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ABSTRACT

Topicality. Micro-mobile electric vehicles, whose drives are based on brushless DC motors, have become widespread in the
last decade. The features of the electric drive systems of these vehicles and their on-board power supply systems are the subject of
scientific research aimed at solving such key problems as: increasing the driving range, reducing electromagnetic torque ripple,
improving the efficiency of regenerative braking, etc. A review of the literature shows that solving each individual problem involves
two different approaches: computer simulation and physical experimentation. Purpose and objectives. To combine both approaches
of testing: conducting experimental research with real vehicle systems and simulating the effect of road load and real dynamic load
on the drive in transient modes using a corresponding load emulator. The latter consists of hardware that generates mechanical load
on the drive and software that allows simulating various specified and repeated vehicle motion modes in experiments. Methods. In
this work, the Hardware-In-The-Loop approach is applied to an electric bicycle test bench, in which a real wheel with in-wheel motor
is connected via a friction transmission to a DC loading machine controlled by a two-quadrant DC-DC converter. Results. In this
work, to control the torque of the loading machine, an emulator control system structure was developed, in which the conditions for
the movement of the electric bicycle are set and tasks related to these conditions are formed for static and dynamic loads. A computer
model of a test bench for studying the electric bicycle drive, developed in the Matlab/Simulink environment, made it possible to
identify the features of the hardware part of the in-wheel motor load emulator. In particular, during the emulation of a dynamic load
associated with the high moment of inertia of the drive, when the electric bicycle starts and initially accelerates at low speeds, the
two-quadrant DC-DC converter is unable to provide the required value of the braking current of the load machine. Therefore, it was
necessary to ensure the operation of the DC-DC converter in the third quadrant for the specified mode using an additionally
introduced two-transistor switch, which allows switching the operation of the DC-DC converter from the second to the third quadrant
and vice versa. A control system has been developed that performs such switching. Conclusions. A comparison of the results of
computer simulation of the operation of the electric bicycle in-wheel motor drive on a test bench with load emulation with the
corresponding results of simulation of the operation of the same drive in an electric bicycle under the same driving conditions
showed a discrepancy in the main motion coordinates of no more than of seven percent, which confirms the adequacy of the
emulation and the operability of all solutions adopted for the creation of the test bench.
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INTRODUCTION However, these features should not limit the
requirements for high consumer indicators of MEVS,
which include high efficiency [2] that ensures the
necessary range, and high reliability and safety
during operation, which in general still remains at a
low level [3]. To meet all these requirements, new
technical solutions are needed, which necessitates
ongoing scientific research, for which a modern
research base must be created. This paper presents
the features of the design and development of the
control system of test bench for researching of EB
drives based on software emulation of real static and
dynamic loads. The verification of the proposed

Micro-mobile electric vehicles (MEVs), such as
electric scooters, electric bicycles (EBs), segways,
monowheels, etc., are considered a viable and
inexpensive alternative to cars for short trips in
urban areas [1]. In Ukraine, according to the Law
No. 3220-1X of 30.06.2023, MEVs are recognized as
road users, and for the lightest ones (up to 25 km/h
and up to 1000 W), no license or registration is
required.

Such MEVs have their own structural features
due to their required low weight and low cost.

solutions is confirmed by the results of computer
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LITERATURE REVIEW AND PROBLEM
STATEMENT

MEV powertrain systems are designed for
maximum simplicity and low cost using the simplest
configuration: the power supply subsystem consists
of a lithium battery (B), and the traction electric
drive subsystem is based on a brushless DC (BLDC)
motor that operates only in a traction mode [4].
However, the problems of increasing the range and
reliability of operation have led to research and
development aimed at improving key subsystems
and increasing their efficiency [5], [6].

Many researchers are interested in the issue of
regenerative braking and increasing its efficiency. In
particular, in [7], it was proposed to use the reverse
conductivity of field-effect transistors instead of
freewheeling diodes to return electrical energy to the
battery during a pulse width modulation (PWM)
pause. Depending on the selected braking method,
this approach provides an increase in the efficiency
of a power converter from 3.5 % to 10 %. Another
problem of regeneration is braking at low speeds.
The authors of [8] proposed a type Il modular
system with a current controller to ensure a higher
value of the EMF amplification factor of a DC-DC
converter for battery recharging. Other authors
focused their attention on the implementation of
universal power supply converters that perform
traction, regenerative braking, battery charging, and
other tasks [9], and on demonstrating the advantages
of using bipolar PWM to improve the quality of
BLDC motor control [10]. Article [11] is devoted to
a review and analysis of the latest developments in
the field of bidirectional semiconductor converters,
including an assessment of their various topologies,
a discussion of ways to optimize braking force and
the amount of recovered energy. A study of the
limitations of regenerative braking of electric
traction vehicles and their drive circuits, taking into
account the nonlinear parameters of the circuit and
variations in the internal resistance of the AB, was
presented in [12]. Using a detailed model of the
circuit, the authors managed to achieve an 8.73%
increase in the efficiency of regenerative braking
when using the lead-acid battery. Other authors
focused on the use of bidirectional Zeta—SEPIC
converters in braking energy recovery systems [13].

