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Abstract—Electric  vehicles have the advantage of
regenerative braking in which the electric motor can be used as
a generator to convert the kinetic energy of a moving vehicle
into electrical energy during the braking process. The purpose
of this study is to determine the effect of vehicle inertia on the
voltage and electrical power profiles at the ultracapacitors as
the energy storage system (ESS) and the vehicle speed during
the motoring and the generating modes. In this study, an
induction motor is used. The combination of regenerative and
mechanical braking systems is regulated by the control logic to
meet the driver's request. The mathematical model of a
regenerative parallel braking system is coded in
MATLAB/Simulink. The simulation results show the profiles
of electric power flow, energy flow, mechanical braking torque,
braking torque by the motor, and the State of Charge (SOC) of
the ultracapacitor stacks.

Keywords— regenerative braking, SOC, ultracapacitors,
flywheel, generating mode

I. INTRODUCTION

Electric vehicles have the advantage of regenerative
braking. An electric motor which is usually used as a driver
can be used as a generator to convert the kinetic energy of a
vehicle into electrical energy during the braking process,
rather than removing heat energy. This electrical energy can
then be stored in energy storage systems (eg batteries or
ultracapacitors) and then released to electric motors as
driving vehicles.

Regenerative braking must operate safely and effectively,
therefore the regenerative and mechanical braking system
must be fully integrated. This integration requires a
combination of regenerative and mechanical braking to be
controlled smoothly and accurately to meet the driver's
demand.
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Regenerative braking torque settings are carried out using
control algorithms and vector control for induction motors.
In overcoming the problem of setting braking torque
separately from the driving force of the pedal by using a
reduction in pressure on the brake booster to regulate the
amount of mechanical torque developed by the braking
system

II.  METHODS OF REGENERATIVE BRAKING

A. Parallel Regenerative Braking

During parallel regenerative braking, both the electric
motor and the mechanical braking system always work in
parallel (together) to slow the vehicle down shown in Fig. 1
[1]. Because mechanical braking cannot be controlled
independently of the brake pedal force, this changes part of
the kinetic energy of the vehicle into heat, not electrical
energy. The regenerative braking force developed by the
electric motor is a function of the hydraulic pressure of the
master cylinder, and therefore a function of vehicle
deceleration. Because the regenerative braking force
available is a function of motor speed and because almost no
kinetic energy can be recovered at low motor speed, the
regenerative braking force at high vehicle deceleration is
designed to be zero so as to maintain braking balance. The
parallel braking system does not need an electronically
controlled mechanical brake system. A pressure sensor
senses the hydraulic pressure in the master cylinder,
which represents the deceleration demand. The
pressure signal is regulated and sent to the electric
motor controller to control the electric motor to
produce the demanded braking torque. This is not the
most efficient regenerative braking method. However,
parallel regenerative braking does have advantages because it
is simple and cost-effective. For the use of this method, the
mechanical braking system requires a little modification and
the control algorithm for the electric motor can be easily



implemented into the vehicle. This method also has the
added advantage of always having a mechanical braking
system as a backup in the event of a regenerative braking
system failure.

B.  Four-Quadrant Operation

Many applications require settings for starts and stops
from DC motors as in robotic actuation. Consider that the
engine operates at a stable speed and is desirable to bring the
speed to zero, there are 2 ways to achieve this, namely:

1. Cut off the armature to the engine and let the rotor
reach zero speed.

2. The machine can be made to work as a DC generator,
thus the stored kinetic energy can be effectively transferred
to the source. Storage of this energy and quickly bring the
engine to zero speed.

