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ABSTRACT

The threatening ecological situation in modern cities overloaded with traffic makes it expedient to replace buses with diesel
engines with electric buses. In order to increase the energy efficiency of a drive of electric bus and, thanks to this, to expand its
power reserve, the paper investigates the feasibility of using a multistage automatic transmission (AT). For research, the Electron
E19101 electric bus was taken and two of its variants were considered — a studied one with a six-speed AT and a basic one with a
single-speed transmission. For each of the options, the traction characteristics of the electric drive for different positions of the
accelerator pedal were formed. Comparative studies of the operation of both variants of the electric bus were carried out by means of
computer simulation. For this, computer models of all subsystems of electric buses, as well as external influences that resist
movement and determine the load on the electric drive system, were built using the Energetic Macroscopic Representation method in
the Matlab/Simulink environment. The application of the specified method makes it possible to simulate the movement of electric
bus during a long-term of the adapted FTP-75 standard urban transport cycle. For the studied variant, the AT control system was
developed with the aim of current selection of the optimal value of the gearbox transmission ratio, for which the maximum value of
the efficiency of the electric drive system is obtained in specific driving conditions. The research results showed a 3.35 % advantage
in energy costs for movement in the applied transport cycle of the electric bus with the multistage transmission over the single-stage
one. However, as also shown, this advantage increases to 5.3 % during the buses move in the similar transport cycle at low speeds,
which occurs in today's traffic-congested cities. In addition, the use of the AT makes it possible to reduce the rated power of the
electric bus motor, increase its maximum traction force, which will ensure the possibility of moving with a full load on a large slope,

as well as significantly increase the maximum speed of movement, which is important for suburban transportation.
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INTRODUCTION

All large wvehicles (trucks, buses, etc.) are
currently equipped with powerful high-volume
internal combustion engines (ICEs). This is due to
the fact that diesel ICEs have a higher efficiency and
higher torque in the low speed range compared to
gasoline ICEs that improves the technical and
economic performance of transportation. However,
engines of this type when burning fuel emit a large
number of ultrafine particles. Deteriorating of
operating conditions, untimely and unqualified
maintenance only worsen the situation that makes
vehicles with diesel engines one of the main sources
of harmful emissions. In cities where the
environmental problem is most acute, such means
are, first, large buses. As a result, a number of
countries have already banned the operation of
diesel vehicles in cities. Therefore, it is advisable to
replace buses, especially in cities, with full electric
buses [1].
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LITERATURE REVIEW

The main sources of onboard power supply for
an electric bus are electrochemical batteries. Pre-
known route and load on the electric bus allow you
to optimally select the type and calculate the
capacity of the battery. Given the large weight of the
vehicle with passengers, in order to achieve the
required power reserve for daytime operation of the
electric bus, the installed energy capacity of the
batteries must be high that leads to high battery
weight, which in turn reduces the rage. In order to
reduce the weight and cost of batteries, the charging
stations for electric buses are installed in a number
of cities and the parking in schedule on the route are
provided for this purpose [2].

The simplest configuration of the transmission
of a full battery electric bus, as well as other electric
vehicles, is the use of a single electric motor, a gear
with fixed ratio and a differential [3, 4], [5].
However, this configuration requires a complex and
expensive traction drive to operate the motor in a
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wide range of speeds and loads — from zero to
maximum. Given the traffic conditions of electric
buses in cities, the operation of its electric motor
very often goes beyond the zones with high
efficiency in the reference frame of the
electromagnetic torque — angular velocity. This is
particularly in the cases at low and high speeds, as
well as at high load of the electric bus and the need
for high traction force during acceleration and hill
climbing. All this leads to additional energy losses in
the traction electric drive and to decrease in the
power reserve of the electric bus.

As shown in a number of studies [6-9], the use
of automatic transmission (AT) allows reducing the
overall energy consumption of a full electric vehicle
due to the predominant operation of the electric
drive in the area with higher efficiency, and reduces
the requirements for the speed control range of the
traction motor. An AT with different number of
gears was used for such transmission: two-speed [6],
three-speed [7], four-speed [8], and six-speed [9].
The conducted simulation studies showed a
reduction of energy consumption for traffic in
standard transport cycles by 5-12 % for electric
vehicles with multistage AT compared to
transmissions with a fixed gear ratio for the same
vehicles. The use of a multistage AT allows the use
of a lower power motor to provide the required
traction characteristics and allows you to expand its
limits both in the direction of increasing the
maximum traction force and in the direction of
increasing the maximum speed. The work on electric
buses [8, 9], [10, 11] is related to the improvement
of mechanisms, control systems and speed of
shifting of automatic gearboxes. However, there are
almost no studies that assess the influence of
multistage AT using on the energy efficiency in
electric buses.