Practical experience shows that vehicles often
require rapid acceleration and/or braking, which are
harmful processes for battery. Since modes of rapid
energy accumulation and release are operational for
supercapacitor (SC) modules, hybrid B-SC power
supply systems have recently become increasingly

popular [14], [15]. It is often proposed to add some
additional functions to these systems: current
stabilization (electromagnetic torque of the motor)
using a step-down DC-DC converter [14]; use of
specialized control algorithms for the regeneration
system operating on the SC module [15]. Other
authors have focused their efforts on researching the
advantages of SCs in a hybrid energy storage system
using the MATLAB/Simulink software environment
[16] and AVL Cruise software environment, taking
into account real driving conditions with standard
and advanced control algorithms for the on-board
power supply system [17]. Other works were aimed
at studying the joint operation of the SC module and
the B in regenerative braking systems, identifying
the advantages of their joint operation, as well as
energy efficiency [18], the use of modular BLDC
motors in traction systems [19], and special
configurations of BLDC motors with a hybrid on-
board power supply system [20].

Another equally important problem of MEVs is
the electromagnetic torque ripple of the BLDC
motors caused by the non-sinusoidal nature of the
back EMF, the discrete nature of the armature
winding commutation, and the design features of the
above-mentioned motors [21]. In this area, the
authors focused on such aspects as: a review of
technologies for reducing BLDC motor torque ripple
[21], development of a strategy to reduce ripple
using a Zeta converter [22], development of a new
commutation method that evaluates the commutation
angle error in real time with its integration into the
direct torgue control (DTC) method [23].

Traditionally, research aimed at developing
new solutions, creating new technical means, or
improving existing ones is divided into two stages:

1) the theoretical part, which consists of creating
mathematical models that are further implemented in
the form of computer models on which simulation
studies are conducted;

2) the practical part, which consists of creating
mock-ups or experimental samples of new
technology, which are used to conduct experimental
research.

The theoretical part, given the current
developments in all areas of science and the
possibilities of computer modeling, has very broad
opportunities. However, in order to verify the
theoretical results obtained, a practical part is
necessary, which is accompanied by significant
financial and time costs. In addition to these
problems, experimental research has such
disadvantages as the complexity of reproducing and
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repeating the necessary research conditions. This is
partially compensated by conducting cycles of
similar studies with subsequent statistical processing
of the results obtained.

Recently, the two-stage paradigm of research
and development described above has undergone
changes in the direction of integrating these two
stages. The new research methodology has been
named Hardware-in-the-Loop (HIL) [24]. HIL
combines real physical hardware that operates in a
virtual environment simulated by software,
moreover the hardware interacting with the virtual
environment as it would with a real one. Initially,
HIL was used to test real control systems for
modeled objects. This was particularly useful in
cases of dangerous or expensive real objects, such as
controlling a thermal power plant generator [25].
Nowadays, the HIL method is used more widely and
flexibly, combining hardware and software
subsystems in various combinations for different
purposes in a single complex. This approach has led
to the development of an even newer simulation
technology — digital twins [26].

Article [27] presents the concept and features of
the HIL approach, as well as the main principles of
dynamic emulation of mechanical loads of electric
drives, such as: emulation with a compensator and
tracking controller, emulation based on nonlinear
control, and  emulation  with  predictive
compensation. In addition, the authors demonstrated
emulation based on nonlinear control using the
example of a pendulum. Unlike existing methods of
dynamic load torque emulation, the method
presented in [28] is simplified, especially in terms of
parameter tuning. The operation of this method is
limited by a certain bandwidth, especially if the
parameters of inertia and viscous friction of the
mechanism are not well known, but it is suitable for
emulating a wide range of load mechanisms. The
authors of article [29] proposed and demonstrated
the emulation of lithium-ion battery cells. With the
help of the developed device, the dynamic electrical
behavior of any battery cell can be emulated with
minor deviations from the behavior of a real battery.

RESEARCH AIM AND OBJECTIVES

This paper proposes the development of a HIL
testing system for researching the operation of the
main subsystems of modern EB. To this end, it is
necessary to create a test bench with physically
implemented subsystems of electric drive and power
supply, and to test them under repeatable specified
conditions of real EB movement with a passenger,

use an emulator of real static and dynamic load of
the drive wheel with an electric motor. The emulator
will consist of hardware in the form of a loading
electric machine controlled by a semiconductor
converter, and software that generates a load on the
wheel according to the trajectory specified by the
passenger-driver and the specified road conditions.
Such a system will enable research aimed at solving
urgent problems related to improving the
performance of EB. The first step in creating a HIL
system for testing EB is its computer modeling and
research, which will provide answers to the main
aspects of building an emulator of real static and
dynamic loads.