While the cut off in the supply will result in irregular
speed responses, the second method provides controlled
braking from the engine. To make the engine operate in
motor (motoring) mode to go to generating mode, what
needs to be done is to reverse the flow of power from the
engine to the source power supply. This mode of operation is
called regenerative braking. Braking is done by regeneration
which means that negative torque is produced in the engine
as opposed to positive motor torque. Therefore, the mirror
reflection of the torque-velocity characteristics in quadrant I
is required in quadrant IV for regeneration, shown in Fig. 2.
The first and fourth quadrants are for one direction of
rotation, say, forward motoring (FM) and forward
regeneration (FR) [2].
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Fig. 1. Parallel regenerative braking strategy [1]
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Fig. 2. Four-quadrant torque-speed characteristics [2]
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Some applications, such as drive drives in machine tools,
require operation in both rotation directions. In this case,
quadrant III signifies reverse motoring (RM) and quadrant II,
reverse regeneration mode (RR). A motoring and
regeneration capable motorbike in both rotation directions is
called a four-quadrant variable speed drive (four-quadrant
variable speed drive). The torque-velocity characteristics of a
four-quadrant drive motor are shown in Fig. 2. The image
contains two characteristics, one for rated operating
conditions and the other for short-time operations. Short-time
characteristics are used for engine acceleration and
deceleration and can typically cover 50% -200% greater than
rated torque.

C. Three Phase Motor Controller

A three-phase inverter is used to convert DC power into
three-phase AC frequency variables using pulse width
modulation (PMW). This circuit consists of six power
switching devices (power transistors) with a snubber circuit
and a feedback diode in a three-phase bridge shown in Fig. 3.
The current to the motor is controlled by pulse width
modulation using a digital signal processor (DSP). DSP is a
special microprocessor specifically designed to support
digital signals, common for real-time computing. This can
convert the analog feedback signal back into a digital signal
to be processed and then convert this digital signal back to
the analog signal to switch to the system [5].
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Fig. 3. Induction motor drive circuit [4]

DSP uses vector control as described below to control
pulse width, frequency, and phase currents by issuing a
signal to the inverter power switch. This will optimize the
alternating current output sent to each motor phase. Fast
diode feedback is connected in parallel with each power
transistor and provides a return path for motor current when
the power transistor is off. Snubber circuits control the
switching waveforms and suppress electrical transients.
There are also bank filter capacitors that are connected to
inputs from DC sources. The function of a bank capacitor is
to filter the DC input voltage and to provide a low
impedance path for high-frequency currents generated
during PWM switching [3].



III. VIRTUAL MODELING

The prototype system uses a flywheel to simulate vehicle
inertia, which is connected to a three-phase AC induction
motor with suitable power electronics, vector control, and
ESS to enable regenerative braking and flywheel acceleration
as shown in Fig. 4.
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Fig. 4. Prototype configuration [6]

There are two inputs for the system and four main
systems. The first input is the accelerator pedal. This input
sends a signal to the controller (4cc) which determines the
amount of torque of the electric motor (Zesec req) required
from the electric motor system using a value of 0 or 1
(off/on) as an input for the switch on the ultracapacitor on the
electric motor system. The electric motor system then
produces torque (7ee.) which drives the flywheel. After the
flywheel is accelerated to a certain speed, the brake input
(Fp) can be applied. This signal, together with the flywheel
angular velocity (w) and the state of charge (SOC), is used in
the controller to distribute the braking force between the
electric motor system and the mechanical system (Zinech req)-
The braking torque of a mechanical system (7iecr) is then
combined with the braking torque of the electric motor
system (7.ec) to produce the total torque applied to the
flywheel (Tt = Tb). The description of the simulation
system for modeling regenerative braking systems and
mechanical braking is shown in Fig. 5.
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Fig. 5. Modeling scheme [6]

The simulation time range is set to 10 seconds to allow
acceleration to an adequate flywheel speed and braking
sequence to stop the system. In the first seven seconds, the
motor connected to the flywheel accelerated, the brake pedal
began to be pressed at t = 7 seconds.
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A. Mechanical Brake System

The mechanical braking system shown in Fig. 6 has two
inputs: one is the brake force produced by the pedal (Four)
and the other is the requested torque control signal (Tuech req)
from the mechanical braking controller. The mechanical
braking controller uses valve 1 and valve 2 to vary the drive
made by the brake booster (Froos). The mechanical braking
controller uses the master cylinder pressure as feedback
when controlling the boost made by the brake booster.
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Fig. 6. Mechanical braking system scheme [6]

The air in the brake booster is considered to be an ideal
gas undergoing isothermal expansion or compression, which
results in the pressure in each chamber being related to the
mass of air in the chamber and the diaphragm motion using
Equation 1-4 [7].

