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ABSTRACT The electric vehicles which operate in hilly region gain potential energy while moving uphill.
Some of this energy can be recuperated to charge the battery while the vehicle moves downhill by using
regenerative braking. The speed of the electric vehicle while descending the slope of hilly roads is often
low to ensure the safety of the passenger, hence requiring regenerative braking at low speed. Braking at
low speed is quite challenging due to the low level of back electromotive force (EMF) during regenerative
braking. This paper presents a modular regenerative braking circuit for electric scooters operating at low
speeds. The proposed modular regenerative braking circuit’s configuration, operation, and control scheme
are explained in the paper. Here using the state-space averaging technique, the small-signal modeling of the
braking circuit was done, and a Type-II current controller was designed to track the braking current reference.
The proposed configuration also suggests fast switching between the motoring and regenerative modes by
enabling or disabling the gate pulses to the inverter or DC/DC boost converter. This removes the need for
a separate switch in the power circuit, hence increasing reliability and reducing cost. The operation of the
proposed regenerative braking circuit, along with the overall motor drive-train of the vehicle, was simulated
in MATLAB/Simulink. Its hardware implementation was conducted on a scaled-down laboratory test set-up.
The simulation and experimental results verify the working of the proposed regenerative braking circuit and
the effectiveness of the proposed control scheme.

INDEX TERMS Modular regenerative braking, electric scooters, DC/DC converter, Type-II compensator,
hilly roads.

I. INTRODUCTION electric car sales as reported by International Energy Agency

Today Electric Vehicles (EVs) are one of the key players in
the clean and sustainable technology sector. A decade ago,
a paradigm shift in the transportation system from trans-
portation 1.0 to transportation 2.0 was postulated in [1].
Wherein transportation 1.0 referred to a conventional fossil
fuel-dependent transportation system, and transportation 2.0
referred to the then-upcoming new generation of electrified
vehicles. From 2020 to 2021 there was a 108% boost in global
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(IEA) [2]. Nearly 6.6 million registered electric cars are on the
road. This number includes passenger vehicles, light trucks,
and light commercial vehicles. The impressive sale growth
of EVs indicates the dawn of transportation 2.0, and they are
here to stay.

Although EVs have many benefits over internal combus-
tion (ICE) vehicles, like them being more efficient, more
reliable, safer, smarter, and, most importantly, environmen-
tally friendly [1]. However, their range is still a major chal-
lenge. The range of an EV is the distance covered when
fully charged [3]. The battery (energy source) that powers
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the EVs has a lower energy density than gasoline fuel used
in ICE vehicles. The range of the EVs further goes down
when operating on the hilly region roads. Due to the road
gradient, the battery has to supply more power to overcome
the tractive resistive force on an inclined road than on a plain
road for a given distance to cover at the same speed [4], [5].
If we only consider the battery power consumption,
i.e. kWh per hour, the hilly region roads become unfriendly
to EVs [6].

In the past and the present, many studies have been done
to improve the EV range. In literature, different methods have
been reported to increase EV’s range and fuel economy. The
power train of an EV classically consists of an energy source,
an electric circuit (power electronics), electronic control unit
(ECU) and an electric motor. Now the contributions to tackle
the range extension problem are being made from all the dif-
ferent parts of the EV drive line. A comprehensive topological
overview of power trains for battery-powered vehicles with
range extenders is given in [7] and [8], and some critical
technologies for electric vehicles are discussed in [9]. Since
battery is the primary energy source, special attention has
been given to battery technology to make it a good lasting
source. Choosing the correct type of energy source can give
longer range, for example, Li-lon batteries over lead acid bat-
teries. Li-Ion batteries have been found to have a high energy
density and longer lifespan compared to their other coun-
terparts [10], [11]. Work at the nascent stage combines fuel
cells (with even higher energy density and quicker refill time
than a battery) with source batteries to make a longer-lasting
energy source [12]. EV range extension is also achieved by
system-level modelling of an efficient cell balancing circuit
of the battery packs [13]. Also, maintaining the battery to
operate at an optimum temperature has improved the battery’s
life span and increased in EV range [14]. Then, opting for
newer, highly efficient designed motors like SRM, PMSM,
and BLDC over DC motors shows better performance and
less fuel is consumed [15], [16]. In [17], the design of an
energy-optimal control method to improve the motor drive
system’s efficiency and extend the driving range of electric
vehicles is studied.

So far, the methods discussed above for the range extension
were to reduce and optimise power consumption or increase
the capacity of the source battery. The other way to extend the
EV range is to recover the energy already spent. That is the
regeneration way. For example, incorporating a regenerative
braking system (RBS) over conventional friction braking dur-
ing the retardation period of the wheels also has been reported
to increase the driving range [18], [19]. It is “‘regenerative”
braking because it converts the moving wheel’s kinetic energy
(mechanical energy) into electrical energy and charges the
source battery during the braking period of the vehicle. In an
ICE vehicle, this same energy would have been absorbed
in the form of heat in friction-based braking. Studies show
a good RBS design enables the EV to increase its driving
range by up to 16% to 25% [20], [21]. An RBS consists of
the braking device (i.e., the interface between the human and
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FIGURE 1. Types of braking force application; (a) braking force applied
for a longer duration to descend the vehicle at low speed on the hill slope
(b) braking force applied for a short period to quickly stop the vehicle,

as seen in urban drives.

the vehicle which converts the braking force into an electrical
quantity), the regenerative braking circuit, the energy storage
device, and the electronic control unit (ECU). The work done
in this paper present a regenerative braking circuit which falls
within the subset of the regenerative braking system.

The regenerative braking circuit in the RBS can be realised
by using the existing inverter of the EV powertrain or by using
additional components. Based on this factor, the regenerative
braking circuit topology can be classified into two types,
i.e. Type-I and Type-II; Type-I is for those using the same
inverter circuit, and Type-II is for those using additional
circuits or components. A comprehensive literature review on
the current and previous state of braking circuit topologies is
given in Table 1, which is also supported by its simple block
diagram representation in Fig. 2. From the literature review,
it is inferred that designing a regenerative braking circuit is a
case of “no one size fits all,” meaning based on the factors
like power handling, vehicle size and terrain application, the
designs call for a unique braking circuit. For example, when
designing an electric braking circuit for a railed vehicle like
urban rail transit trains, where braking power density is high.
In such a case, it seems more appropriate to use an addi-
tional DC/DC converter to charge a stationary supercapacitor
energy storage system [22].