DESCRIPTION OF THE STAND FOR
TESTING THE DRIVE OFAN ELECTRIC
BICYCLE

Fig. 1 shows a sketch of a test bench for
studying the EB drive. The wheel 1 with the
integrated BLDC in-wheel motor 2 is mounted on
supports 6, which are attached to the base 8. The
friction transmission between the wheel and the DC
loading machine (LM) 3 is carried out using a drum
4 installed on the LM shaft. One end of this drum's
axle is fixed in a bearing on a support 7, which is
attached to the base 8. The EB controls are located
on the steering wheel 5.

Fig. 1. Sketch of the EB drive test bench

Source: compiled by the authors

Fig. 2 shows a functional diagram of the test
bench (its main parameters are given in Table 1),
which consists of two parts: an EB drive and a
dynamic and static road load emulator.

Emulator of dynamic and
static road load

Electric bicycle drive

Bidirectional B2
A

converter

Fig. 2. Functional diagram of the stand
Source: compiled by the authors
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Table 1. Stand parameters

Parameter Value
Wheel radius 0.329 m
LM drum radius 0.074 m
Friction transmission coefficient 4.44
Coefficient of viscous friction 0.05 N-m-s
Total moment of inertia reduced to 0.5 kg-m?
the BLDC motor shaft '

Source: compiled by the authors

The BLDC in-wheel motor with permanent
magnets (PM) M (parameters are given in Table 2)
is powered by the battery B1 through a three-phase
transistor bridge voltage inverter (IN). The
positional commutation block is used to generate
pulses necessary for switching IN transistors based
on information from Hall sensors H1, H2, H3. The
drive control system block implements a dual-loop
cascade control system of the BLDC motor in
traction and regenerative braking modes. The current
sensor CS1 is used to obtain a DC signal | based on
the BLDC motor linear currents and IN switching
algorithms [30]. The LM (parameters are given in
Table 3), in turn, is powered by the battery B2
through the bidirectional DC-DC converter. The
emulator control block generates a load torque
setpoint signal for the LM and implements the LM
current (torque) control system based on information
from the LM current sensor CS2. The
tachogenerator BR1 is used as an LM angular
velocity sensor.

Table 2. BLDC motor parameters

Parameter Value
Rated power 500 W
Rated DC-bus voltage 48V
Rated speed 250 rpm
Rated torque 20 N'm
Number of pole pairs 22
Phase resistance 0.317 Q
Phase inductance 0.238 mH
Flux linkage (one pair of PM) 0.04 V's

Source: compiled by the authors

DYNAMIC EMULATION OF THE LOAD
TORQUE OF AN ELECTRIC BICYCLE
WHEEL

The equations of EB dynamics with a
passenger, reduced to the axis of the BLDC in-wheel
motor, are as follows [28]:

— -1
apLoces = Jeg (Teoces — TioadEB = (1)
—BrgWgLDCER))

dwpLpc.EB
OBLDC.EB — T dr (2)

where agipcgg IS the angular acceleration of the
BLDC motor of the EB with passenger, Jgg is the
total moment of inertia of the EB with a passenger
reduced to the BLDC motor shaft, Tg;pcgg IS the
torque developed by the EB's BLDC motor, Tipad.e
is the torque of the road load, Bgg is the coefficient
of viscous friction of the EB’s in-wheel motor, and
wgLpc.eg 1S the angular velocity of the EB's BLDC
motor.

Table 3. Parameters of LM

Parameter Value
Rated power 500 W
Rated voltage 60 V
Rated speed 1000 rpm
Rated torque 4.7N-m
Armature resistance 1.19Q
Armature inductance 5mH
Back-EMF constant 0.052 V-s
Torque constant 0.456 N-m/A

Source: compiled by the authors

The solution of equations (1) and (2) with
obtaining the angular velocity of the BLDC motor at
the output is shown in the left highlighted part of the
block diagram in Fig. 3 in the frame “Electric
bicycle dynamics model”.

Similar to (1) and (2), equations can be
constructed to describe the dynamics of the stand for
EB research shown in Fig. 1:

aprpcst = Jst (Terpest — & Tum — 3)
—Bstwgrpcst),

dwpLpc.st
BLDC.st — T’ 4)

where agipcst IS the angular acceleration of the
BLDC motor in the stand, J; is the total moment of
inertia of the stand reduced to the in-wheel motor’s
shaft, Tgpc.st IS the torque developed by the BLDC
motor of the stand, i is the ratio of the friction
transmission between the wheel and the LM drum,
Tim is the LM torque, B is the the coefficient of
viscous friction of the standw reduced to the in-
wheel motor shaft, and wgipcst IS the angular
velocity of the stand’s BLDC motor.