F‘baast =(P11_R)Ad (1)
P= m, RT
(Vvvu - Ad 'xmc ) 2
— maaRT ( )
’ (ch - Ad Xine )
= Cuu (})mm Pu) apply
maa = Cav (Pv - P“ ) release (3)
=0 hold
= G, (P.~F,.) apply
m, = C, (P,—P) release 4)
=0 hold

For the master cylinder, Equation 5 is used as the transfer
function [8].

®)

In this study the braking conditions are applied; thus, all
variables are defined in Table 2. The mechanical braking



torque can be calculated from the master cylinder pressure
and a review of the time constant (7). The model of
mechanical braking torque in the brake caliper subsystem is
given by the transfer function in Equation 6 [9].

7, (s)
P

mc

Iu pad Aca/[per rca/iper
7,5 +1

(6)

The mechanical braking torque coupled with braking
torque from the electric motor system will produce the total
braking. From Equation 7, the value of the flywheel angular
velocity (w) is used as the parameter of regenerative braking

[6].
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However, if we consider an electric vehicle, the rotational
speed of the motor connected to the rotation speed of the tire

by G, w, = a)% can be concluded

2
_ merd

J= Ien

)

where J is the rotational inertia equivalent to a vehicle
with an equivalent mass of me. The parameters of the vehicle
model used for the simulation are shown in Table 1 [10].

B. Electrical System Modeling

The power electronics system consists of three main
components: induction motor, inverter, and ultracapacitor
stack. The ultracapacitor stack is used as an energy storage
system. While the inverter to convert the current directly
into three-phase alternating current to turn on the motor. The
scheme of power electronics is shown in Fig. 7.

TABLE L VEHICLE SPECIFICATIONS
Vehicle equivalent mass ner 785 kg
(me) me 815kg
Overall gear ratio (G) 6.67
Wheel radius (r.) 0.353 m

The reason for the use of ultracapacitors is that they have
a high energy storage capacity and better charging-
discharging ability to utilize the excess energy produced
during braking. Because of its high energy density, the
battery can also be used as a storage element. But the
problem arises because the charging and discharging
processes that are very often can affect battery life [14].
Compared to batteries, ultracapacitors have high power
density, better service life but have a lower energy density,
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during acceleration and braking, it avoids sudden and sudden
discharging [15], and ultracapacitors have a wide operating
temperature range [16].
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Fig. 7. Power electronics system scheme [6]

To simulate an induction motor, Simulink's
asynchronous machine has been determined. Squirrel cage
rotor and input in the form of angular velocity have been
selected, for the parameters of the induction motor using an
induction motor type from BALDOR ZDWNM3611T with
motor specifications shown in Fig. 9. Traditionally, DC
motors are widely used for traction purposes because of
their easy speed control and torque variations that match
speed. But now the induction motor seems to be the best
engine for propulsion applications, because of its high
reliability, strong construction, low maintenance, ability to
operate in a hostile environment, and low cost compared to
high-power permanent magnet motors that have expensive
prices with different efficiency of motor performance is 2%
(91% induction motor and 93% BLDC motor) [17]. In
addition, motor control and protection have become easier
with recent developments in power electronics and control
systems [18].

The ultracapacitor stack is modeled using the series
resistor-capacitor branch from the Simulink library The
assumption used in the study of the combined ultracapacitor
voltage value is 385 V and the capacitance is 1 F, the
assumption is that it can produce more stored energy.