Likewise, for road vehicles, the nature of braking action
on a plain road, as mostly seen in urban city drives, is quite
different from that of hilly road drives in hill stations. On hilly
roads, the brake is mainly applied to descend at a comfortable
low-speed and prevent the vehicle from over-speeding as
illustrated in Fig. 1 (a). Comparing Figs. 1 (a) and (b), it is
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TABLE 1. Comprehensive review on regenerative braking circuit topologies used in electric vehicles.

Reference

Type

Remarks

M.J. Yang, et. al [21],
M. U. Deepa, et. al
[23], T. Soylu, et. al
[24],

Heydari, et. al [25],
[26]

A. J. Godfrey, et. al
[27]

X. Nian, et. al [28],
X. Zhang, et. al [29],
G. Xu, et. al [30]

Type-1

Type-1

Type-1

Type-1

The Type-I category employs the same inverter circuit of the EV power train as the regenerative braking circuit,
as shown in Fig. 2 (a).

This topology only modify the inverter’s switching pattern during the braking phase to regulate the inverse
torque and ensure that the braking energy is sent back to the battery.

The benefit of using the same motor drive inverter circuit as a regenerative braking circuit is to minimize the
number of power devices, hence, is more economical.

The limiting factor of this type is that it is not suitable for low speed and heavy duty vehicles. The switch in
the inverter needs to supply more power to the propulsion motor, its switching frequency is low compared to
the typical switching frequency used in the DC/DC converter needed to boost very low voltage.

Since this (Type-I) topology is not suitable for the low-speed application, Heydari et al. proposed a boundary
in the braking force distribution where the combination of regenerative and friction braking is carried out to
maximise energy recovered through the regenerative braking process which is defined using the performance
map of the traction motor (TM) and its controller.

Godfrey et al., proposed new electric braking based on the stopping time and energy regeneration; here, a
combination of regenerative and plugging for braking is presented using the same inverter drive circuit for low
speed application.

In these three papers the optimization of regenerative braking is studied. Fuzzy logic control [28] is used
to distribute braking force, Tagaki-Sugeno fuzzy model [29] and a knowledge based methodology in a
hierarchical control structure [30] is studied for the stability and improvement of the braking performance.

J.W. Dixon, et. al [31],
J. Dixon, et. al [32],
M. Ortuzar, et. al [33]

J. H. Lee, et. al [34]

K. Suresh, et. al [35]

F. Naseri, et. al [36]

S. Jung, et. al [37],
Yeo, et. al [38]

Type-II

Type-II

Type-II

Type-11

Type-11

The Type-II category uses additional circuit like DC/DC converter or components as regenerative braking
circuit. This category comes with different variant as explained below.

In [31]-[33] a buck-boost converter is employed as regenerative braking circuit. The block representation is
shown in Fig. 2 (b). During the braking period, the buck converter is activated, and the recovered energy during
the quick deceleration period is sent to the UC.

The advantage of this topology is that the voltage of the dc-link is relatively constant as the battery is connected
to the dc-link, which makes the voltage control loops simple.

This arrangement is suitable for quick acceleration and deceleration periods, not for hilly region braking. It’s
also important to note that regenerative braking using solely UCs is ineffective on steep downhills because
they eventually hit their maximum voltage and become incapable of receiving any more power as pointed out
by the authors [32].

Lee et al. uses a bidirectional DC/DC converter as a regenerative braking circuit as shown in Fig. 2 (c). Here
three half-bridge buck-boost converters are connected in parallel to form the DC/DC converter that is being
used during the braking period. During the braking period, the DC/DC converter act like a buck converter and
the regenerative energy is sent back to the battery.

The interleaved converter has the benefit of allowing for a reduction in the converter’s inductance and
capacitance, which are governed by the tolerance range of current and voltage ripple.

The disadvantage of this topology is that the extra three numbers of inductance increase the weight of the
overall topology.

A multi-port and multi-functional converter for electric vehicle (EV) applications with regenerative charging
ability is discussed in [35]. The converter exhibits bidirectional power flow functionality making it suitable for
charging the battery during regenerative braking as shown in Fig. 2 (d). During the braking period the DC/DC
converter act like a buck converter to charge the battery.

The advantage of this converter is its ability to accommodate energy resources with different voltage and
current characteristics.

The limiting factor is that the efficiency of regenerative braking is reduced as a result of the bidirectional
DC/DC converter and inverter’s power dissipation. Moreover, a buck converter as a braking circuit is unsuitable
for low-speed applications.

The additional DC/DC converter used in [36] is a buck converter which is used during motoring mode only.
During the braking period the inverter circuit, along with the help of an additional switch and diode, acts as
regenerative braking, as shown in Fig. 2 (e) . Here, during the regenerative braking process, the dc-link voltage
is boosted, and the diode is forward biased.

The advantage is that the regenerative braking energy flows to the supercapacitor or the battery without any
power converter thus increasing the efficiency.

The disadvantage of such arrangement is that the voltage of the supercapacitor is always higher than the
battery, which puts limitations on system design. Also, the high voltage UC is expensive compared to high
power density battery.

In [37], [38], energy recovery is done via an electromagnetic retardation. Here the additional components like
switch and capacitor along with the inverter circuit form the braking circuit as shown in Fig. 2 (f).

The advantage of this type of braking circuit is that the technique is based on the resonance of the L-C circuit
for AC motors and is suitable for braking operation during very low or high speeds.

The limiting factor of this technique is that it does not apply to other motors which do not have sinusoidal
waveforms, for example, BLDC motors with trapezoidal waveforms.
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FIGURE 2. State of art of regenerative braking circuit topologies (a) [21], [23], [24], [26], [27], [28], [29]. [30], (b) [31], [32], [33] (c) [34] (d) [35] (e) [36]

() [37], [38].

seen that the braking time required is longer while descend-
ing a hill, for such kind of braking; a high power density
and a high energy density energy storage are required like
Li-Ion [4]. The regenerative braking circuit design and stor-
age device for the hilly road demands to be different from that
used in urban plain roads, where it is used to bring the vehicle
to a quick stop as shown in Figs. 1 (b).