The solution of equations (3) and (4) with
obtaining the angular velocity of the BLDC motor of
the stand is shown in the right highlighted part of the
block diagram in Fig. 3 in the frame “Model of the
stand dynamics.”
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In order to adequately emulate the total static
and dynamic load in a real EB using LM, the
following equalities must be ensured in equations

(1)-(4):

Tsrpcst = Teupc.es = TLpC, (5)

a =« =« (6)
BLDC.st BLDC.EB BLDC,

WBLDC.st — WBLDC.EB — WBLDC - (7)

To ensure equality (5) in the block diagram in
Fig. 3, the stand model uses the torque at the output
of the stand’s BLDC motor Teioss, While the load
emulator uses the torque of the EB’s BLDC motor
TeLoses from the motor torque setpoint signal on the
output of the BLDC motor speed controller, as it has
practically no ripple caused by discrete transistor
switching. In order to ensure equalities (6) and (7),
automatic control of the angular velocity of the stand
in-wheel motor is used in the emulator block
diagram. For this purpose, at the input of the
proportional speed regulator SR, the values of the
real angular velocity of the stand in-wheel motor and
wgLpcst are compared with the angular velocity of
the in-wheel motor of the real EB, which is obtained
at the output of the model of its dynamics wgipcEg-
At the output of the SR, a torque setpoint is formed,
which in dynamic processes corrects the LM torque,
and in steady states should be equal to zero, which
will indicate that equations (6) and (7) are satisfied.

From equation (3), the torque formed by the
emulator on the LM shaft with respect to equalities
(5)-(7) will be as follows:

Tim = i (TLpe — @BLDC S5t — (8)
—BstwpLpc)-

The obtained equation (8), which describes the
law of formation of the torque setpoint for the LM,
is reflected in the “Load Emulator” model in the
block diagram in Fig. 3. A similar expression is

obtained in [28].
The expression for finding the road load torque
is as follows:

Toad.eB = Foad.EB Tw 9)

where Fyaqgg IS the resistance force of the EB
motion and r,, is the EB wheel radius.

Floaagg CoOnsists of the forces required to
overcome the rolling resistance F.op;, aerodynamic
drag of air during EB movement Fg,,g, and the force
caused by uphill movement Fy:

(10)

These forces are described by the following
equations:

FloadEB = Fron t Farag * Fhin-

w>0

mgcosy,
Froll:{({d gcosy 00 (11)
Farag = 0.5 p, Afcq V2, (12)
Fpin = mgsina, (13)

where m is the total mass of the EB with driver, y is
test angle of road ascent/descent, f4 is the rolling
resistance coefficient, p, is the air density, A¢ is the
frontal area of the EB with driver, cq4 is the
aerodynamic drag coefficient of EB with driver, and
v = 1, w is the EB speed.

The total moment of inertia of the EB with
driver reduced to the BLDC motor shaft is equal to:

(14)

where k is a coefficient that takes into account the
additional moment of inertia from the rotating parts
of the system (two wheels).

Some of the main parameters of the equations
for determining the road load torque Tijoaqgg are
taken from [31] and are given in Table 4.

JEB = kmrmzn

_______

TeLbc.es

Fig. 3. Block diagram of the dynamics of stand with EB’s in-wheel motor and a real load

torque emulator
Source: compiled by the authors
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Table 4. Parameters of the equations (11)-(14)

Parameter Value
m 100 kg
My 0.329 m
k 1.02
y 2.86°
fq 0.015
Pa 1.23 kg/m®
As 0.5m?
Cq 0.22

Source: compiled by the authors and from [31]

The maximum slope, at which the EB can move
freely upward, is taken to be 5% that numerically
equals: y = arctg(5/100) = 2.86°. The total
moment of inertia of the EB with driver reduced to
the shaft of the BLDC motor determined by (14)
equal to Jgg = 11.11 kg-m?.

DEVELOPMENT OF COMPUTER MODELS
Computer model for simulating the EB operation

Fig. 4 shows a computer model of EB operation
implemented in MATLAB/Simulink and consists of
the following Simscape library subsystems: a BLDC
motor model (Permanent Magnet Synchronous
Machine), an IN model implemented on MOSFET
transistors (Universal Bridge), and a lithium-ion
battery model (Battery 1). The static load of the
BLDC motor is implemented by the Static Load
Subsystem implemented based on equations (10)-
(13). The measurement of the energy performance of
the drive is implemented by the Power Measurement
Subsystem. It calculates the drive efficiency based
on information about the voltage and filtered current
of the BLDC motor power supply battery Bl, as
well as the output mechanical power. This
subsystem also allows calculating the energy
returned to the B1 during regenerative braking of the
drive. The Measurement Subsystem measures the

electrical variables of the BLDC motor, such as line
currents and phase voltages, and calculates the
active power consumed by the motor. The Control
Subsystem implements a dual-loop system of
cascade control of the EB drive.