C. Control System Modeling

The control system is used to distribute and combine
torque from the mechanical braking system and a
regenerative braking system. The system uses three different
controllers. The overall controller of the torque required
between the mechanical and regenerative braking system, the
mechanical brake control system and the electric motor
system in which there is vector control as electric motor
control. This system description is shown in Fig. 8.
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Fig. 8. Control system scheme [6]



The system created by the author is a parallel
regenerative braking scheme with the reason being the best
economic strategy and the best safety strategy since 1999
[11], and providing easy implementation without other
hardware that needs to be added differently with the series
regenerative braking strategy required by sensor assembly
and modified brake equipment so that it will add to the cost
of fulfillment and complexity [13]. Parallel regenerative
braking system developed in Matlab/Simulink with the
amount of regenerative braking under the amount of
mechanical braking.

These four inputs can then be used to calculate the
following input into the Stateflow control diagram:

e Driver brake torque demand (Muyemand) Which is
proportional to F, by converting to mechanical

braking torque with a look-up table.

Maximum available regenerative braking torque
(Mnax_regen) Which is proportional to .

Ultracapacitor state of charge (Usoc) which is
comparable to SOC.

The angular speed of the electric motor (wmoror) Which
is equal to the flywheel angular velocity.

Driver acceleration request (4cc) is used to activate
motoring mode.

Two outputs are used to distribute braking torque
between mechanical and regenerative brakes and are listed
below:

¢ Requested mechanical braking torque (Tmech_req)-

e On/off value for switches on ultracapacitor (y).

The 'Brake’' status consists of four different substrates that
can transition between each substrate depending on the
conditions of the input to the Stateflow control system. The
four substrates are as follows:

e Standard Substrate (Mechanical and regenerative

braking work together)

Regen only Substrate (Braking is entirely done by
regenerative braking)

Friction only Substrate (kinetic energy produces no
voltage to be put back into the energy storage system)

SOC high Substrate (state of charge of the energy
storage system is above a predetermined value and
only mechanical braking is active).

The purpose of the mechanical brake controller is to
control the torque produced by the mechanical brake system
so that it will follow the torque received from the overall
controller in the Stateflow control chart (Fig. 9). This
controller fully opens valve 1 if the master cylinder pressure
(Pme) 1s 20 percent greater than the demand for brake line
pressure (Paemand) and fully opens valve 2 if the demand for
brake line pressure (Piemana) i1s 20 percent greater than the
pressure of the master cylinder (Pn.) By using these
proportional control valves, the system can follow the
requested brake line pressure more accurately. The
description of the PID control scheme is shown in Fig. 11.

The mechanical brake controller converts the required
mechanical torque signal (Tnech oq) to the appropriate
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demand for brake line pressure (Piemand) using the look-up
table.
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Fig. 9. PID control scheme [6]

The purpose of the electric motor controller is to control
the actual speed of the output of the three-phase AC
induction motor so that it will follow the speed received from
the overall controller.

System design and modeling are done to show the speed
control condition of the three-phase induction motor on the
inverter to be controlled using the PID controller. Modeling
the motor speed control system using an inverter with a PID
controller as shown in Fig. 10. From the ultracapacitor
voltage source, it is used as input to the inverter so that it can
be converted into AC voltage with adjustable frequency
adjustments to rotate the three-phase induction motor. The
actual speed of the induction motor is then compared to the
reference speed, the difference from the motor speed ratio is
fed back to the PID controller.

The output of the PID controller goes into the vector
control, together with the actual current (Isc). From the
vector control, the reference current (Iac reference) is
obtained, then the actual current and reference current are

used as inputs to the current control hysteresis to generate
pulses. This pulse is used as a trigger for setting the ignition
of six Insulated Gate Bipolar Transistors (IGBT) on the
inverter. The timing of the frequency ignition process used to
adjust the rotation of the induction motor used.