In braking applications like B,, By, and B, as shown in
Fig. 1 (b), the kinetic energy needs to be dissipated quickly
for the vehicle to stop. The peak power demand of such
braking is achieved by using an additional high-power density
component like Ultra Capacitors (UC). This combination of
an additional energy storage device and the main battery is
known as a hybrid energy storage system (HESS). Whenever
there is a HESS scheme, they have an additional DC/DC con-
verter to meet the demand. Various HESS configuration and
their quantitative comparison are mentioned in [39] and [40]
and their different control strategies considering four con-
figurations: fuel cell-battery, battery-UC, fuel cell-UC, and
battery-fuel cell-UC are studied in [41]. Numerous UC-based
regenerative braking circuits for EVs have been discussed in
Table 1 under the Type-II category. However, UCs are expen-
sive, and their control is comparatively complex. In addition,
it is also important to note that regenerative braking using
UCs solely is ineffective on steep downhills because they
eventually hit their maximum voltage and become incapable
of receiving any more power [32].

The Type-I category of braking circuit design has less
component count and is economically friendly; however, it is
not suitable for very low-speed braking and may incur more
loss [37]. Efforts have been made to combine this braking
circuit with friction braking for very low-speed applications
by [25] and many others, as listed in Table 1. Moreover, as the
switch in the inverter needs to supply more power to the
propulsion motor, its switching frequency is low compared to
the typical switching frequency used in the boost converter.
Thus limiting voltage gain in regenerative mode. In a hilly
region, it is essential to have high voltage gain due to the
low value of the back emf generated at low speed. In [37] for

VOLUME 10, 2022

High | Ut oo >
power [ DC/AC
density Inverter
battery .
~Tpat H T
. EUC |« :
Lbrake v
DC/DC [ *] * 1
Converter| "y — i
......... <..........<.__._.__.__._...:

----- > Motor mode power flow
<= Generator mode power flow

FIGURE 3. Block diagram of the proposed regenerative braking circuit
configuration.

low-speed regenerative braking application, Sungchul et al.
uses an additional electromagnetic retardation circuit with
switch-capacitors connected across the motor windings of
PMSM to boost the input voltage seen by the battery terminal
based on the resonance of the L-C circuit. However, this tech-
nique is based on the resonance of the braking circuit for AC
motors. This method is less effective to BLDC motors which
have trapezoidal waveforms. Hence, this paper presents a
new regenerative braking circuit configuration and its control
scheme for low-speed and more extended braking period
applications, which can work for all types of three-phase
motors, be it either BLDC or PMSM.

The proposed regenerative braking circuit configuration
is shown in Fig. 3. It consists of the classical components;
a three-phase diode bridge rectifier and DC/DC boost con-
verter. To the best of our knowledge, the proposed configu-
ration (i.e., with DC/DC converter connected in parallel and
charging the same battery during regenerative braking) has
not been used earlier in a regenerative braking scheme.

The main features of the proposed regenerative braking
circuit are:

o The unique feature of the topology is that the regen-
erative circuit remains connected all the time, and the
switching between the motoring and regenerative modes
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is done by enabling or disabling the gate pulse to the
inverter or the boost converter. Thus, the modes could
be switched almost instantly.

« As the switch in the inverter needs to supply more power
to the BLDC motor, its switching frequency is low as
compared to the typical switching frequency used in the
boost converter. Thus present topology supports high
switching frequency with improved voltage gain. This
helps in developing an effective regenerative system for
hilly terrain.

« Here no separate energy source is used thus making the
regenerative system more compact and cost-effective.

o Though the system has one additional switch and some
passive components but they operate only at the time of
the regenerative braking thus increasing the durability
and the robustness of the system.

o Due to its modular design, it can be integrated into
existing electric scooter which uses mechanical braking
with minor modifications.

The other contributions of the paper are designing the cur-
rent controller for the proposed regenerative braking circuit
and experimentally implementing it on a motor drive-train in
a scaled-down laboratory test set-up.

The remaining paper is organized as follows; Section II
gives the system background and explains the working of
the proposed system. Here the mathematical modeling of all
the fundamental building blocks of the regenerative brak-
ing system and its controller design is presented. Then in
Section III, the performance analysis of the proposed braking
circuit with simulation results is given. Section IV presents
the experimental results and their explanation. Finally, the
article ends with the conclusion and future work in Section V.

Il. SYSTEM BACKGROUND AND ITS WORKING

This paper considers an electric scooter with a wheel-hub
BLDC motor for modeling and study purposes. As mentioned
in the introduction section, hilly roads consume more energy;
hence EVs are less seen in the hilly regions. The motivation
behind this paper is to make electric scooters and other EVs
more feasible in the hilly regions of the Northeastern part of
India. On the hilly roads, some energy spent climbing up can
be recovered while climbing down the hill. That is because
when the scooter has reached the top of the hill, it has gained
potential energy (mgh); while climbing down, some of this
energy can be cultivated back into the energy source i.e. the
battery. The work present in this paper is to show the working
of regenerative braking of a wheel-hub motor used in an
electric scooter while descending a hill.

A. WORKING OF THE PROPOSED REGENERATIVE
BRAKING CIRCUIT CONFIGURATION

The free kinetic motion while descending over the hill slope
induces a voltage (back emf) in the motor windings i.e., the
BLDC motor now starts behaving like a 3-phase generator.
The magnitude of the voltage generated is proportional to the
electric vehicle’s speed and at a low speed the voltage induced
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in the motor windings is insufficient to charge the battery
directly. For the current to flow from the motor winding to the
battery, the voltage must be higher at the input terminal of the
battery. Therefore, an intermediary circuit needs to boost
the low voltage to a required level, so that, charging of the
battery could be achieved during the regenerative braking.