To model and study the operation of electric
vehicles in different transport cycles of their
movement, the specialized software environments
are used, such as CRUIS [7], or developed packages
for computer modeling using a professional
computer program for automated manual
transmission [12]. This is due to that licensed
software products are not available for most
researchers. However, such problems can be solved
with the help of a recently developed approach
based on the energy laws of processes of different
physical nature —  Energetic  Macroscopic
Representation (EMR) [13]. Using the principle of
action-reaction, in EMR, a complex system is
decomposed into interconnected subsystems with
energy characteristics, and the structure of the
control system based on the principle of inversion

can be directly derived from the main subsystems
using certain rules. Simple energy dependences of
processes in subsystems are used for the EMR
modeling, namely modeling is performed in the
available Matlab/Simulink environment. Therefore,
this approach is successfully used for computer
simulation of different vehicle systems during long
transport cycles [14, 15].

THE PURPOSE OF THE ARTICLE

This work is devoted to the development of an
algorithm for online optimization of the selection of
the AT gear ratio for a city bus to ensure maximum
efficiency of its motor and a comparative assessment
of energy efficiency of a bus with traditional single-
stage transmission and multistage AT in the urban
transport cycle.

MAIN PART.
MATHEMATICAL MODELING OF THE
ELECTRIC BUS USING THE EMR METHOD

Onboard power supply model

According to Kirchhoff's second law, one of the
simplest mathematical models of a power supply,
such as a battery, will be:

Ug = Eg — IgRp, (1)

where Ug is the voltage at the output of the battery;
Egs is the EMF of the battery; lg is the battery
current, and Rg is the internal resistance of the
battery.

Fig. 1la shows a mathematical model of the
power supply built in accordance with (1) in the
Simulink environment, and Fig. 1b shows the EMR
subsystem in which this mathematical model is
implemented.
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Fig. 1. Simulink model of the power supply (a)
and its EMR subsystem (b)

Source: compiled by the authors
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The subsystem has one input and one output,
the product of which is the power taken by the drive
from the source in the traction mode, or given to the
source in the regenerative braking mode. The
traditional image of subsystems by the EMR method
in the Matlab/Simulink environment is taken from
[16].

Simplified model of the converter-motor system

A simplified mathematical model that describes
the operation of the converter-motor system is based
on the following equations.

The mechanical power of the system is
calculated as follows:

P,=M, w,. 2
The power losses in the system:
AP = f(My, @,). ®)

The electric power consumed by the system is
equal
P. =P, +AP. (4)

The motor electromagnetic torque:

TM = TM.l‘ — Ty dd_?v (5)
where T, is the reference of the electromagnetic
torque for the control system, and z, is the
equivalent electromagnetic time constant of the
converter-motor system.

The current consumed from the battery by
electric drive system is calculated as follows:

Pe
Ig = Ug (6)

The Simulink model of the converter—motor
system is shown in Fig. 2a, and its EMR subsystem
in the form of a multi-physical system is shown in
Fig. 2b. The product of current and voltage is the
electrical power consumed by the system, and the
product of angular velocity and shaft torque is the
mechanical power emitted by the system. In the
block PMm + AP in tabular form, the dependence (4) is
realized.

Multistage transmission model

The mathematical model describing the
operation of a gearbox is based on the following
equations.

If the gear ratio is

i=f(N), (7)

where N is the number of the enabled transmission
stage, the torque on the output shaft of the AT is
equal

T.=T,1i, )

and the angular velocity of the motor shaft is
calculated as
Wy = W, i, (9)

where . is the angular velocity of the output shaft
of the transmission.
=)

Fig. 2. Simulink model of the converter—motor
system (a) and its EMR subsystem (b)

Source: compiled by the authors

The Simulink model of a multistage
transmission is given in Fig. 3a, and its EMR
subsystem in the form of a mono-physical element is
shown in Fig. 3b. The gear ratio is changed using a
direct access table i(N), in the rows of which the
values of gear ratios are written. The line number
corresponds to the serial number of the transmission
stage, and the lowest sequence number has the
transmission stage with the largest gear ratio and the
highest sequence number has the transmission stage
with the lowest gear ratio.

Main transmission-wheels system model

The mathematical model of the main
transmission (differential) — wheels system is based
on the following equations.