Ubracapacitor

Inverter

Reference_Speed

— —»

PID_Spead_Controlier Induction_Motor

Actual_Speed LF
Fig. 10. Block diagram of an electric motor controller for an induction
motor [12]
IV. SIMULATION RESULT AND ANALYSIS

The final modeling results are shown in Fig. 11,
Simulation parameters are carried out for 10 seconds with
ode45 Solver.

The regenerative control system subsystem contains a
mechanical braking system (brake booster, master cylinder,
brake caliper) along with a flywheel, mechanical brake
controller, Stateflow control chart, with a signal source in the
form of two Signal Builder blocks containing brake pedal
and acceleration pedals. As shown in Fig. 12.

The state-flow control chart consists of four substrates in
the Brake status and the addition of Motor Status that occurs
when the acceleration signal is more than zero. The transfer
from each substrate to the other substrate follows the



conditions of the two-block Signal Builder style brake pedals
and accelerator pedals, where the displacement time is
adjusted to the PID control found in the vector control
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Fig. 11. Final modeling

subsystem. Fig. 13 shows the modeling of Stateflow control
chart.
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Fig. 12. Sub system regenerative control system and flywheel
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Fig. 13. Stateflow control chart

In carrying out the simulation value is needed for the
variables contained in the regenerative control system sub-
system. The following Table 2 shows the simulation
variables of this study. The variation of the value of the J
polar inertia moment in the flywheel parameter is based on
Table 1 using Equation 9.

Simulation results are used to show the benefits of
regenerative braking efficiency using the regenerative
braking system. The results also show system functionality
to distribute braking force between mechanical and
regenerative braking systems, using parameter requirements
in the study. In this subchapter, the simulation uses the
equivalent mass of vehicle 1 provided in Table 1.

One of the most important outcome parameters for
regenerative braking simulations is the voltage from the Usoc
ultracapacitor stack which shows the SOC state of charge
from the ultracapacitor. At the beginning of the simulation,
the ultracapacitor stack voltage at 0 seconds is around 385 V.
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During the acceleration process it exponentially decreases to
create motoring modes from ¢ = 0 s to ¢ = 6.8 s requiring
energy from ultracapacitor, consequently the ultracapacitor
voltage drops to 119.8 V at # = 6.8 s. When the acceleration
pedal is released at + = 7 s, the ultracapacitor starts to
increase linearly from the flywheel kinetic energy so that the
electric voltage rises from 119.8 V to 154.2 V at ¢t = 8 s. This
process is called generating mode as shown in Fig. 14, where
the equivalent mass of the vehicle used is mel as in Table 1.

During regenerative braking (fashion generating) shown
in Fig. 15, the flux control current remains constant, seen
from ¢ = 6 s to ¢ = 6.8 s with the value of electric current
around + 16 A. The motoring mode transition into generating
mode causes the stator flux speed rotates to be less than the
motor speed, resulting in a negative slip. This causes an
increase in the three-phase current of the motor at 1 = 6.8 s to
t = 7.4 s and the motor changes to the generating mode
function. At ¢ = 6.8 s the three-phase current value is = 16 A



and at 1 = 7.4 s increases to around + 49 A, which is then
inserted into the ultracapacitor to increase the value of the
electric voltage (SOCycaps = Usoc). This simulation is also
used to evaluate how the regenerative braking system reacts
when the Myemana value is greater than M regen. This
condition occurs when the brake pedal signal starts at 1 =7 s
or the flywheel angular velocity value is below 70 rad/s. At ¢
=7 s until + = 8.4 s on Stateflow, it is in the Standard
Substrate. When the braking force signal value reaches a
maximum of 200 N when ¢ = 7.5 s causes the motor three-
phase current to decrease starting at # = 7.5 s until at # =8 s
with a current value of + 20 A.

In Fig. 16 at = 8.4 s until # = 10 s in Stateflow is in
Friction only Substrate. Ideal switches are added to the
system which will make the circuit open or closed with an
ultracapacitor stack when the flywheel angular velocity is
below 70 rad/s. In this condition, electrical energy cannot get
out of the ultracapacitor stack and vice versa.