The proposed system will consist of two power-driveline:
the first for the motoring mode, i.e., and the normal for-
ward scooter mode; here, the power flows from the battery-
inverter-motor as shown in Fig. 4 (b). The second one is
for the regeneration mode, which is the regenerative braking
action mode, and the power flows from the motor-rectifier-
converter-battery, as shown in Fig. 4 (c). The proposed regen-
erative braking circuit is an add-on circuit to the existing
EV motor drive-train. The overall control architecture of the
proposed driving system is shown in Fig. 4 (d). The traction
system consists of a control hierarchy; the higher level control
on a physical level (human level interface) and the lower
level control on an electronic level. The regenerative braking
process starts when the rider initiates the braking action by
pressing the brake button. The brake device can be either a
foot-pressed brake pedal or a thumb-pressed pedal mounted
on the accelerator throttle; these devices convert the physical
brake force into equivalent electrical quantity [28], [36]. The
output voltage of the braking device is then scaled into a
braking current reference and sent to the ECU block. When
the braking command is given, the converter controller gets
activated, and the inverter controller is deactivated. The close
loop feedback is designed to track the barking current (1), , )
such that the required braking torque (7p;qke) is produced and
the braking force is available on the wheel-hub motor.

B. MODELING OF BRAKING FORCE, BRAKING TORQUE
AND BRAKING CURRENT
While descending the hill, the F, force, which is the force
component due to the weight and the gravitational accelera-
tion, acts as the driving force for the scooter as illustrated in
Fig. 4 (a). Here, the Fg, assist in the motion of the scooter,
and the governing equation for motion without any braking
force can be then written as
dv  Fgn— (Fy + Fa) o
dr m
where, v is the scooter speed in m/s, m is the mass of the
scooter in kg, Fy is the friction force, F, aerodynamic drag
force and their definitions are given in Appendices III.

From (1), we can see that when the scooter is on a slope
with a hill angle (6), then due to the force mgsiné, the scooter
body will keep accelerating. To prevent the scooter from over
speeding a brake force Fpqre can be applied, the governing
equation for motion with brake force is then given as

ﬂ_ th_(Ff+Fa+Fbrake)
dt m
where, Fprqre 1S provided by the electric braking circuit.

When the Fjy, aids the scooter’s motion. The wheel-hub
BLDC motor experiences a mechanical (load) torque due

@)
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to Fgj,. This mechanical torque which aids to the motion of
the motor, is then given as

Toh = [Fgn — (Fy + Fo)lr 3

where, r is the radius of the wheel-hub motor.

The rider provides the braking force (Fp,qt.) by pressing
an electric brake pedal. The electric brake pedal are a linear
hall effect sensor based devices which converts the input
force into electrical quantity in volts. The output voltage
of the braking device is then scaled into braking current
reference (7} ;).

Il;kmke = Kthrake (4)

where, K}, is the scaling factor.

The 1}, ., and the sensed circuit current from the current
sensor is then fed to the close loop feedback circuit of the con-
troller. The braking circuit will draw braking current (/p,4xe)
which will developed the electromagnetic torque (Tpqz.) in
the motor. Tpqk. is the braking torque developed in the motor
which opposes the external driving torque Ty, and is given as,

Tprake = Kilprake (5)

where, K; is torque constant of the motor.

The negative sign of T4k as shown in Fig. 4 (b) indicates
that it is the opposing electromagnetic torque. The magnitude
of Tprake 1s proportional to the armature current flowing in the
motor winding, Ip,qk. is the rms value of the armature current.
As shown in Fig. 4 (b), Ipyqke flows from the motor terminal
to the rectifier terminal to the converter and then to the source
battery.

C. MODELING OF THE PROPOSED REGENERATIVE
BRAKING CIRCUIT

The modeling of the main braking circuit i.e. the DC/DC
boost converter is done considering a DC input voltage V;,
which is the rectified output voltage of the three phase diode
bridge rectifier. The battery is the output (load). Here, in this
paper, a simple equivalent electric circuit model of a battery
is considered as shown in Fig. 5 (a). The model consist of a
source (E,;) and an internal resistance (Rjy;).

In the braking circuit, the energy transfer from the input to
the load side is controlled by controlling the turn-on period
of the pulse width modulation (PWM) signal provided to
the MOSFET switch (S). As shown in Figs. 5 (b) & (c),
when S is ON, the braking energy is transferred from the
motor line to the inductor by charging it; here, the braking
energy is stored in its magnetic field of the inductor (L).
When S is OFF, the inductor energy is transferred to the
battery that is the inductor is discharged. The energy transfer
to the battery over the braking period (neglecting the internal
resistance drop losses in the battery) is expressed as

5]
Ebat :/ (Vbatibat)dt (6)
141

where, Vj,; is the terminal voltage of the battery and I, is
the battery charging current. The steady-state mean voltage
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switch is ON, (c) when switch is OFF.

over one switching period is given as

Vin — IbrakeTin
Voar = ——F—
(1-D)
where, D is the duration of the switch ON period commonly
known as the duty ratio.

The mean braking current is derived as

O<D<1) 7

Vin _ qu
(1-D)? (1-D)
ST 7 Vbar —Eeg) 20
Ibrake = R,’m + (111;'))2 o “ (8)
0 Vbar — Eeq) <0
The battery charging current (/) is then expressed as
Ipar = (1 = D)lprage 9
Vin _ Eeq
(1-D)
7 (Vbar —Eeq) 20
[bat = Rint + (1:’;3)2 “ “ (]O)
0 Vbar — Eeq) <0

For the dynamic state study a small signal model of the
braking circuit with the battery as load was done using
state-space averaging technique. The average state-space
equations are given as follows.

dx

— = AX +Bu, ,

0 $ = C% + Dii, (11)
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where,

x = pbrake ‘A”c]T
T

A

u, = [1’},7, Eeq CAJ ]T s .9 = [,l:brake i>bat:|

_%(r,-n +R1D") —Rz%
A =
D' 1
i 2Cow T CGARm)
r / E.
L RyD Ryluse 4 RyVou | RyTa
B =
1 Tprake
|0 et ma —Rs T
1 O 00 0
C = 5 D =
_R]D/ Ry 0 R3 —Rilprake
where,
R, = TeRins Ry = Rint Ry = Tc
(F¢ + Rint) (re 4+ Rin) (re + Rint)

The transfer function (TF) of the converter can be obtained
by taking Laplace TF of the of (11) and is given by

Y(s) = (C(sI —A)"'B + D)ii(s)

Using the converter parameters given in Appendices I, the
duty cycle to braking current TF is given as

Tbrake(s) _ 8.929 x 10*%s +1.082 x 108
d(s)  s2+ 11225+ 1.524 x 105

With the plant TF (12) derived, next a feedback system
is designed to vary the converter’s control input (i.e., the
duty cycle) such that the braking current of the circuit is
regulated to follow the reference braking current for varying
input voltage.