Fig. 5 depicts a model of a dual-loop cascade
control system with an external speed control loop
with a proportional speed controller SR_P and an
internal current control loop with a proportional-
integral current controller CR_PI. The Hall
Subsystem reads the rotor position signal and
converts it into a switching sequence “pulses” of
power switches of the bridge IN. The PWM
Subsystem implements a change in the switching
logic of the BLDC motor armature windings in the
traction and braking modes, and also generates
PWM signals based on the output signal of the
current controller to control the IN in order to
regulate the BLDC motor armature voltages. The
Current Measurement Subsystem is used to obtain a
current feedback signal in the form of the direct
current | equivalent to the value of the linear
currents of the BLDC motor, based on the values of
the three linear currents measured by the current
sensors and the switching sequence “pulses” [30].

Computer model for simulating the stand
operation

Fig. 6 shows a computer model of the stand,
which is implemented according to the functional
diagram shown in Fig. 2 and consists of two parts:
the model of the in-wheel motor drive “Electric
bicycle drive” and the model of the emulator
“Emulator of dynamic and static load”. The model
of the in-wheel motor drive differs from the model
shown in Fig. 4 only in that the port Tm of the
Permanent Magnet Synchronous Machine block
receives not a signal from the Static Load Subsystem
block, but a load torque signal from the emulator

Discrete

>

1e-05s.

w

Pout

7 lload Power Measurement

Subsystem

Battery 1

Universal Bridge

Static Load Subsystem

w (s~

A

c

Va,la
vabe
P

A1

- B2

(=}
labc

T (Nm)

<Rotor angle thetam (rad)>
Permanent Magnet

Measurement ‘

pulses oyt <RolOr speed wm (rad

4t

sp

angle

labc

Synchronous Machine

b Va la <Rotor speed wm (rad/s>
I

P mf

L 4B <Electromagetic torque Te (N‘{);

Control Subsystem

D

Fig. 4. Computer model of the EB drive

Source: compiled by the authors
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P s coefficient of 4.44, which simulates their
‘ i T (T e L » iy  coordinated rotation.
’ e R To control the LM, the Load Control
| Sumsyaem Subsystem is developed, which computer model is
e (PO P U P A shown in Fig. 7. The subsystem input receives
wm (radis)> angle

Current

Subsystem Hall

Subsystem

Fig. 5. Control system of the EB BLDC motor

Source: compiled by the authors

taking into account the value of the frictional
transmission coefficient of 4.44. In addition, in the
BLDC motor model of the stand, a lower moment of
inertia of the stand drive of 0.5 kg-m? is specified.
The load emulator model consists of the following
main subsystems: the DC Machine subsystem,
which is used as a LM, the bidirectional transistor
based Two-Quadrant DC/DC Converter subsystem,
the transistor based Two-Quadrant Switch
subsystem, and the lithium-ion battery subsystem
Battery 2. All of these subsystems are taken from the
MATLAB/Simscape library. The mechanical port
“w” of the DC Machine subsystem receives the
angular velocity setpoint signal of the EB’s BLDC
motor taking into account the frictional transmission

signals of the angular velocity of the BLDC motor
and its electromagnetic torque. The torque value is
obtained from the signal at the output of the BLDC
motor speed controller, which equivalent to the
armature current is proportionally changing by using
the torque constant of the BLDC motor (I_To T
block in Fig. 5). The main parts of the Load Control
Subsystem are the Torque Emulator subsystem built
according to the block diagram shown in Fig. 3, the
Static Load Subsystem modeling road load similar to
the one that forms the road load in the EB model
(Fig. 4), and the closed-loop control system of the
LM current with a hysteresis current controller
HCR. The load torque generated at the output of the
Torque Emulator subsystem is converted into a
directly proportional value of the LM current in the
Convert block, which takes into account the
frictional transmission coefficient and the LM

Electric bicycle drive

Ub1

Discrete
1e-05 s

<Curfent (4)>

<\ioltage (V)=

Ub, Ib1

Battery 1 Universal Bridge

Measurement
Subsystem

l JE‘:: E

b

Pout

Power Measurement
. Subsystem
x

w(s-1)

" <Rotor speed wm (radis)>
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Permanent Magnat

Synchranous Machine

puilsas out <Rotor speed wm (rad/s)>

angle

T

&
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Contral Subsystem
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Fig. 6. Computer model of the stand for studying the EB operation

Source: compiled by the authors
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Tload =
w
Torque Emulator

»{w T_load

Static Load Subsystem

Comparator 2

g DC-DC

S-R
Flip-Flop

boolean —\_> R a

|
i:l—. douple b —
boolean | PR 1Q [ m

g_Switch

Fig. 7. EB load emulator control system
Source: compiled by the authors

torque constant. The obtained value of the LM
reference current is compared at the input of the
hysteresis current controller with the measured value
of the LM current. The HCR output logic signal
directly controls, according to the inverse principle,
two transistor switches of the Two-Quadrant DC/DC
Converter (output g_DC-DC).

