of the period equals
tem of power supply, and multilevel control of electric drive
T 2
[15]. However, since energy efficiency is particularly crucial
2
for EAVs, at first, it is advisable to compare the efficiency of
=
P
e(t ) × i(t )dt .
(5)
T ∫0
the sinusoidal and the six-step control of permanent magnet
motor.
Substituting (1–4) into (5), after integration, we obtain for
Purpose of the study is the development of a multi-purpose
both control methods respectively
control algorithm for a modular cascaded converter which
provides the six-step switching of phase voltages of BLDC
6E 0 I 0
2E6 I 6
; P6
.
=
Psin =
(6)
motor, multi-level regulation of their magnitude, and charge
2
3
p
equalization of the battery modules in traction and regenera
Given the known correlation between UDC and the maxi
tive braking modes of EAVs, as well as verification of the devel
mum amplitudes of the EMF for both control methods, re
oped algorithm by computer simulation. This control algo
rithm fully realizes the advantages of the modular approach to
spectively U DC = 3E0 and UDC = 2E6, at equal values of the
the onboard power supply system’s construction as well as the
electromagnetic power (6), we obtain the following relation
integrated control of the EAV’s electric drive and energy man
ship between the currents’ amplitudes
agement of the battery by only the MCI.
18
Methods. Automatic control of the investigated power=
I6 =
I 0 1.053I 0 .
(7)
traction system is carried out by the control system and is per
3p 4
formed directly by the MCI. In the functioning of this system,
The following equation determines the power loss in the
in addition to the traditional external control of speed and cur
active resistance R of the motor armature winding
rent (torque) of the BLDC, three main control algorithms
T 2
which have their futures for the MCI are developed consis
2
tently: 1) switching of the modules to provide the six-step con
DP = ∫ i 2 (t )Rdt .
(8)
T 0
trol of BLDC based on the signals from Hall sensors; 2) volt
age regulation following the reference applied to the two phas
Substituting the dependences of the currents for two con
es of the BLDC motor; 3) equalization of charges of the bat
trol methods, respectively (2) and (4), in (8) and taking into
tery modules (algorithm BMS – Battery Management Sys
attention the obtained relationship between amplitudes of the
tem). The methods of the automatic control theory, elements
currents (7), it is determined that, to ensure the same power of
of the discrete mathematics, and the theory of algorithms are
the motors and them supply from the same voltage of the DC
used to solve these problems. The mathematical model of the
bus, the copper losses in the machine under the six-step con
studied system was implemented using the Simulink as well as
trol compared to the sinusoidal control will increase by k
programming in the MATLAB environment.
times, where
Results. Comparison of energy efficiency of the sinusoidal
and the six-step control of BLDC drive. The losses in copper
DP6 144
=
= = 1.478.
k
(9)
are dominated in BLDC motor. Since their value depends on
DPsin p4
the method of controlling the armature current, these losses
Assuming that the relative power losses in copper at the
should be compared in the permanent magnet electric ma
rated load and the sinusoidal control is 0.1, the corresponding
chines with sinusoidal and trapezoidal EMF at the same pow
relative power losses at the six-step control will be 0.1478.
er and powered by DC bus with the same voltage UDC.
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Then, we obtain the following difference in the nominal effi
ciency
Dh = hsin - h6 = (1 + 0.1)-1 - (1 + 0.1478)-1 = 0.038. (10)
The obtained difference in efficiency at the level of 3.8 % is
significant. However, the considering higher losses in a voltage
inverter at the sinusoidal control and the impact of the losses
in steel reduce this difference. Therefore, to significantly sim
plify control, increase the system reliability, and reduce its
cost, it is advisable to use the six-step control for BLDC driven
EAVs.
Configuration of the system and its work. The investigated
power-traction system (Fig. 1) consists of the BLDC motor
which is switched by the modular MCI. The control system
has two control loops: the inner current loop with a current
regulator CR of the PI structure and the outer angular speed
control loop with a speed regulator SR of the P structure. Ro
tor position signals are generated by the Hall sensors HS1–
HS3. They come to a commutator K that performs the func
tion of forming the switching control signals g1–g6 for the
MCI. The Hall sensor signals are also used to measure the
angular speed of the BLDC motor by which a negative feed
back for the SR is realized.
The MCI consists of 6 identical power modules, a control
system, and a current estimator CE (Fig. 2). Each power mod
ule includes the battery with the voltage UB and a full bridge on
four transistors with antiparallel diodes (scheme of the Mod
ule i is shown in Fig. 2). The feature of this modular structure
is obtaining the voltages of different polarity at the output
clamps. Also, module structure provides the ability for the
current to bypass the battery and the mode of breaking of the
circuit. To ensure the required supply voltage and the possibil
ity of its regulation, the modules are connected in series. Dis
crete switching on and switching off of the series-connected
modules and their PWM control are used for motor voltage
regulation. This allows us to get the voltage range from -UB ⋅ n
to +UB ⋅ n, where n is the number of modules connected in se
ries. In order to reduce switching losses, only one from the
series-connected modules is controlled with PWM, and the
other modules are switched discretely.
The six-step control of BLDC drive involves the simulta
neous current flow through two phases of the motor at each
time. The order of switching changes every 60 electrical de
grees. For the scheme shown in Fig. 2, a cascade of four mod
ules is connected to the two phases of the motor armature
winding. Since current flows through them in one direction,
two modules must be connected to the one polarity and two
modules – to the opposite polarity. In this case, the number of
MCI levels including zero level is determined by the expres
sion D = 4m + 1, where m is the number of modules connected
in series in the circuit of one phase of the motor. In the inves
tigated scheme (Fig. 2), m = 2. As a result, we obtain the 9-le
vel MCI.