Gp(s) = 12)

D. CONTROLLER DESIGN

The dynamic state control design includes
o The switching between motoring and regeneration mode
o Controller design to track the braking current reference

1) SWITCHING BETWEEN TWO MODES

The motor drive controller and the regenerative braking cir-
cuit controller are designed to be complementary, meaning
only one mode will be active at any given moment; the
algorithm is outlined in Fig. 6 (a). This control is done on
the physical level, i.e. with human involvement. The rider
initiates the braking action by pressing the brake pedal or
pressing a switch button mounted on the accelerator throttle.
Once the rider gives the signal, the regenerative braking mode
action begins. The logic gate is shown in Fig. 6 (b) which
enable or disable the gate pulse to the switch.

2) CURRENT CONTROL OF THE BRAKING CIRCUIT

The close loop current control of the braking circuit is
presented in this section. Fig. 7 (a) shows the block
diagram of the closed-loop system, where G¢ denotes con-
troller transfer function (TF), Gj; denotes PWM TF and
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FIGURE 6. Algorithm design to switch between the two modes (a) flow
chart (b) its implementation with logic gates.
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FIGURE 7. Converter current-control (a) close-loop control system
(b) bode plot of Gp, G¢ and GpGGy.

Gp denotes current-control plant TF. The Gp is derived using
the small-signal modeling as given in (12).
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FIGURE 8. MATLAB/Simulink simulation screenshot of the regenerative braking system configuration along with its controller.

To regulate Ipygke to I, .., the overall gain of the loop
gain TF (G¢c Gy Gp = Tpc) should be high. Here, Type-II
compensator is chosen as the controller. The TF of G¢ and
Gy is given by

ke(1+3-)

w

- 1
G =— & Gy=— 13
c(s) AT o) M=y (13)

where, k., w;, w), are the controller gain, controller zero and
controller pole respectively and V), is the peak voltage of
ramp signal. The design criteria in placing the controller pole
and zero is such that the loop gain TF crossover frequency
should be high with phase margin (PM) greater than 45°
and gain margin (GM) greater than 20 dB. These criteria
ensure good stability and transient performances. Therefore,
the crossover frequency is chosen at 10 kHz, which is 1/10th
of switching frequency (f; = 100 kHz). To achieve PM = 84°
at gain crossover frequency, f;c = 10 kHz, the controller
parameter are calculated using

IGcGuGpls, =1 & LGcGyuGp=—180+PM  (14)

The designed Type-1I compensator for the converter at
fee = 10 kHz and taking the converter parameter given in
Appendix I is then computed as

0.5033s + 316.2
1.989 x 1070052 4 5

Fig. 7 (b) shows the bode plot of compensated TF (Tpc),
controller TF (G¢) and uncompensated plant TF (Gp).
From the bode plots it is observed that with the designed
compensator the desired PM = 84° at f,c = 10 kHz is
achieved and the low frequency gain is high. This will ensure
us a good steady state, transient response and good stability.

GC(S) =

15)
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Ill. SIMULATION STUDY

This section verifies the control strategy and Type-II current
compensator designed in the preceding section via simulation
in the MATLAB/Simulink environment. The simulation aims
to show the dynamic response of the proposed regenera-
tive braking circuit and validate its working as a topology.
Fig. 8 shows the arrangement of the inverter model, BLDC
motor, rectifier, and Li-lIon battery blocks taken from the
MATLAB/Simulink library. The various parameters for the
BLDC motor and boost converter used for the simulation are
given in the Appendices II. Since simulating the complete
vehicle drive-line is out of the scope of this paper, here are
some initial settings and assumptions made for the simulation
study:

o The BLDC motor is driven with mechanical torque
(Ty,) as its input. The Ty, is positive during the motor-
ing mode, and for the regenerative mode, T}, is nega-
tive. This negative T,, emulates the effect of T, due
to the Fgp. Ty, force is assumed to be a constant
force during the regenerative mode. Using MATLAB/
Simulink signal builder block, the load torque is
predefined.

o In the real-world physical drive scenario, the rider is
both the reference speed generator and the regulator.
Depending on the brake force given by the rider, the
speed is slowed and maintained. For the simulation pur-
pose, to emulate the rider’s braking action, a PI con-
troller block is used to regulate the speed to produce the
braking current reference from the difference between
the actual motor speed and the reference speed input.
The desired reference motor speed is generated using a
signal builder.
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o The simulation is for a short 6 s, just enough to show the
dynamic behaviours. That is because of power electron-
ics components like the MOSFET with a switching fre-
quency of 100 kHz; the simulation time step is 1x107°,
which slows the computational speed.

Fig. 9 shows the various waveforms of the simulated
dynamic responses. Fig. 9 (a) plots the mode command signal
input, which is the command given to the controller to switch
between motoring mode and the regeneration mode. As seen
from Fig. 9 (a), initially, the mode signal is HIGH, indicating
the motoring mode, i.e., the normal forward motion. Here,
in this mode, the motor controller is active, and the inverter
pulses are ON while the regenerative braking circuit is inac-
tive and the converter pulses are OFF. Then, at 2 s, the mode
signal is turned LOW, indicating regeneration mode is ON.
Here, in this mode, the regenerative braking circuit is active,
and the converter pulses are ON while the inverter pulses
are OFF, and the motor controller is inactive. Then again,
at 4.5 s, the system is back to motoring mode. This shows
that the control strategy given to the simulation system to
swap between motoring and regeneration mode is working
and effective.

Other than the mode command signal, the simulation has
two predefined inputs: 7, and w}, as shown with dotted
lines in Figs. 9 (b) and (c), respectively. As seen from the
Fig. 9 (b) plot during the motoring mode, the T}, is a pos-
itive 3 Nm which acts as the load to the motor. At 2 s,
when the regeneration braking commences, the 7y, is -3 Nm;
the negative T}, value emulates the effect of the free torque
due to the gravitational acceleration force Fg;. The motor
generates Tpqre €qual to kyIpqke to reach the desired speed.
The response waveform of Tpqr. is shown in Fig. 9 (b).