Simulation studies have shown that the
emulator control system built in this way works
correctly at high speeds in the BLDC motor
acceleration mode and at all speeds in its
regenerative braking mode. It should be noted that in
the acceleration mode of the BLDC motor, the LM
of emulator operates in the braking mode in the
second quadrant of its mechanical characteristics,
and in the braking mode of the BLDC motor, the
LM of emulator operates in the motor mode in the
first quadrant of its mechanical characteristics.
However, during the starting of the test bench, at the
initial stage of acceleration, as can be seen in Fig.
8a, until the moment of time 3.1 s, the current
(torque) of the LM is not regulated. This is due to
the fact that in order to provide the necessary
braking LM torque, its current must immediately
reach the required value of -17 A. For this, the
armature voltage must have a negative value.
Instead, this voltage has a zero value, since a two-
guadrant DC-DC converter cannot provide a
negative voltage value. Therefore, the closed loop
load system does not work. The LM armature
current smoothly increases from zero to -17.6 A, but
during this time the stand accelerates to a in-wheel
motor angular velocity of 9.2 rad/s. Only after 3.1 s
from the stand start, its angular velocity, according
to the load emulator, can continue to increase with
the specified acceleration, because for this, the LM
armature  voltage already become positive.
Therefore, the load emulator of the stand will
continue to work correctly in a closed loop system.

The described situation can be eliminated by
ensuring that the two-quadrant DC-DC converter
operates in the third quadrant of its volt-ampere
characteristic (VAC) at the initial stage of the stand
acceleration. This function is assigned to the Two-
Quadrant Switch subsystem, which two transistors in
one arm can be switched inversely. Such switching
is controlled by the S-R Flip-Flop through the
g_Switch output in accordance with the value of the
LM current regulation error (Fig. 7). This error,
through an aperiodic link with a time constant of
0.03 s, which filters a current ripple, is fed to the
inputs of two comparators — Comparator 1 and
Comparator 2. When the stand is started at low
speeds, the current error has a negative value.
Accordingly, Comparator 1 turn on that switches the
flip-flop and turns on the transistor VT1 of the Two-
Quadrant Switch subsystem. The power circuit of
the DC-DC converter in this mode takes the form
shown in Fig. 9a. Its analysis shows that in this case,
Battery 2 is connected in series with the armature
and matched in polarity with the LM EMF through
the DC-DC converter that is equivalent to its
operation in the third quadrant of the VAC. This will
provide immediately, from zero speed, the
corresponding regulation and maintenance of the
LM armature braking current on the level set at the
emulator output (Fig. 8b). After the test bench
machines will accelerate to a certain angular
velocity, the value of the LM EMF will already be
sufficient to maintain the set LM braking current. At
the same time, the current control error will become
positive, Comparator 2 which will turn on and
switch the flip-flop to the opposite position, which
will accordingly switch the transistors of the Two-
Quadrant Switch subsystem. The power circuit of
the DC-DC converter in this mode takes the form
shown in Fig. 9b. It corresponds to the standard
operating mode of the bidirectional DC-DC
converter in the second quadrant of its VAC.
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Fig. 8. Time diagrams respectively of the angular velocity of the BLDC motor, the LM armature
voltage, and the LM armature current during the start and acceleration of the stand:

a — with a two-quadrant DC-DC converter; b — with a three-quadrant DC-DC converter
Source: compiled by the authors

Fig. 9. Diagrams of the emulator power circuits
in different operatinil modes:
a— in the third quadrant of DC-DC converter;

b — in the second quadrant of DC-DC converter
Source: compiled by the authors

RESULTS OF COMPUTER SIMULATION

Testing of the computer model of the EB
electric drive was carried out under the following
conditions: acceleration of the EB to a speed of
23.7 km/h and its movement at this speed along a
straight road, climbing uphill with a 5 % incline,
descending a hill with an identical incline, and
braking to a complete stop. During descent and
braking, the BLDC in-wheel motor control system
provides regenerative braking of the BLDC motor.

To assess the correctness of the operation of the
proposed stand with the emulator of a real load of
the EB, the time diagrams of the main coordinates
obtained during simulation of the computer model of
the stand (Fig. 10) were compared with the

corresponding time diagrams of the coordinates
during simulation of the computer model of the EB
operation (Fig. 11) under the same driving
conditions.