Traction force of wheels of the electric bus:

i
FT = TT nT r_gl

w

(10)

where . is the main transmission efficiency; iy is
the gear ratio of the main transmission (differential),
and ry is the radius of the wheel.
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Fig. 3. Simulink model of the multistage

transmission (a) and its EMR subsystem (b)
Source: compiled by the authors

The angular velocity of the input shaft of the
main transmission:

w, =V, %, (11)

where V, is the electric bus speed.

Simulink model of the main transmission—
wheels system is given in Fig. 4a, and its EMR
subsystem in the form of a mono-physical element is
shown in Fig. 4b. The product of the angular
velocity and the torque of the shaft of the
transmission is the power of the rotating motion, and
the product of the traction force and the speed of the
electric bus is the power of the translational motion.
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Fig. 4. Simulink model of the main transmission —

wheels system (a) and its EMR subsystem (b)
Source: compiled by the authors

Chassis model

The mathematical model of the chassis is based
on the following equations.
The total weight of the electric bus:

My = Me + Mygaq (12)

where me is the equipped mass of the electric bus,
and Mg S the weight of load.
A differential equation of the dynamics of the

electric bus:
dv,
dt

my = FT - Fextv (13)
where Fex
electric bus.

Simulink model of the chassis is given in Fig.
5a, and its EMR subsystem in the form of an
element of energy storage is shown Fig. 5b. The
inputs of the subsystem are the traction force of the
electric bus and the total force of the resistance

forces, and the output is the speed of the electric bus.

is the external forces acting on the
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Fig. 5. Simulink model of the bus chassis (a) and
its EMR subsystem (b)

Source: compiled by the authors

Environment model

The mathematical model of an environment,
which simulates the forces acting on the electric bus
during its movement, is described by the following
equations.

Aerodynamic drag force:

F,q=0.5pC.q4; (V, + V)2, (14)

where p is the density of air; Caq is the aerodynamic
drag coefficient of the body of the electric bus; Ar is
the front area of the electric bus; Vw.. is the
projection of the wind speed vector on the direction
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of movement of the electric bus (taken with the sign
“+” if the wind projection has a direction opposite to
the traffic, and with the sign “-* if it agrees with the
direction of movement).

If a road angle is

h
a = atan—,

100 (15)

where h is the slope of the road in percentage, the
rolling resistance is
Fron =mgz g cosa ki , (16)

where g is the acceleration of gravity, and ki is the

coefficient of tire rolling resistance, and hill
climbing force is
Fpin = mz gsina. a7

External force acting on the electric bus:

Fext = Faqa + Fron + Fhin - (18)

Simulink model of the environment is given in
Fig. 6a, and its EMR subsystem is shown in Fig. 6b.
The input of the subsystem is the speed of the
electric bus, and the output is the value of the total
driving force and mass of the electric bus.
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Fig. 6. Simulink model of the environment (a)
and its EMR subsystem (b)

Source: compiled by the authors

EMR model of the powertrain of electric bus in
Matlab/Simulink environment

The EMR model of the powertrain of the
studied electric bus was formed from the developed
subsystems in the Matlab/Simulink environment that
is shown in Fig. 7.

FORMATION OF TRACTION
CHARACTERISTICS OF ELECTRIC BUSES
WITH DIFFERENT TRANSMISSIONS

As an object of the study was selected electric
bus “Electron E19101” (Fig. 8), the main parameters
of which are given in Table 1 [17]. The research
technique consists in comparison of energy
indicators of movement in a standard transport city
cycle of the studied electric bus equipped by the
multistage AT with similar indicators of the basic
electric bus equipped by the single-stage
transmission (without AT).

Table 1. Parameters of the electric bus
“Electron E19101”

Parameter Value
Chassis parameters:
Equipped mass [kg] 13560
Total mass [kg] 19000
Frontal area [m?] 9.36
Aerodynamic drag coefficient 0.5
Rolling resistance coefficient 0.03
Wheel radius [m] 0.503
Maximum speed [km/h] 70
Transmission parameters:
Gear ratio 9.612
Efficiency 0.95
Parameters of the converter—-motor
system:
Maximum mechanical power [kKW] 250
Rated mechanical power [KW] 189
Maximum torque [Nm] 1695
Rated torque [Nm] 990
Maximum angular velocity [rad/s] 387.5
DC supply voltage [V] 600
Maximum converter current [A] 650

Source: compiled by the authors
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Fig. 7. EMR model of the powertrain of the studied electric bus in Matlab/Simulink environment
Source: compiled by the authors
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Fig. 8. Electric bus “Electron E19101”
Source: compiled by the [17]

Selection of automatic transmission

Fig. 9 presents the mechanical characteristics of
the electric bus drive with its maximum values of the
torque and the angular velocity, which shows that
the electric drive system has two-zone angular
velocity control.