At 2 s, the regenerative braking commences upon receiving
the braking command and braking force applied by the rider.
The converter controller then tracks the braking current refer-
ence. The desired braking current starts flowing in the circuit,
generating the desired braking torque required to oppose
T,y due to the slope. As seen from Figs. 9 (b) and (d) for
Ty, = —3 Nm input, the braking current drawn is 2.6 A
(Tgn/ks; ky = 1.165) and braking torque 3 Nm is generated.

Due to the opposing electromagnetic braking torque, the
speed of the motor drops from 242 rpm to 225 rpm as shown
in Fig. 9 (¢). The voltage generated corresponding to 225 rpm
is 25V, as shown in Fig. 9 (e). The duty cycle generated by the
converter controller is 0.46. The boost converter will boost the
input voltage 25 V to a voltage slightly higher than the battery
voltage (42 V, SOC 30%) so that the required current can flow
to charge the battery.

Fig. 9 (d) plots the braking current and the battery charging
current respectively. The negative battery current indicates
the charging of the battery, which can also be validated from
the battery SOC profile given in Fig. 9 (f). During the motor-
ing period the SOC decreases as the power is supplied for the
traction effort and during the regenerative braking mode the
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FIGURE 10. Steady-state calculated results showing; (a) duty cycle D as function of input voltage V;, at fixed value of braking current /5,44, (b) and at
different value /p k.- (c) shows the minimum speed the scooter should attained for a given hill angle for the regenerative circuit to function.

SOC is increasing indicating there is rise in the charge in
the battery.

The above discussion shows that the control strategy (mode
selection) and Type-II compensator performs as desired by
the designer. The dynamic response shows that the designed
controller gives us a good transient response, steady-state per-
formance, and stability. The simulation results validates that
the proposed regenerative braking circuit topology effectively
tracks the braking current and generates the braking torque to
slow down the speed of the motor and simultaneously charge
the battery.

A. STEADY-STATE ANALYSIS AND DISCUSSION

In the steady-state condition, whistle braking action, the
scooter descends the slope at a comfortable speed due to the
applied brake torque and simultaneously charges the battery.
The steady-state modulation of the duty cycle is presented in
this section. From (7), the duty cycle (D) is then derived as

D= Viar — Vin + Ubrakein)
Vbat

From (9), we see that the charging current is a function of
the duty cycle of the PWM signal and the braking current.
Again from (16), it is seen that the value of the duty cycle is
a function of the input voltage of the converter (proportional
to the speed of the scooter), the braking current drawn, the
available battery voltage, which in turn is dependent on the
state of charge (SOC) of the battery. The value of the duty
cycle is then a multivariable dependent.

The duty cycle of the regenerative braking circuit as a
function of the input voltage, battery voltage and braking
current is presented here by taking two different cases. Case
one is the scenario of the scooter descending at a different
speed (30 km/h, 25 km/h, 20 km/h, and 15 km/h) while
drawing a braking current (3 A). For case two, the scooter
speed is fixed (25 km/h) while drawing different braking
currents (3 A, 5 A, and 7 A). The braking circuit sees different
input voltages due to varying speeds in case one, while it will
see the same input voltage value in case two for the same
speed. Here, for simplicity, the magnitude of V;,, is considered

(16)
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directly proportional to the scooter speed, and the braking
current is proportional to the braking torque requirement. The
duty cycle calculation for both cases using the equation (16)
is given in Table 2 and 3.

Table 2 shows the results of case one. For the same /4,
with the decrease in Vj, value, the duty cycle increases,
and the efficiency of the boost converter decreases. The Ipq;
reduces with an increase in the duty cycle for the same Ip,4ze-
Table 2 tells us that the power transfer and energy recovery
are more efficient with higher descending speed for the same
braking current. Fig. 10 (a) plots case one; it plots the cal-
culated duty cycle vs. Vj, for a fixed Ip,qke for two different
battery voltages.

TABLE 2. Case one: Different scooter speed with same braking current.

SOC 50% (Vout =45 V) SOC 30% (Vout =42 V)

Tyat Pout n Tyat Pout n
\Y \'Y D a D
MW @& | W | % @ | W | @
30 90 0.40 1.80 81 90 [0.36| 1.92 86.4 96
25 75 0.51 1.47 66 88 [0.48 | 1.56 70.22 93

20 60 0.62 | 1.14 51 85 10.60| 1.20 54.0 90
15 45 0.74 | 0.78 35 77 (0.72] 0.82 37.0 82

TABLE 3. Case two: Same scooter speed with different braking current.

_ SOC 50% (Vout = 45 V) SOC 30% (Vout =42 V)

IbTXkc P\)IX;L D Tyat Pout n D Tyat Pout n
Sl @ | W | @ @ | W | %
3 75 0.52 1.44 64.80 86 [0.48 | 1.56 66 88

5 125 0.57 2.15 96.75 77 |10.53| 2.35 96.6 79

7 175 0.62 2.66 120.0 68 [0.58| 2.95 122 75

Similarly, from Table 3 which shows the calculation for
case two, it is seen that for the same scooter speed 25 km/h
and V;, = 25V, with the increase in /4, demand from 3 A
to 7 A, the duty cycle value also increases, and the efficiency
reduces. Fig. 10 (b) plots case two; it plots the duty cycle
vs. Vi, for a fixed battery voltage and three different Ip,qke.
Since Tprake is required to oppose the Ty, then the Ipygpe
requirement also increases with the hill angle. Here, it is
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FIGURE 11. Hardware set-up (a) laboratory experimental test set-up. (b) detailed schematic equivalent circuit connection of the experimental test set-up.

inferred that even though there is more potential energy to
harvest on the road with a higher hill angle and steeper slopes,
it always does not result in more energy recovery, the reason
being that the rider generally tends to slow down on the
steeper slope, resulting in the low input voltage. Steeper the
slope higher the brake force and braking current requirement.
From the steady-state analysis of cases one and two, it is
inferred that the speed of the scooter (proportional to the
input voltage) and the slope of the road (proportional to the
braking current) affect the duty cycle of the converter in a
contradicting manner. Since input voltage is inversely pro-
portional to the duty cycle and the braking current is directly
proportional to the duty cycle, then for a given hill angle,
there is a minimum speed limit below which the duty cycle
crosses 0.8. This speed value at which the duty cycle hits 0.8 is
a critical point beyond which it is wiser to switch to mechani-
cal braking. For higher efficiency, a DC/DC boost converter’s
duty cycle is usually operated below 0.8 [42]. Fig. 10 (c) plots
input voltage/speed vs. the braking current/slope at the value
where D hits 0.8. Here, V;, is calculated as a function of I,k
at D equal to 0.8 by using (16). The V;, value tells the
minimum speed for the scooter on a hilly road for a given
hill angle value for the boost converter to work efficiently.