Another interesting parameter in the regenerative braking
process is the flow of power from and to the ultracapacitor
stack. Displayed in Fig. 18 simulation with J..; value =
2.19715 kg.m?. The minimum point of the electric power
profile on the ultracapacitor stack Pycaps min (¢ = 1.14 s) =
14.12 kW while at ¢ = 6.68 s the curve tends to increase from
-1.849 kW to the maximum Pycaps point (# = 7.94 s) = 2.94
kW. A negative value on electric power means that the
electric power flows from the ultracapacitor stack to the
motor to drive the flywheel or called motoring mode and a
positive value on electric power means the motor is in
generating mode or which means the electric power flows
from the motor to the ultracapacitor stack.

Fig. 15 shows the profile of energy stored during the
braking process. Att =0 s to t = 6.74 s the energy on the
ultracapacitor decreases because the motor in the motoring
mode, i.e. the energy stored in the ultracapacitor stack (Eucaps)
is used to move the motor during the acceleration process.
The energy reduction from Eucaps initial (¢ =0 s) = 20.59 Wh
to Eucaps min (¢ = 6.74 s) = 1.992 Wh occurs in motoring
mode. At ¢t = 6.74 s to 7.08 s is a transition into generating
mode, on Eycaps (= 7.08 s) = 2.188 Wh there is an increase in
energy to max Eucaps (f = 8.24 s) = 3.368 Wh. This increase in
energy is due to the motor in generating mode.

TABLE II. SIMULATION VARIABLE
Variable Value
Brake fluid damping 400 N.s/m
coefficient (C,.)

Master cylinder spring 100 N/m
constant (K,,..)
fuel-efficient area of the 0.448 m?

master cylinder piston
(Ane)

Brake fluid bulk
modulus (B,.)

12154.625 N/m?

Master cylinder volume 0.001 m*
(Vi)

Master cylinder piston 0.5kg

and brake fluid mass

(M}:L‘)

Cross-sectional area of 448 X 10*m?
the caliper piston (4ca)

Brake caliper radius 0.064 m
(Rz'u/)

Brake pad friction 0.4

coefficient (4paa)

185

0.05s
5.8 X 10”° ms

Brake fluid time lag (7,)

Flow resistances
between the dynamic
chamber and
atmospheric air (C,,)
Flow resistances
between the constant
pressure chamber and
the accumulator (C,,,)
Ideal gas constant (R)

1.26 X 10*m.s

287.05 N.m/kg.K
300K

Temperature (7)

Volume of the constant 24 X 10°m?
chamber (V,,)

Volume of dynamic
chamber (V,,)

Brake booster diaphragm
area (4,)

Flywheel and shaft polar
moment of inertia
[J(me)]

Opverall gear ratio (G)

43 X 10*m’

0.053 m?

2.197 kg.m?

6.67
0353 m
784 44 kg

Effective tire radius (r,)

Mass of
vehicle/assumption (M,)
Discrete-time step (Ts)

10°

Mechanical braking torque generated based on the brake
pedal style signal is shown in Fig. 16. Mechanical braking
torque is active at ¢ = 7.08 s with initial Tmech = 0.274 Nm.
Whereas the active brake pedal style signal at t = 7 s where
the mechanical braking torque profile has a delay of 0.08 s.
At t = 7.08 s to t = 7.68 s braking torque has increased
reaching Tmech max (¢ = 7.68 s) = 125 Nm and at # = 9.64 s
until # = 10 s has a significant decrease in torque reaching
24.57 Nm. The process of providing braking torque cannot
be carried out together when providing acceleration to the
actual state.