A necessary and sufficient condition for
choosing an AT is that the maximum torque which
develops by the engine must be less or equal to the
maximum torque of the input shaft of the AT. Based
on this, we chose a six-speed AT Allison 3200 with
the parameters listed in Table 2 [18].

1800 1 NM
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Fig. 9. Mechanical characteristics of the electric

bus drive
Source: compiled by the authors

To ensure the intersection the traction
characteristics at a constant power region, it is
necessary that the output shaft of the gearbox rotate at
a higher angular velocity in a lower gear at maximum
engine speed than in a higher gear with minimum
engine speed at which maximum power is achieved.

The maximum angular velocity of the motor
shaft is calculated as follows:

@y max = lmax (wM.min(PM.max) ks l_])1 (19)
<jsn—1 Li+1

where  oymin(Puwmax) IS the minimum angular

velocity of the shaft at which the motor develops

maximum power; ks = 1.2 is the stock ratio; i is the

gear ratio; n is the number of transmission stages,

and j is the transmission number.

Table 2. The main parameters of the AT

Allison 3200
Parameter Value
Gear ratio:
1-th gear 3.49
2-d gear 1.86
3-d gear 1.41
4-th gear 1.0
5-th gear 0.75
6-th gear 0.65
reverse gear —5.03
main gear 6.824
Minimum angular velocity 78.6
of the input shaft [rad/s]
Maximum torque of the | 1g95
input shaft [Nm]
Efficiency 0.95

Source: [18]

From the mechanical characteristics of the
electric bus drive (Fig. 9), it is seen that the
minimum angular velocity of the shaft at which the
motor develops maximum power will be equal to
owmin(Pwmax) = 155 rad/s. After calculating
according to expression (19), from the five obtained
maximum values, the largest value of the angular
velocity of the motor is wwmax = 349 rad/s, which
limits the mechanical characteristics of the motor to
this value due to the limitation of the AT.

The traction force developed by the electric bus
drive is calculated as follows:

Fo=Tyn, L%, (20)
where i is the gear ratio of the AT on the j-th gear.

The speed at which the electric bus moves:

Tw
Va=wy E (21)

Based on equations (20) and (21) and the
mechanical characteristics of the engine (Fig. 9),
taking into account the limitations of the AT, the
traction characteristics of the electric bus, which are
formed by the drive in different gear stages are
developed in Fig. 10.

Fig. 11 shows for comparison the resulting
limiting traction characteristic of the studied electric
bus with AT and the traction characteristic of the
basic version of the electric bus. As can be seen
from Fig. 11, with the help of AT, it is possible to
expand the traction characteristic, namely to increase
the maximum values of the electric bus speed (from
73.5 km/h to 143 km/h) and traction force (from
30.5 kN to 76 kN).
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Fig. 10. Traction characteristics of the electric

bus drive on different gear stages of the AT
Source: compiled by the authors

Using the latest values, it is possible to estimate
at what maximum inclination a fully loaded electric
bus with a small acceleration can move, for
example, amin = 0.5 m/s?. Based on expressions (13)
- (18) we obtain

h = 100tg (aSin FT.max_m}:(gkroll+amin)) .

mgg

(22)
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Fig. 11. The resulting traction characteristics of

the studied and basic electric buses
Source: compiled by the authors

Calculations by expression (22) show that the
studied electric bus in the first gear can move at a
minimum acceleration of 0.5 m/s? an inclination of
19 %, and the basic electric bus only at an
inclination of 8.3 %.

DEVELOPMENT OF ALGORITHM AND
MODEL OF A CONTROL SYSTEM

The main requirement for the traffic control
system of the studied and basic electric bus versions is
the providing of adjustment of the speed and traction
force by the position of the accelerator pedal.

In addition, the following energy strategy is
proposed for the studied electric bus: (i) ensuring of
the selection of the optimal gear ratio of the AT
depending on the actual speed of the electric bus and

the position of the accelerator pedal; (ii) providing
of the operation of the converter-motor system with
the highest efficiency in all modes of movement of
the electric bus.