IV. EXPERIMENTAL RESULTS

The proposed regenerative braking circuit to harvest potential
energy has been typed tested on an experimental table set
up in the laboratory. Fig. 11 (a) shows the hardware setup,
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and Fig. 11 (b) shows its schematic layout of the hardware
connection. The experimental design is for a reduced power
scale. The motoring mode powertrain consists of a Li-lon
battery pack (48 V, 12 Ah), a 3-phase in-wheel BLDC hub
motor (1.8 kW), a 3-phase inverter module and an inverter
driver circuit. For the motoring mode controller, Arduino Uno
is implemented, which generates the PWM signal and also
decodes the three hall sensors to provide the six commutation
state for the inverter during the motoring mode.

The regenerative braking circuit consists of a 3-phase rec-
tifier, DC/DC boost converter, signal conditioning circuit,
and an STM32F4 Discovery kit as the controller, which gen-
erates the PWM for the MOSFET of the converter circuit.
The swapping between motoring and regeneration mode is
actualized by an SPDT switch as shown in Fig. 11 (b); by
default, it is in the HIGH state (motoring mode), then via
a NOT gate, the converter controller is on a LOW state.
When the switch is made LOW, the motoring mode gets
deactivated, and the converter controller gets a HIGH sig-
nal via the NOT gate, which starts the regenerative braking
action. Here, Matlab/Simulink Waijung blockset was used to
generate the code for the controller. Waijung is an embedded
coder target that enables code generation for the STM32F4
Discovery Kkit, i.e. it easily deploys the MATLAB/Simulink
models to the hardware controller. A continuous to discrete
conversion by standard bilinear transformation method was
performed on MATLAB to convert the Type-II controller TF
in (15) with a sampling time of 5 kHz. The discretized Type-II
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FIGURE 12. Voltage relationship with motor rpm and scooter speed.

controller TF is then derived as
0.52457% + 0.06201z — 0.4625
722 —0.03901z — 0.961

Next, to emulate the downhill driving condition, another
BLDC motor, powered by another set of a 48 V battery and a
3-phase inverter, is used. This BLDC motor acts as the prime
mover machine to provide free rotating motion due to the hill
angle. The prime mover BLDC motor is denoted as M1, and
its speed is controlled with a potentiometer; it is connected to
the BLDC hub motor through a belt, as shown in Fig. 11 (b).
The ratio between the wheel hub motor to the M1 is 0.6.

Ge(z) = (a7

A. EXPERIMENT TO FIND THE MOTOR RPM VS. V;,

The characteristic of wheel hub BLDC motor speed and
its induced voltage (rms) is studied by conducting a simple
experiment in a no-load condition. From a potentiometer, the
speed of the M1 is varied. M1 motor drives the BLDC hub
motor through the belt at different speeds, and the corre-
sponding induced voltage across the three-phase rectifier was
measured using a voltmeter. Fig. 12 shows the measured val-
ues of the induced voltage (rms), which is the V;, to the boost
converter. On the y-axis of Fig. 12 is the V, corresponding
to the wheel-hub motor rpm, and on the x-axis of the graph
is the motor rpm. The estimated scooter speed, which was
calculated using the relationship (18) is also shown below the
motor rpm.

30/ \ 1000

The voltage induced is proportional to the scooter’s speed.
The voltage constant (K,) for this motor is 11.15.

. T 3600
Scooter speed in km/h = (rpm) ( ) r (18)

B. EFFECT OF MOTOR RPM ON DUTY CYCLE

Next, the boost converter and the Li-Ion battery are connected
to the rectifier output. The braking current reference was
fixed at 3 A, which means the braking torque generated is
also fixed. The speed of the wheel-hub motor is varied from
180 rpm to 282 rpm, generating varying V;, from 16 Vto 27 V.
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FIGURE 13. Duty cycle variation for fixed braking current and varying
motor rpm.
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FIGURE 14. Experimental results showing the braking action from
247 rpm to 230 rpm with 3A braking current.

The controller of the boost converter regulates the PWM duty
cycle accordingly to boost V;, to get the required Ipqre = 3 A
i.e., same braking torque. When the speed is 282 rpm, 0.48 of
the PWM duty can boost V;, to get the required Ipygre = 3 A
and when the when the speed is 180 rpm then 0.69 will do the
same as plotted in Fig. 13. These results correspond with the
theoretical analyses of the steady-state study.

C. DSO CAPTURE OF THE DYNAMIC BEHAVIOUR
Here in the DSO captured experimental results, the Yel-
low waveform corresponds to the wheel-hub motor speed
response. The Cyan waveform is for the input voltage res-
ponse, the Magenta waveform is for the current braking
response, and the Green waveform is for the battery current.
In Fig. 14, initially, the wheel hub motor is freely rotated
at 247 rpm, and both the motoring mode circuit and the
generator mode circuit are inactive. Then after some moment
has elapsed, the regenerative braking circuit is turned ON by
manually switching the SPDT switch. The DC/DC current
controller regulates itself to track the reference current, set
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FIGURE 15. Experimental result showing the motoring and braking mode
from 222 rpm to 205 rpm with 3A braking current.
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FIGURE 16. Experimental results showing the braking action from
165 rpm to 148 rpm with 3A braking current.

at 3 A. It can be observed from the speed waveform that
as the braking circuit draws a 3 A current, the speed drops
to 230 rpm from 247 rpm. The 3 A current generates a
reverse torque, which opposes the free mechanical torque,
decreasing the motor speed. The boost converter sees an input
voltage of 25 V for 230 rpm. The duty cycle of the PWM
was measured to be 0.51 for input voltage 25 V and battery
voltage 44 V. Similarly, keeping everything else same Fig. 15
and Fig. 16 are the captures for different motor speeds. It is
inferred from the Fig. 14, Fig. 15 and Fig. 16 that for the
same braking current, the higher motor speed results in higher
recovery of energy. A higher charging current flow is possible
with higher input voltage, since the battery charging current
increases with the decrease in the duty cycle for the same
braking current.