Fig. 1. General structure of investigated power-traction system
of EAV
The CE is designed to calculate the resulting value of di
rect current consumed by the BLDC drive from all working
batteries in the traction mode (positive value) or given to all
working batteries in the regenerative braking mode (negative
value). The value of the estimated DC current iˆ is used to
implement the current feedback to the CR. To determine the
resulting value of the BLDC current, we used three current
sensors CS1–CS3 in the motor phases and the switching sig
nals from the Hall sensors g1–g6.
Algorithm for switching of one power transistor module.
Three specified external discrete signals determine the operation
of the module: SD gives permission to switch the module; p de
termines the polarity of the module voltage (0 – the positive
voltage polarity; 1 – the negative polarity); b is the signal coming
from the voltage control subsystem and determines how many
modules need to be turned on to provide a reference voltage of
the BLDC drive. Table 1 shows all possible combinations of
these logic signals that determine the states of the power mod
ule’s transistors and the mode of module operation. The follow
ing logic equations define the transistor control signals (S1–S4)
S1 = b ∧ p ∧ SD;

S 2 = (b ∧ p ∧ SD ) ∨ (b ∧ p ∧ SD ) ∨ (b ∧ p ∧ SD );
S3 = b ∧ p ∧ SD;

S 4 = (b ∧ p ∧ SD ) ∨ (b ∧ p ∧ SD ) ∨ (b ∧ p ∧ SD ).
Based on these logical equations, the switching units for
the power transistors of the module are made.
The BLDC switching algorithm generates logic signals SD
and p for modules in each phase of the BLDC motor sepa
rately based on signals g1–g6 (signals SDA, SDB, SDC and pA, pB,
pC). As a result of the analysis, the following expressions are
obtained
SD A = ( g1 ∨ g 2 ∨ g3 ∨ g 4 ∨ g5 ∨ g6 ) ∧ ( g1 ∨ g 2 ∨ g3 ∨ g 4 ∨ g5 ∨ g 6 );
SDB = ( g1 ∨ g 2 ∨ g3 ∨ g 4 ∨ g5 ∨ g 6 ) ∧ (g1 ∨ g 2 ∨ g3 ∨ g 4 ∨ g5 ∨ g6 );
SDC = ( g1 ∨ g 2 ∨ g3 ∨ g 4 ∨ g5 ∨ g 6 ) ∧ ( g1 ∨ g 2 ∨ g3 ∨ g 4 ∨ g5 ∨ g 6 );
pA = ( g1 ∨ g 2 ∨ g3 ∨ g 4 ∨ g5 ∨ g6 ) ∧ ( g1 ∨ g 2 ∨ g3 ∨ g 4 ∨ g5 ∨ g6 );
pB = ( g1 ∨ g 2 ∨ g3 ∨ g 4 ∨ g5 ∨ g6 ) ∧ (g1 ∨ g 2 ∨ g3 ∨ g 4 ∨ g5 ∨ g6 );
pC = ( g1 ∨ g 2 ∨ g3 ∨ g 4 ∨ g5 ∨ g 6 ) ∧ ( g1 ∨ g 2 ∨ g3 ∨ g 4 ∨ g5 ∨ g 6 ).