Traction force forming subsystem

To form the reference of traction force limiting
the maximum traction force and speed by the
position of the accelerator pedal, it is necessary, for
the studied and basic electric buses, to form tables
with a family of traction characteristics, which will
be within the resulting traction characteristics of
drives (Fig. 11). The row numbers of the tables are
assigned the value of the speed of the electric bus,
and the columns are corresponded to the value of the
accelerator pedal position. The cell on which the
current values of the accelerator pedal position and
speed intersect has the value of the traction force
that the drive must create.

Graphical display of the tables created for both
variants of the electric buses with traction
characteristics of drives for different positions of the
accelerator pedal is shown in Fig. 12.
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Fig. 12. Formed traction characteristics of the
drive for the studied (a) and basic (b) electric
buses at different positions of the

accelerator pedal (in %)
Source: compiled by the authors

The limitation of the maximum speed is due to
the fact that at a given position of the accelerator
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pedal and a given maximum speed, the reference on
the traction force is zero. The limitation of the
maximum traction force for a given speed is
regulated by the position of the accelerator pedal,
and accordingly a transition to another traction
characteristic is occurred.

A Simulink model of the table (Look-up Table)
of traction characteristics allows to carry out an
interpolation by various methods between the
neighboring values in the table that allows to reduce
considerably the amount of data which is necessary
for model. In the developed models, the linear
interpolation between the neighboring values is
applied.

The Simulink model of the traction force
subsystem is shown in Fig. 13. To simplify the
model, the concept of pseudo-negative position of
the accelerator pedal is used, which provides
regenerative braking. In fact, the brake pedal
regulates regenerative braking. Part of the brake
pedal stroke (for example, a range 0 + 30%) is
allocated for regenerative braking; mechanical
brakes in this range of the pedal position are not
imposed. If regenerative braking is not sufficient,
then additional application of mechanical brakes
occurs if the pedal is transferred to the zone of
mechanical braking (for example, a range of 30 +
100 %). A family of traction characteristics reflected
along the velocity axis forms the regenerative
braking force.

2-0 Tiu)
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Fig. 13. Simulink model of the subsystem of
formation the traction force reference for the

electric bus drive
Source: compiled by the authors

Subsystem for selection the optimal gear
ratio of the AT

The studied electric bus has the AT with a
hydraulic drive. The traction motor drives the
hydraulic pump of the transmission. To ensure the
required pump performance, a limit on the minimum
angular velocity of the motor shaft is introduced.
According to (21), this introduces a limit on the
minimum speed of the electric bus at which the shift
to the next gear will take place. The limitation of the
maximum angular velocity of the engine, according
to (21), also introduces a limitation on the maximum

speed of the electric bus at which a particular
transmission stage can be enabled.

To take into account these limitations, a logic
unit has been developed (Fig. 14), which blocks the
transmission if the speed of the electric bus is greater
than the maximum allowable or less than the
minimum allowable for a particular transmission
stage. The input information for the unit is the actual
speed of the electric bus and the maximum and
minimum speeds at which certain transmission
stages can be enabled. The output of the unit is the
permission to engage certain gears and the command
to engage the first gear, if the speed of the electric
bus is less than the speed at which the permission to
engage the second gear is formed.
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Fig. 14. Model of the blocking a choice of

admissible gear stages
Source: compiled by the authors

The model for calculating gear lock settings is
shown in Fig. 15. After weeding out gears that are
not suitable for this speed mode, only those gears
that are suitable for this speed mode remain.

i
+ W gear min

w min

igh
-

W gear max
w max

Fig. 15. Model for calculating gear lock settings
Source: compiled by the authors

<

Based on the traction force signal and the
current speed of the electric bus, expressions (20)
and (21) for each gear determine the torque and
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angular velocity of the motor shaft, and then use the
energy efficiency table to calculate the drive
efficiency values for each gear. For these purposes, a
subsystem for calculating the efficiency of the
electric drive was developed, which is shown in
Fig. 16. The main element of this subsystem is the
table of power efficiency of the converter—motor
system, which is usually obtained experimentally.
For the traction electric drive of the electric bus,
the efficiency values depending on the
electromagnetic torque and the angular velocity of the
motor are shown in Fig. 17 in the form of an energy
efficiency map, in which the efficiency is represented
by isoclines. For further application of this map in the
Simulink model, the values of the drive efficiency for
the grid of specific values of the electromagnetic
torque and angular velocity of the motor are obtained
by interpolation. They are entered to the Look-up
Table n (oM, Tm) shown in Fig. 16.
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0 T