Fig. 17 shows the capture of a case of a step-change in the
braking current reference. It is seen from the motor speed
plot that as the braking current increases from 3 A to 4 A,

VOLUME 10, 2022

Ibrake e
=12
Ibat A
I CH2 10.0vEs M 2,50s
CH3 5004 CHA 1.004

FIGURE 17. Experimental results showing the braking action from
238 rpm to 204 rpm with a step-change in the barking current reference
from 3A to 4A.
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FIGURE 18. Experimental result showing transition between the motoring
mode and braking mode.

the motor speed decreases from 238 rpm to 204 rpm. The
controller regulates the duty cycle from 0.48 to 0.57 as the
voltage input drops from 26 V to 21 V to boost it to battery
voltage level. This figure validates the Type-II compensator
controller’s performance to track the change in reference
current.

Fig. 18 shows the successful transition between the motor-
ing and regenerative braking modes. Initially, the set-up is
run at the motoring mode at no-load condition, a 0.20 duty
ratio is given to the inverter pulses. It is seen during the
motoring mode the motor-driveline draws a no-load posi-
tive battery current of 0.2 A, which is pulsating in nature.
During the motoring mode, zero braking current flows as
the regenerative braking circuit is at OFF state. Once the
regenerative mode command is given, the braking current
starts flowing, and the battery current becomes negative,
indicating the charging of the battery. The braking current
generates the braking torque, due to which the speed drops
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from 190 rpm to 168 rpm. Hence, we can see that switching
between the two modes is fast and effective.

In conclusion, the experimental results validate the
fast switching technique between the two driving modes,
i.e., motoring and regenerating. The hardware implementa-
tion of the Type-II compensator performs satisfactorily by
tracking the reference current and providing the required
braking torque. The transient response (in the DSO results
captures) shows that the compensator gives us a good tran-
sient response, steady-state performance, and stability. Over-
all the results from Fig. 14 to Fig. 18 validate the feasibility
and operation of the proposed regenerative braking system,
and its control.

V. CONCLUSION

This paper has proposed a regenerative braking circuit that is
modular and can be integrated into existing electric scooter
which uses mechanical braking. It offers fast switching
between the two driving modes, i.e., motoring and regen-
erative braking, by enabling or disabling the gate pulses to
the inverter or the boost converter. This switching method
increases reliability and reduces the cost of the circuit by
eliminating power switches to switch between motoring and
regenerative braking modes. Since the proposed regenerative
system uses the same source battery for both driving modes,
i.e., motoring and regenerative braking, thus reducing the cost
and weight of additional energy sources.

In motoring mode, the switches used in the inverter circuits
are typically in the range of 10 kHz; hence, the Type I
regenerative braking circuit uses approximately the same fre-
quency for regenerative braking. Thus increasing the ripple in
current and reducing the voltage gain. Whereas the proposed
configuration uses a separate braking circuit, the braking
circuit is designed at 100 kHz, thus increasing the voltage
gain and is suitable for low-speed braking. The feasibility
and the working of the proposed regenerative braking cir-
cuit are validated through simulations in MATLAB/Simulink.
Further, the results are also experimentally verified on a
developed prototype of a scaled-down laboratory test set-up.
The results show successful braking action and the charging
of the battery at a very low speed in the range of 25 km/h to
15 km/h, as required on hilly roads. These results also validate
the compensator design used in the boost converter, which
is the power-transferring circuit of the regenerative braking
system. Overall this paper contributes to the design, analysis,
modelling, simulation and novel hardware technique imple-
mentation of the control scheme and working of the proposed
modular regenerative braking system. Further, the present
work can be extended by including the energy efficiency
study of the regenerative braking system.

APPENDICES

I BOOST CONVERTER PARAMETERS

Switching frequency (f;) = 100 kHz; Inductor (L) = 0.56 mH,;
Capacitor (Cyyr) = 2700 uF; rip = 0.05 2, ro = 0.01 L,
Riny =0.33 Q.
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Il BLDC MOTOR PARAMETERS

Stator resistance (R;) = 0.11€2; Stator inductances (Ly) =
0.25 mH; Voltage constant (K,) = 122 V;_;/krmp; Torque
constant (K;) = 1.165 (Nm/A); Inertia (J) = 0.35; No. of pole
pair = 24.

Il VEHICLE DYNAMICS

The resistive force the electric scooter has to overcome to be
in motion is called the tractive effort. These tractive resistive
forces are shown in Fig. 4 (a). During normal forward motion
(motoring mode), the source battery should supply power
to overcome these tractive resistive forces. The total tractive
resistive force (F;) is then given as

dv
F; :Ff—i—Fa—i-th—i-mE
where, Fy is the friction force to overcome the rolling resis-
tance between tire and road surface and is given as

(19)

Fy = p,ymgcost (20)

where, m is the mass of scooter in kg, and the passenger,
Wy 18 the rolling friction coefficient. The value of w,, varies
with different types of the road; here, the value taken is for an
asphalt concrete surface road.

The aerodynamic drag force is expressed as

1
F,= EpACdv2 (21)

where, p is air density and C, the drag coefficient whose
value depends on the vehicle’s design. Two-wheelers such as
motorcycle and scooters have much higher values of C; than
four-wheelers [43].

The effort to climb the hill is denoted as Fy, then, Fgy, is
the vertical force component of F, due to its weight and
gravitational acceleration, which is in horizontal to the road
plane as shown in Fig. 4 (a) is given as

Fgn = mgsind (22)

where, g is the universal gravitational acceleration constant
and 6 the gradient of the road or hill angle. It is to mention
here that this force is absent for a plain road drive as hill angle
will be zero or close to zero. Fgj, is negative when descending
the hill and aids in the motion of the scooter.

The linear acceleration force is given by m% where, Z—f is
the acceleration, it is negative during de-acceleration. This
force is absent when the vehicle runs at a constant speed.
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