Fig. 2. Scheme of modular multilevel cascaded inverter
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Table 1
The table of truthfulness of the control signals for the power
module transistors
No

b

p

SD

S1

S2

S3

S4

Module operation mode

1

0

0

0

0

0

0

0

breaking the circuit

2

0

0

1

0

1

0

1

bypassing the battery

3

0

1

0

0

0

0

0

bypassing the battery

4

0

1

1

0

1

0

1

bypassing the battery

5

1

0

0

0

0

0

0

breaking the circuit

6

1

0

1

1

0

0

1

positive voltage polarity

7

1

1

0

0

0

0

0

breaking the circuit

8

1

1

1

0

1

1

0

negative voltage polarity

The voltage control algorithm consists of three identical
groups, in which the value of the reference voltage u* is com
pared with the battery voltage of the module 1 that works with
PWM. If the value of u* is greater than the battery voltage of
this module, then the module 2 turns on at its full voltage, and
the value of the reference voltage is accepted as u* = (u* - UB2).
Then again, there is a comparison of the new value of the ref
erence voltage with the battery voltage of the module 1 and the
turning on of the next module, etc. Finally, under the condi
tion u* < UB1, the ending reference voltage value is converted
into the PWM control signal of the module 1: D1 = u*/UB1.
Based on such comparisons, a task for switching on the re
quired number of modules (signals b2, b3, b4) and the signal for
PWM control D1 (b1 = 1) are formed. Since the reference sig
nal u* is formed in the current control loop, it may contain
oscillations and interference. When the value of u* is close to a
multiple of UB, the control system responds to these interfer
ences, which leads to multiple switching of the modules. To
reduce these adverse effects, a hysteresis was introduced to
turn off of each module.
The BMS algorithm is used to discharge and charge the
battery modules evenly. It also provides the even wear of all
batteries. In the proposed control system, the equalization of
battery charges occurs by estimating their states of charge
(SOC) and adjusting according to them batteries discharging
or charging levels accordingly. For equal discharging of the
battery modules, more power must be consumed from a bat
tery with a higher SOC, and for equal charging – with a lower
SOC. At the beginning of the algorithm, the operation mode is
determined by the variable ‘currentDirection’ (0 – consump
tion, 1 – recuperation). Based on the operating mode, the
‘sortDirection’ parameter is set. It determines the sorting di
rection according to the SOC levels of the battery modules.
This parameter can be set as ‘Ascend’ – sorting in ascending
order and as ‘Descend’ – sorting in descending order. The es
timation of relative power consumption is carried out based on
the signals of the reference voltages of the modules (b2, b3, b4)
and the PWM control signal D1, which are obtained from the
voltage control algorithm. If the module is switched on dis
cretely, its consumed power will be maximum, if the module is
switched off, the power consumption is 0, and if the module
works with PWM, its power consumption will be intermediate.
To eliminate the permanent redirection of the task signals b1–
b4, the module batteries SOC values are rounded an integer (as
a percentage). Based on the signals of the permission on mod
ules switching SDА, SDB, SDC, the selection of modules in
volved in this switching step is performed. The next step is
ranking the SOC data of modules in the direction given by the
variable ‘sortDirection’ and redirection of the switching sig
nals in accordance with modules SOCs and relative power
consumption. Adherence to this principle leads to a gradual
equalization of batteries charges to the same level.

Algorithm of CE. The current estimator is designed to
form the resulting value of current as a superposition of cur
rents in the three phases of BLDC motor. The value of the re
sulting current directly forms the value of the electromagnetic
motor torque. The sign of the resulting current indicates in
which mode the electric machine works – in the traction or in
the regenerative braking mode. Determination of phase cur
rent and its polarity at the output of the CE occurs by opera
tions of discrete mathematics on the switching signals of the
six-step voltage inverter. Each switching step will correspond
to its value of phase current and its polarity (Table 2). Based on
Table 2, a logical expression for the resulting value of the ar
mature current was obtained as
iˆ = ( g1 ∧ g6 ) i A + ( g2 ∧ g3 ) iB + ( g4 ∧ g5 ) iC - ( g2 ∧ g5 ) i A - ( g1 ∧ g4 ) iB - ( g3 ∧ g6 ) iC .