Fig. 16. Model of the unit for calculation the

efficiency of electric motor
Source: compiled by the authors
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Fig. 17. Efficiency map of the converter-motor

system
Source: compiled by the authors

Based on the information from the units of
selection of allowable gears and the calculation of
the drive efficiency, using the gearshift unit, the
selection of the most efficient transmission stage
occurs. Fig. 18 shows the algorithm of the gearshift
unit operation. To improve stability and reduce the
number of switches, a hysteresis was introduced.
Transmission shifts occur only when the efficiency
of the next transmission stage is greater than the
current by 0.25 %. The value of the hysteresis was
selected based on the evaluation of the behavior of
the electric bus model during the simulation.
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Fig. 18. Algorithm of operation of the gearshift
unit
Source: compiled by the authors

Prediction of the next gear stage is based on the
acceleration of the electric bus. If the acceleration is
positive or equal to zero, then the shift is
sequentially in the direction of increase. If the
acceleration is negative, then the gear is shifted
sequentially in the direction of reduction.

The structure of the created in the Simulink
environment subsystem for selecting the optimal
gear ratio of the AT and the relationships between its
functional units is shown in Fig. 19.

Motor torque generation subsystem

Simulink model of the subsystem is shown in
Fig. 20. Based on the information about the enabled
transmission and the traction force signal, the
subsystem generates a reference signal for the motor
torgque based on equation (20).

Based on the developed subsystems, the
Simulink model of the all control system was
created as is shown in Fig. 21.

Since, for the basic version of electric bus, the
gear ratio is constant, the control system is much
simpler. Its structure is shown in Fig. 22.

The transport cycle model simulates the
movement of an electric vehicle. The standard urban
motion cycle EPA Federal Test Procedure (FTP-75)
[19], which is in the library of new versions of
Simulink, was chosen for modeling. This cycle is
designed to study the energy performance of urban
passenger cars and electric vehicles, as well as light
trucks. In this study, this cycle is adapted to simulate
the movement of electric buses; in particular, 1.5
times reduced speed profile (speed in miles per hour
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Fig. 19. Simulink model of the subsystem of selection the optimal gear ratio of the AT
Source: compiled by the authors

is taken as the speed in km/h). This reduced the
average speed along the route (19.4 km/h) and
acceleration during starting and braking. In the
simulation, there was a change in the total weight of
the electric bus due to the change in the number of
passengers during stops. In addition, in order to
reproduce the real operating conditions, it is possible
to set a wind speed, which value and direction can
be variable according to the required law, and the
slope of the road (see Fig. 6).
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Fig. 20. Model of the motor torque generation

subsystem
Source: compiled by the authors

As a driver of the electric bus, there is the
Simulink model of the transport cycle, which sets
the speed of the electric bus (Fig. 24). A
proportional speed controller with a coefficient of
200 compares the reference and real speeds of the
electric bus.
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Fig. 21. The structure of the drive control system

of the studied electric bus
Source: compiled by the authors
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Fig. 22. The structure of the drive control system

for the basic electric bus
Source: compiled by the authors

SIMULATION RESULTS

Based on the developed Simulink models of the
powertrain of the electric bus (Fig. 7) and control
systems (Fig. 21 and Fig. 22), the EMR models of
the electric buses for the studied and basic options
are developed and shown in Fig. 23.

The results of parallel simulation of the studied
and basic variants of the electric buses in the test
transport cycle are presented in Fig. 25, Fig. 26 and
Fig. 27.

As can be seen from Fig. 25a, for both variants
of transmissions, the electric drive system accurately
works out the profile of movement speed of the
electric buses set by the driver (transport cycle)
which during this cycle pass a distance of 7.37 km
(Fig. 25b). Fig. 25¢ shows how the external load
mass of electric buses changed during the transport
cycle simulating the flow of passengers on the route.
To perform this movement at a given load, the
drives of electric buses in both options formed a
traction force, the time dependence of which is
shown in Fig. 25d.
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Fig. 23. EMR models of electric buses for the studied (a) and basic (b) options created in the

Matlab/Simulink environment
Source: compiled by the authors
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Fig. 24. Simulation model of the driver
Source: compiled by the authors

As a result of operation of the control system of
multistage AT according to the algorithm shown in
Fig. 18, the numbers of gear stage of the AT
changed during the transport cycle as shown in
Fig. 26a. The time diagrams in Fig. 26b and Fig. 26¢
show the changes of angular velocity and
electromagnetic torque of the motors in two buses.
As can be seen from these diagrams, the use of
multistage AT significantly reduces the ranges of
changes in angular velocity and electromagnetic
torque of the traction motor during the transport
cycle. This ensures the predominant operation of the
electric drive in the zone of higher efficiency values,
as shown in Fig. 26d. A significant difference
between the compared options of transmissions was
observed better in a time interval of 350-650 s when
the electric buses were moved at high speed. This is
especially evident from the fragment of the latter
time diagram shown in Fig. 27.