DISCUSSION OF RESULTS

As can be seen in Fig. 10 and Fig.11, the time
diagrams for the angular velocity, electromagnetic
torque of the BLDC motor, and the power of the
electric energy flow from the Battery 1, obtained
during simulation for the EB model (Fig. 11a,b,d)
and the stand (Fig. 10a,b,h) are visually identical. A
numerical comparison of each pair of variables
shows that their maximum difference does not
exceed 7% of the corresponding nominal value. For
better comparison, Fig. 12 shows the angular
velocity diagrams of the BLDC motor for the two
compared models taken from Fig. 10a and Fig. 11a.
Fig. 12 shows that the maximum deviation between
the two curves does not exceed 0.25 rad/s, i.e. 1.25%
of a maximum angular velocity value of 20 rad/s.
This indicates the adequacy of the developed model
for emulating static and dynamic loads and the
reliable HIL implementation of the stand model.
This is also evidenced by the obtained time diagrams
of the emulated angular velocity of the BLDC motor
and the actual angular velocity of the BLDC motor
(Fig. 10d), which are compared at the input of the
speed controller SR in the block diagram of the load
emulator in Fig. 3.
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The time diagram of the load torque applied to
the BLDC motor shaft in the stand model (Fig. 10c)
is radically different from the corresponding
diagram of the load torque for the EB (Fig. 11c).
This is because the load torque for the EB only takes
into account the road load components determined
by expressions (11)-(13), while the dynamic load
torque caused by the large moment of inertia of the
EV with driver, reduced to the BLDC motor shaft, is
reproduced using the BLDC motor model
(Permanent Magnet Synchronous Machine). In the
case of the stand model, almost the entire dynamic
torque is reproduced by the emulator in the form of a
load torque for BLDC motor.

The forms of the time diagrams for the currents
of the Battery 1 supplied the BLDC motor (Fig. 10f)
and the Battery 2 supplied the LM of the emulator
(Fig. 10g) are in antiphase, which is typical for HIL
systems, since there are energy flows between the
EB drive system and the emulator. The different
absolute values of these currents are primarily due to
the different voltages of the batteries supplying the
BLDC motor and LM, as well as energy losses in
electric machines and their power converters.

The time diagram of the regenerative braking
energy of the BLDC motor, which is transmitted to
the Battery 1 (Fig. 10i), shows that at a time moment
of approximately 27 s, the recawery energy reaches

its maximum of 796 J. Further braking occurs
already with energy consumption from the battery.
This confirms the fact that regenerative braking is
effective only at high and medium drive speeds,
while at low speeds it is advisable to use mechanical
(hydraulic) brakes [8].

For the purpose of a general comparison of the
operation of the computer models of EB with driver
and of the stand with load emulation in the formed
transport cycle, the power consumed from the
Battery 1 in both cases was integrated during the
simulation. Accordingly, the following values of
energy consumed during the studied cycle were
obtained: for the stand with a road load emulator
6685 J and for the EB itself 7173 J. This corresponds
to an emulation error of 6.8%.

CONCLUSIONS

As can be seen from the obtained results of
computer simulation, the decisions made proved the
operability and efficiency of the developed model of
the stand with an EB drive and its load emulator
using the HIL approach. In its current form, the
model can be used to study the operation of the EB
electric drive in both traction and braking modes. A
separate advantage of the developed model is the
possibility of its customization, which allows
conducting  research  under  different  drive
parameters, different EB control by a driver, and
under different driving conditions formed by a given
road load. At the same time, the emulator correctly
forms the corresponding static and dynamic loads on
the in-wheel motor in the stand. Based on the results
obtained in the work regarding the adequate
emulation of the real load for the BLDC motor, in
further research, it is planned to manufacture an
experimental test banch using HIL testing of a
specific EB drive.
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AHOTAIIA