(10)

Dependence (10) is used to implement the CE model.
System model in MATLAB/Simulink. The parameters of
the experimental BLDC drive are presented in Table 3. The
MCI model uses blocks from the Simscape/Specialized Power
Systems library of the Simulink package. The created MCI
model (Fig. 3) consists of the following main parts: Power cir
cuit, BLDC switching system, Voltage regulation system and
BMS, Current estimator.
The power circuit consists of 6 transistor modules, each
module contains 4 transistors of the MOSFET type. A battery
module is connected to each transistor module. The model of
battery module is borrowed from Simulink, too. Two modules
are connected in cascade. Each cascade is connected to the
motor by one clamp and to the common point by the other
clamp. The CE is realized using logic blocks and switch blocks
according to (10). Using these switches at each moment, the
value of the phase current measured by the current sensor
transmits to the output of the CE.
The voltage control system and the BMS are represented
by two main blocks of the MATLAB function (Fig. 3), which
contain programs of operation of these subsystems. These pro
Table 2
The resulting current value on each switching step
No

g1

g2

g3

g4

g5

g6

Value of the resulting current

1

1

0

0

0

0

1

iA

2

0

1

1

0

0

0

iB

3

0

0

0

1

1

0

iC

4

0

1

0

0

1

0

- iA

5

1

0

0

1

0

0

- iB

6

0

0

1

0

0

1

- iC

Table 3
Parameters of the BLDC drive and the battery module
Parameter

Value

Rated power (kW)
Rated DC voltage (V)
Rated speed (rpm)
Rated torque (Nm)
Number of pole pairs
Winding resistance (Ω)
Winding inductance (H)
Flux linkage by one pair of permanent magnets (Wb)
Moment of inertia (kg ⋅ m2)
Battery capacity (Ah)
Battery module nominal voltage (V)
Rated battery discharge current (A)
Battery ESR (Ω)

1.2
170
2000
6.0
2
0.875
0.0035
0.175
0.02
5.0
60
20
0.02
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Fig. 3. The MCI model in MATLAB/Simulink
grams are written by MATLAB programming language ac
cording to the developed algorithms. The formation of the
PWM switching signal of one of the modules is provided by the
PWM Generator unit.
Computer simulation results. Computer simulation of the
created model was performed for the values of the reference
speed and the reference load torque of the BLDC drive which
are shown in Figs. 4, a, b. The rated speed is set at the initial
time. At a time of 0.7 s, the reference speed signal decreases
abruptly to half of the rated and at 1.0 s – up to 25 % of the
rated value (Fig. 4, a). The rated load torque is applied in the
time interval of 0.5–0.8 s. From 1.3 s, the negative load torque
is applied (Fig. 4, b) that simulates the EAV movement from a
slope. The PWM frequency was set of 5000 Hz. The parame
ters of the regulators obtained on the model experimentally
were as follows: for the CR - Kp = 10, Ki = 500; for the SR - Kp =
= 2.5.
The results of computer simulation are shown in
Figs. 4, c–e. As can be seen from the obtained waveforms, the
developed control system works out the perturbation of the
reference and the load with good dynamics. The obtained
character of the resulting armature current (Fig. 4, e) fully cor
responds to the character of the formed electromagnetic
torque (Fig. 4, d ).
Fig. 5 shows the waveforms of the main variables of phase
A of the motor which were recorded for a period from 0.5 s to
0.6 s. They show that a switching system forms the armature
current (Fig. 5, b) according to the 120-degree principle of
conductivity of transistors in accordance with the maximum
values of the trapezoidal EMF (Fig. 5, a), as it should be for
the six-step principle of BLDC control. The waveforms of
phase (Fig. 5, c) and linear (Fig. 5, d ) voltages of the armature
show how the multilevel voltage control is carried out.
A duty cycle of 12 s duration is used to simulate the BMS
operation and check its efficiency. The duty cycle is divided
into three time periods during which different values of the ref
erence speed and the load torque are set (Figs. 6, a, b). This
character of the load will allow evaluating the BMS operation
in the consumption and the energy recuperation battery mod
ules modes. To quickly change batteries SOC in a short time of
the test period, the battery modules capacity was specifically
set low, at the level of 0.2 Ah. The initial values of batteries
SOCs were set different: Module 1 – 100 %; Module 2 – 95 %;
Module 3 – 90 %; Module 4 – 85 %; Module 5 – 80 %; Mod
ule 6 – 75 %. The computer simulation was performed for two
cases: in the first, the BMS system is turned off; in the second,
the BMS system works according to the developed algorithm.
The SOC change processes of all six battery modules in these
72