As a result of the simulation during the time of
movement in the transport cycle, the electric drives
of the studied and basic buses consumed slightly
different amounts of energy from the on-board
battery (Fig. 26e) — 12.68 kWh and 13.12 kWh,
respectively. Therefore, the energy benefit from the
use of a multi-stage AT in this simulation was about
3.35 %, which is a positive result, but not significant
enough. This is explained, first, by the specifics of
the applied transport cycle, in which electric buses
moved mainly at a speed of 25-40 km/h (Fig. 25a).
As can be seen from the map of the energy
efficiency of the converter—motor system (Fig. 17),
the decrease in the efficiency of the electric drive is
significant at low angular velocities of the motor at
all values of the electromagnetic torque, and at high
angular velocities at low values of the torque.

The electric motor in the basic electric bus
version with a single-stage transmission will work in
these low-efficiency modes during a start and
acceleration of the bus, as well as its movement at
high speeds. At the same time, the use of AT in the
studied version of the electric bus allows the electric
motor to work in these modes with average angular
speeds and, accordingly, with high efficiency. Since
starting, acceleration and increase speeds in the
urban cycle are not long-lasting, therefore, the
energy effect of the studied electric bus with the
multistage transmission did not a noticeable.
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Fig. 25. Time diagrams of the main variables during the simulation of electric buses movement in the

transport cycle (1 — studied variant; 2 — basic variant):

a) set by the driver and performed during simulation the speed of electric buses for both variants;
b) the distance traveled by electric buses during the transport cycle; ¢) change of the total external

weight of electric buses during the transport cycle; d) traction force of electric buses
Source: compiled by the authors

However, in today's traffic-laden city, there is
frequent and prolonged movement at crawling
speeds. In such cases, the energy advantage of using
the multistage AT will be high. To confirm this, the
movement of two compared electric buses was
simulated in a similar to the applied transport cycle
FTP-75, but with a five-fold reduced speed of
movement, which can be seen from the time diagram

shown in Fig. 28a. At the same time, the average
driving speed for this cycle also decreased five times
and amounted to 3.88 km/h. As can be seen from
Fig. 28b, the amount of electric energies consumed
per cycle by the studied and basic electric buses
from their batteries were 2.75 kWh and 2.905 kWh,
respectively, which provides an energy gain in the
studied version by 5.3 %.
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Source: compiled by the authors
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CONCLUSIONS

Based on the research results, the following
conclusions can be made.

1. In this work, the calculation of the
parameters of the drive was carried out and the
mathematical model of the powertrain of the electric
bus by the method of EMR as well as the control
systems of AT and motor drive were developed.

Based on the mathematical model in the
MATLAB/Simulink environment, the works in the
city transport cycle of electric buses with two
transmission variants were investigated — the studied
one with the multistage AT and the basic one with
the single-stage transmission.

2. The strategy of control of transmission with
AT for the studied electric bus provides work of the
electric motor with the maximum possible efficiency
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in all modes of movement of the electric bus.
However, a significant increase in energy efficiency
in the urban traffic cycle was not recorded due to the
specifics of the applied transport cycle. The energy
advantage of multispeed transmission is manifested
in frequent starts and prolonged driving at low
speeds, which occurs in modern congested cities, as
well as in high-speed traffic on bypass roads in cities
and suburban traffic.

3. The use of a multistage AT allows to use

required traction and expanding its limits in both
directions: towards increase in maximum traction
force, which allows to easily move a fully loaded
bus at a high slope; towards a significant increase in
maximum speed. This can be especially useful for
mountain bus applications and for long-distance
transport.

4. The disadvantage of the studied electric bus
with a multistage AT is the complexity of design and
increase in cost.

electric motor of a much lower power to provide the
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AHOTALIS