AKTyanbHicTh. MiKpOMOOUTEHI €JIEeKTpUYHI TPAaHCHOPTHI 3acO0M, NPHUBOAM SKUX pPEali30BaHO Ha OCHOBI OE3IIITKOBHX
JBUTYHIB TIOCTIHHOTO CTpyMy, HaOyilM IOIIMPEHHS B OCTAaHHE AeCATIUNTTSA. OcoOIMBOCTI POOOTH CHCTEM €NEKTPOIPUBOAIB IHX
3aco0iB Ta OOPTOBUX CHCTEM IX XKHBIICHHS € 00’ €KTOM HAayKOBUX JOCHI/DKEHB, SIKI HAMaraloThCsl BUPIIIHUTH TaKi KIIIOYOBI IpodiIeMu
SIK: PO3LIMPEHHS 3aracy XOoay, 3MEHILICHH ITyJIbCallill elIeKTPOMarHiTHOIO MOMEHTY, ITiJBHIICHHS e(eKTUBHOCTI PEKYIIepaTHBHOTO
ranpbMyBaHHS Tomo. OTJIsiz JTiTepaTypy MOKa3ye, IO BHUPIMIEHHS KOXHOI OKpeMol 3ajadi rependadae 3aCTOCYBaHHS JBOX DPi3HHX
TTiIXO/IiB: KOMIT IOTEPHOTO MOJIETIOBaHHS Ta (i3ngHOro excriepuMenTty. MeTa i 3aBganns. [loeqaatn oOMaBa MmiaXoMM TECTyBaHHS:
MIPOBOJUTH EKCIICPUMEHTANTBHI JOCIIDKEHHS 3 PETbHUMH CHCTEMaMH TPaHCIIOPTHHUX 3aco0iB, a BIUIMB Ha IIPHBOJ JIOPOXKHBEOTO
HaBaHTXXEHHS Ta pPEATBHOr0 JWHAMIYHOTO HABAHTAXEHHS B IEPEXiAHUX pEeKHMaxX IMITYyBaTH BiINOBIIHHM eMYIISITOPOM
HaBaHTaXeHHs. OCTaHHINA CKJIaAa€ThCs 3 amapaTHOi YacTHHH, fka (OpMye MeXaHiuyHe HaBaHTA)KCHHS Ha MPUBOJ, Ta IPOrPaMHOI
YaCTHHH, sIKa Jla€ 3MOTy IMITYBaTH pi3Hi 3aJ1aHi i TOBTOPIOBAHI B €KCIIEPUMEHTAX PEKHMH PyXy TPaHCIIOPTHHX 3aco0iB. Metoau. Y
naHiii pobori Hardware-In-The-Loop minxia 3acToCOBaHO J0 CTEHIA €IECKTPOBEIIOCUIIE/IA, B SKOMY peallbHe MOTOP-KOJECO 4Yepes
GpuKLiliHy Tepenady 3B’s3aHe 3 HABAaHTAKYBAJFHOIO MAIIMHOIO IIOCTIHHOIO CTpyMy, sika KepyeThcs aBokBanpanTHuM DC-DC
neperBoproBaueM. PesyiabTaTn. Y po0oTi U1l KepyBaHHS MOMEHTOM HaBaHTa)KyBAJIbHOI MAalIMHH PO3POOJICHO CTPYKTYPY CHCTEMH
KepyBaHHS eMYJISITOPOM, B sIKil 3a1af0TBCSI YMOBH PYXY €JIEKTpPOBeEIOCUIIeia Ta GOPMYIOTECS TI0B’s13aHi 3 IIMMH YMOBAMH 3aBIaHHS
JUIsL CTATHYHOTO 1 JMHAMiYHOTO HaBaHTaXkeHb. Po3pobiieHa B cepenoBuini Matlab/Simulink komm’torepHa Monesnp creHga uist
JOCIIUKEHHST TIPUBOJA EJICKTPOBEJOCHIIE]a Jaja 3MOTY BHSBHTH OCOOJNIMBOCTI POOOTH amapaTHOI YacTHHU eMyJaTopa
HaBaHTaXEHHsI MOTOp-Kojieca. 30KpeMa, I/l yac eMyJIsLil JMHAMIYHOTO HaBaHTAXXEHHS, TI0B’13aHOTO 3 BEIMKMM MOMEHTOM iHEepIlii
MPUBO/A, MiJ Yac PYIIAHHS EJEKTPOBEIIOCHIE]a 3 BEIOCHIIEIUCTOM Ta IOYaTKOBOI'O PO3TOHY Ha HEBHCOKHX IIBHKOCTSIX
nsokBaspanTHuii DC-DC meperBoproBau He 3/1aTeH 3a0e3MeUuTH NMOTPiOHE 3HAUECHHS TalbMIBHOTO CTPYyMY HaBaHTa)XyBaJIbHOL
MamHA. ToMy jJoBenocst 3a0e3neynTy Ui BKazaHoro pexumy podory DC-DC meperBoproBaua Ie i B TpeThbOMY KBaJpaHTi 3a
JIOTIOMOTOI0 J10JJATKOBO BBEJCHOI'O JIBOTPAH3MCTOPHOrO KJII0Ya, KWK 1ae 3Mmory nepemukaru podory DC-DC neperBoproBaua 3
JPYroro B TPeTiii KBaJpaHT i HaBmaku. Po3pobieHo cucTeMy KepyBaHHs, sfKa 3JiHCHIOE Take niepeMuKaHHs. BucHoBku. ITopiBHAHHS
pE3yNbTaTiB KOMIT IOTEPHOTO CHUMYJIIOBAaHHS pOOOTH IIpUBOJA MOTOp-KOJeca ENEKTPOBEIOCHIIENa Ha CTEHII 3 eMYJALIE0
HAaBaHTAXEHHS 3 BIANOBIJHUMH Pe3yJIbTaTaMU CHMY/IIOBaHHS POOOTH LILOTO K NPHUBOZAA B €IEKTPOBEIOCHIIEl 33 OJHAKOBHX YMOB
pyXy MoKa3alio po30iXKHICTh OCHOBHHX KOOPAMHAT PyXy HE BHUILE CEMH BiJCOTKIB IO MiATBEPKYE aJCKBAaTHICTb eMYJSILii Ta
PpOo0OOTO3IATHICTh YCiX NPUUHSITUX JUIsl CTBOPEHHS JOCIIJHOTO CTEHAA PillleHb.

KurouoBi ciioBa: enekrpoBesnocurie];; TOCHiaHUN CTeHA; (i3MYHa MOJEIb eNeKTPONPHBOA; O3 TKOBUIT IBUT'YH MOCTiHHOTO
CTPYMY; EMYJIATOp PEabHOIO HABAHTAXKCHHS; KOMII IOTEpHA MOJIEIIb
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