a

b

c

d

e

Fig. 4. Waveforms of the variables of the electric drive:
a – reference speed; b – load torque; c – rotor speed; d – electromagnetic torque; e – resulting value of the armature current
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a

b

a

b

c
c

d

Fig. 5. Waveforms of the variables of phase A for a period from
0.5 to 0.6 s:
a – EMF; b – current; c – phase voltage; d – line voltage

d

Fig. 6. Waveforms illustrating the BMS operation:
two cases are shown in Fig. 6, c and Fig. 6, d. At absence of the
BMS (Fig. 6, c), we can see that, in the first period, more en
ergy is consumed from modules 1, 3, and 5 than from modules
2, 4, and 6. Even under similar initial conditions, that leads to
uneven discharge of the battery modules. After the transition
to the second period, the discharge intensity of the modules 1,
3, and 5 are saved, but the other modules remain idle. In the
third period, energy is recuperated, but even in this case, the
modules 2, 4, and 6 remain unused. Using the BMS allows
correcting these shortcomings. In Fig. 6, d, we can see that
there is a gradual equalization of the battery charges of all
modules. In the second period, after equalizing the SOCs of
all batteries, they are discharging with almost the same inten
sity and working alternately. Small SOC fluctuations are
caused by setting the BMS algorithm to avoid too frequent
switching of module modes. In the third period, we observe
that energy recovery in the battery also occurs evenly.
Conclusions.
1. Due to the mass production of EAVs of different classes
and purposes, there is a problem of correcting the traditional
approaches to separate design of their main subsystems.
Therefore, integration of the main subsystems of the EAV
power-traction system based on the universal principle of its
configuration, construction of interconnections between these
subsystems and their control is a promising research direction.
2. The modular approach to construction of the EAV pow
er supply system provides a comprehensive solution of many
problems: it increases the noise immunity of the power supply
system due to the possibility of shutting down the failed mod
ule, improves maintainability which leads to the replacement

a – reference speed; b – load torque; c – SOCs of 6 battery modules with turned off BMS; d – SOCs of 6 battery modules with
turned on BMS