3arpo3yiuBa €KOJIOTIYHA CHUTYAIlisl B CYYJaCHHX MEPEBAHTAXKCHUX TPAHCIOPTOM MICTaX 3YMOBIIOIOTH JOIUIBHICTh 3aMiHU B
TPaHCIOPTHHUX MEPEeBE3CHHSIX aBTOOYCIB 3 IM3ENPHHMH ABUTYHAMH €JEKTpoaBTOOycaMH. 3 METOI0 IiJBHINEHHS €HEepreTHYHOI
e(eKTHBHOCTI poOOTH TPHUBOAA €IEKTPoaBTOOyca Ta PO3LIMPEHHS 3aBASKHA IbOMY HOTo 3amacy Xoay, Y poOoTi HOCHimIKyeThCs
JIOULIBHICTD 3aCTOCYBAaHHS 0araTocTyIiHIACTOl aBTOMAaTHYHO1 TpaHcMicii. s mocTikeHs Oyao B3SITH eNeKTpoaBToOyC «EnekTpoH
E19101» Ta po3risHyTO ABa HOrO BapiaHTH: NOCHIAHUI 3 IIECTUCTYIIHYACTOI aBTOMATHYHOI KOPOOKOIO MEpEeMHUKaHHS Iepenaad
(AKIIII) Ta ©Oa3oBHii 3 OIJHOCTYIIHYACTOIO TpaHcMiciero. [Ins KOXXKHOrO 3 BapiaHTiB C(HOPMOBAHO TITOBI XapaKTEPHUCTUKH
CJIEKTPONPHUBOAA IS PI3HUX IOJIOKEHb MeAaii akceneparopa. [1opiBHAIBHI JOCTIIKEHHS pOOOTH 000X BapiaHTIB eleKTpoaBToOyca
MPOBENCHO LUITXOM KOMIT FOTEpHOTro MozemroBaHHSA. s mporo 3a meromom Energetic Macroscopic Representation (EMR)
cepemoBumi Matlab/Simulink mo0ynoBaHO KOMIT'IOTEpPHI MOJEINI yCiX MiJCHCTEM €JIeKTPOoaBTOOYCIB, a TaKOX 30BHIIIHIX BIUIUBIB,
II0 YMHATH OIIP PYXOBi Ta BU3HAYAIOTh HABAHTAXKCHHS Ha CHCTEMY €NEeKTPOIPHBOAA. 3aCTOCYBaHHS BKA3aHOTO METOIY JA€ 3MOTY
MPOBECTH CHMYJIIOBaHHS PYXy JBOX BapiaHTIB eEKTPOaBTOOyca 3a 4ac TPHBAJIOTO aJalTOBAHOTO O HOTO PyXy CTaHZApTHOTO
MiCBKOTO TpaHcnopTHoro mukny FTP-75. [Ina mocmigHoro BapiaHTy po3pobieHo cucremy kepyBanHs AKIIII 3 Meroro moroyHOTO
BHOOPY ONTHMAJIBLHOTO 3HAYCHHS IepelaBalbHOrO YHCIa KOPOOKHM Imepenad, 3a SIKOTO OTPUMYEThCS MakcuManbHe 3HadeHHs KK]I
CHCTEMH €JIEeKTPOIIPUBO/A B KOHKPETHHX yMOBax pyxy. Pesympratn mocimigpkeHb mokasamu mepeBary Ha 3,35 % B eHepreTHIHHX
3aTrpaTax Ha pyX B 3aCTOCOBaHOMY TPAHCHOPTHOMY IMKII 0araTOCTYMiHYacTOi TpaHCMicii Haj omHocTymiH4actoro. [Ipote, sk
MOKA3aHO OKPEMHUM MOCIi/UKEHHSM, I TepeBara 3pocTae 10 5,3% 3a YacTHX pyIIaHb i TPUBAJIOTO PyXy eleKTpoaBToOyca Ha
HU3BKMX MIBHAKOCTSX, II0 Ma€ MiCIleé B CyYacHHX IepeBaHTaXXEHUX TpaHcmopToM Mictax. Kpim Toro, 3actocyBanus AKIIII nae
3MOTY 3HHM3MTH HOMIHAJbHY IOTYXHICTh IBHI'YHa eJeKTpoaBToOyca, 30UIBIIMTH HOro MaKCHMajbHE TATOBE 3yCHJUISA, IO
3a0€3MeYnTh MOXKIIMBICTh PYyLIaHHS 33 IOBHOTO 3aBAHTA)XEHHS MiJl BENMKMH yXWJI, @ TaKOXX 3HAYHO 30UIBLIMTH MaKCHMaJbHY
LIBUJIKICTB PYXY, IO € BOXKJIMBUM IS 3aMiCBKHX MEPEBE3CHb.

KmrouoBi cioBa: enextpoaBroOyc; aBTOMaTH4YHa OaraTOCTyHiHYAacTa TPAHCMICIS; ONTHMI3allis KepyBaHHS, KoeQillieHT
kopucHoi 1ii; Energetic Macroscopic Representation (EMR)
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