Fig. 17 shows the results of motor torque from the control
system. From this picture, it can be seen that as long as the
motor torque is negative, the motor is in the motoring mode.
The transition from motoring to regenerative braking
(generating mode) occurs very smoothly. It is important to
realize that regenerative braking torque is not large enough to
do all braking even at high flywheel speeds. The reason for
the lack of regenerative braking torque is that motor power
ratings are selected based on acceleration and not braking.
This produces a system that will not fully use the
regenerative braking capacity of ultracapacitors and thus will
lose some regenerative braking efficiency. The minimum
point of motor torque is Teiee min (¢ = 1.5 s) = -108.4 Nm
while the maximum point is Teee max (¢ = 7.96 s) = 34.22
Nm. Regenerative braking starts at = 7.08 s.

Fig. 18 shows the results of the total braking torque
expected from the actual braking torque from the simulation.
The results show that the actual total braking torque tracks
the control signal very well. Combining mechanical and
regenerative braking torque is achieved smoothly. The max
Ty value (z = 7.72 s) = 160.8 Nm, the ripples on this profile
that occur between ¢ = 7.72 s to t = 9.64 s are generated from
mechanical braking ripples. The transition from motoring
mode to generating mode occurs at ¢ = 7.08 s. At this
moment the torque value changes in a positive direction to
carry out mechanical and regenerative braking processes.



A. Simulation Results of Effects of Inertial Variations <

The simulation process is also carried out with variations
in the inertia of the flywheel. This aims to determine the
effect of differences in the equivalent mass of vehicles me;
and me as in Table 3.1 if using braking force, the parameter
values of the motor, and the same ultracapacitor.
Acceleration at the flywheel with the same initial energy
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(Nm)

elec
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value. Fig. 19 shows the simulation results of the effect of -0 : ]
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If the simulation on the flywheel is analogous to the
linear velocity of the vehicle using a variation of the
equivalent mass value, a plot of linear velocity differences
and their effects is shown as regenerative and mechanical
braking as shown in Fig. 22.

Regenerative braking efficiency can be calculated using
Equation 10 [6], where SOCigisial is the initial state of charge,
SOCrina is the final state of charge, and SOCiowes is the
lowest state of charge. with a value of 77,,,.,, . , greater than

nregen (myy) *

SoC

SOC,

initial

SOC,

lowest

SOC

lowest

final -

(10)

n)'egen =

Fig. 20 shows the effect of inertial variation on braking
torque applied by the motor to the flywheel with the same
braking force.

With the same mechanical braking force the total braking
torque value depends on the variable braking torque applied
by the motor as shown in Fig. 21.

B. Comparison of Regenerative and Non-
Regenerative Braking Results

Simulation results without regenerative use the same
model with regenerative but regenerative braking system is
completely shut down and the braking is fully carried out by
the mechanical brake, in other words, there is only one
substrate on Stateflow namely Friction only Substrate.

187

Fig. 23 shows the results of the regenerative and without
the regenerative braking comparison of SOCucaps values. At
No Regen there is no increase in SOCycaps because there is
only one braking condition, namely Friction only Substrate
produces an output value y = 0 which means turning off the
input value for Ideal Switch so that the electric current
cannot flow back to the ultracapacitor stack when generating
or when brake pedal pressed. Simulation is done with m;
value 1.
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Fig. 23. The effect of regenerative braking to vehicle speed

V. CONCLUSION

In this paper, regenerative braking uses a parallel method
has been modeled and simulated starting at the motor is in
motoring mode such that the SOC of the ultracapacitor
stacks will decrease exponentially from 385 V to 119.8 V.
Furthermore, the simulation shows the case of the brake
pedal is active causing the motor to operate in generating
mode such that the SOC of the ultracapacitor stack has a
linear increase from 119.8 V to 154.2 V.

In the study at two different vehicle mass, it can be
observed that the increase in the vehicle mass results in the
vehicle's travel time take 0.5 s longer and the regenerative
braking efficiency value at 8.95% lower. The profiles of
electric power flow, energy flow, mechanical braking torque,
braking torque by the motor, and the State of Charge (SOC)
of the ultracapacitor stacks have been presented during
motoring and generating modes to show the effect of
changing vehicle masses.
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