of a failed module, expands possibilities of load composition
of a EAV chassis thanks to the module spacing options, in
creases service safety and significantly reduces fire hazard due
to the safe voltage of one module.
3. The combination of power supply modules, which is
solved by transistor DC-DC converters of cascade topology,
extends the modular approach on the power converter with all
advantages of expanding control functionality and increasing
reliability.
4. The use of multilevel six-step control of the BLDC mo
tor with simple Hall rotor position sensors allows us to imple
ment a simple, reliable, and energy-efficient electric drive sys
tem. These advantages are especially important for small
EAVs.
5. The developed algorithms for coordinated control of
switching of the BLDC armature windings, multilevel regula
tion of the armature voltage, and charge equalization of the
battery modules are simple and can be implemented by cheap
microcontrollers, for example, Atmel.
6. The proposed modular approach to the configuration of
power-traction systems simplifies the EAV design, unifies
components, accelerates design and development of produc
tion, increases energy efficiency and reliability.
It is planned to create a mock-up sample of the investi
gated electric drive system for carrying out an experimental
study.
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Інтегрована система модульного
живлення та багаторівневого керування
безщітковим двигуном постійного струму
для електромобілів
І. З. Щур, В. П. Турковський
Національний університет «Львівська політехніка»,
м. Львів, Україна, e-mail: ihor.z.shchur@lpnu.ua
Мета. Розроблення багатоцільового алгоритму керу
вання каскадним напівпровідниковим інвертором для
забезпечення шестикрокової комутації фазних напруг
безщіткового двигуна постійного струму (БДПС), бага
торівневого регулювання їх величини й вирівнювання
зарядів модулів акумуляторних батарей (АКБ) у режимах
тяги та рекуперативного гальмування електричних авто
номних транспортних засобів (ЕАТЗ), а також перевірка
роботоздатності розроблених алгоритмів шляхом ком
п’ютерного симулювання.
Методика. Для вирішення вказаних завдань застосо
вані методи теорії автоматичного керування, елементи
дискретної математики й теорія алгоритмів. Математич
на модель досліджуваної системи реалізована засобами
додатку Simulink, а також програмування в середовищі
MATLAB.
Результати. Розроблені узгоджені алгоритми шести
крокової комутації обмотки якоря БДПС, багаторівнево
го керування напругою якоря двигуна з широтно-імпуль
сною модуляцією лише на одному рівні та енергетичним
менеджментом у вигляді вирівнювання ступеня зарядже
ності АКБ модулів. Створена комп’ютерна математична
модель запропонованої системи електроприводу ЕАТЗ,
на якій проведені симулювання, що підтверджують діє
вість розроблених алгоритмів багатоцільового керу
вання.
Наукова новизна. Здійснене обґрунтування й розв’я
зан
ня задачі комплексного підвищення енергетичних,
конструкційних показників, а також надійності енерге
тично-тягової системи ЕАТЗ завдяки застосуванню інте
грованої конфігурації системи модульного електричного
живлення й багаторівневого керування БДПС за допо
могою спільного багаторівневого каскадного інвертора.
Практична значимість. Використання розроблених рі
шень дасть змогу підвищити термін служби електрично
го двигуна, надійність усієї тягово-енергетичної системи,
покращить її ремонтопридатність, розширить можли
вості компонування й навантаження кузова транспорт
ного засобу, підвищить його пожежну та електричну без
пеку.
Ключові слова: електромобіль, безщітковий двигун постійного струму, багаторівневий каскадний інвертор, модульна система енергетичного живлення, система енергетичного менеджменту
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Интегрированная система модульного
питания и многоуровневого управления
бесщеточным двигателем постоянного тока
для электромобилей
И. З. Щур, В. П. Турковский
Национальный университет «Львовская политехника»,
г. Львов, Украина, e-mail: ihor.z.shchur@lpnu.ua
Цель. Разработка многоцелевого алгоритма управле
ния каскадным полупроводниковым инвертором для
обеспечения шестишаговой коммутации фазных напря
жений бесщеточного двигателя постоянного тока
(БДПТ), многоуровневого регулирования их величины
и выравнивания зарядов модулей аккумуляторных бата
рей (АКБ) в режимах тяги и рекуперативного торможе
ния электрических автономных транспортных средств
(ЭАТС), а также проверка работоспособности разрабо
танных алгоритмов путем компьютерного симулирова
ния.
Методика. Для решения указанных задач применены
методы теории автоматического управления, элементы
дискретной математики и теории алгоритмов. Матема
тическая модель исследуемой системы реализована сред
ствами приложения Simulink, а также программирова
ния в среде MATLAB.
Результаты. Разработаны согласованные алгоритмы
шестишаговой коммутации обмотки якоря БДПТ, мно

гоуровневого управления напряжением якоря двигателя
с широтно-импульсной модуляцией только на одном
уровне и энергетическим менеджментом в виде вырав
нивания степени заряженности АКБ модулей. Создана
компьютерная математическая модель предложенной
системы электропривода ЭАТС, на которой проведена
симуляция, подтверждающая действенность разработан
ных алгоритмов многоцелевого управления.
Научная новизна. Осуществлено обоснование и реше
ние задачи комплексного повышения энергетических,
конструкционных показателей, а также надежности тя
гово-энергетической системы ЭАТС благодаря примене
нию интегрированной конфигурации системы модуль
ного электрического питания и многоуровневого управ
ления БДПТ посредством совместного многоуровневого
каскадного инвертора.
Практическая значимость. Использование разрабо
танных решений позволит повысить срок службы элек
тродвигателя, надежность всей тягово-энергетической
системы, улучшит ее ремонтопригодность, расширит
возможности компоновки и нагрузки кузова транспорт
ного средства, обеспечит его пожарную и электрическую
безопасность.
Ключевые слова: электромобиль, бесщеточный двигатель постоянного тока, многоуровневый каскадный инвертор, модульная система энергетического питания, система энергетического менеджмента
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