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Abstract

Regenerative braking systems are a significant
technology in contemporary electric traction
which has greatly contributed to energy saving
and sustainability in both the electric vehicles
and rail systems. In comparison with the
traditional friction braking, regenerative
braking allows converting the kinetic energy of
a vehicle into electrical energy which may be
stored and reused and thus lowers the total
energy consumption and emissions. The current
paper contains a review of the regenerative
braking systems and concentrates on the system
design, energy storage technologies, and
sophisticated control strategies, which are
conducted on the basis of recent scholarly
research. The special attention is devoted to
hybrid types of energy storage systems that
combine batteries and supercapacitors to
enhance the energy recovery rate and reliability
of the system. In addition, there is an analysis
of modern methods of control, as the game
theory-based optimization and reinforcement
learning methods like Q-learning, which can be
used to balance the braking performance,
safety, and energy recuperation, under different
operating conditions. Other applications in the
electric traction systems have also been
mentioned in the study, showing that there is a
great enhancement in efficiency and
performance of the operation. Altogether, the
regenerative braking is found to be an essential
part of the development of the sustainable and
effective electric transport systems.

I. Introduction

The electric traction systems have become a
topic of great interest within the past years as
the need to have a transportation system that is
energy efficient and eco-friendly increases. The
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modes of operation of these systems are in
common use in electric vehicles (EVs) and
railway networks, which use electric motors to
provide the propulsion, and this mode of
operation is more efficient and emits less than
the traditional operating based on internal
combustion engines [5]. Such energy loss does
not only decrease the efficiency of the entire
system, but also leads to the higher wear and
maintenance needs.

The regenerative braking systems overcome
this deficiency by making it possible to convert
kinetic energy to electrical energy when
deceleration occurs. In this scheme, the electric
motor is used as a generator, which supplies the
recovered energy into an energy storage
medium, e.g. batteries or supercapacitors. This
energy can be reused in the next acceleration
and therefore it enhances the general use of
energy and increases the range of operations of
the electric cars [1], [2].

Recent studies have dealt with the improvement
of the regenerative braking systems in terms of
high quality control methods and energy
management. Multi-objective  optimization
techniques like game theory should be used to
achieve an optimal trade-off between the
efficiency of braking, stability of the vehicle,
and comfort of the passengers [3]. Also,
reinforcement learning based on artificial
intelligence has been investigated to facilitate
adaptive and real time control of braking
systems at different driving conditions [4].

The paper contains an in-depth discussion of
the regenerative braking systems in electric
traction, with a great deal of emphasis on the
basic principles of the system, design, control
strategies, and practical application. The review
is a synthesis of the findings of the latest
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academic literature that can give a broad picture
of the latest developments, the challenges
involved in this sphere as well as the
perspectives. [1] [5].

I1. Fundamentals of Regenerative Braking in
Electric Traction

A. Basic Working Principle

One of the key technologies in electric traction
systems is called regenerative braking and
allows using the kinetic energy during the
deceleration of the vehicle. Regenerative
braking is unlike the conventional braking
whereby the kinetic energy is dissipated as heat
through friction and therefore the electric motor
can generate power in the generator mode. In
this, the rotational force of the wheels moves
the motor, which transforms mechanical energy
into electrical energy which is returned to an
energy storage system like a battery or
supercapacitor [1], [5].

This system is not only more effective than the
general performance of the system, but also
decreases wear on mechanical braking
elements. The success of the regenerative
braking is affected by this fact, i.e. vehicle
speed, motor features and the energy storage
system capacity. At reduced velocities, the
regenerative effect is reduced and it must be
combined with the traditional braking
mechanisms to be fully stopped [2].

B. Mathematical Modelling and Derivations

Basic energy and torque equations can be
utilised in the analysis of the performance of a
regenerative braking system. Kinetic energy of
a moving vehicle is provided:

Ex= % mv?

Where m the weight of the vehicle and v is its
speed. A fraction of this energy can be obtained
and conserved during braking. The energy that
is regenerated is given as:

E: =1. 1/2mv?

In which 7 is the efficiency of the regenerative
system, which normally lies between 60 and 90
percent based on the design of the regenerative
system and the operating condition [2], [3].
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Braking torque of the motor in generative
mode:

T=P/W

Where PPP is the electrical power produced and
W is the angular velocity of motor. The
equations below show the direct correlation
between the speed of the vehicle, recoverable
energy and the braking torque. The goals of the
advanced control strategies are to optimize eta,
vehicle stability and comfort [3], [4].

C. System Block Diagram.

An electric traction system uses regenerative
braking system, which combines both electrical
and control sub systems to achieve effective
energy recovery in the process of deceleration.
These main elements are an electric
motor/generator, power electronic converters,
an energy storage system (battery or
supercapacitor) and a control unit. When
braking occurs the motor switches to generator
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Figure 1: Regenerative braking system architecture
showing energy flow between motor, inverter,
DC/DC converter, and battery pack [1]-[3].
mode whereby the mechanical energy in the
wheels is converted into electrical energy. The
power electronics regulate this generated power
and send it to the energy storage system where
it is utilized later. At the same time, the control
unit controls such parameters as speed, state of
charge, and braking demand to distribute the
braking force between the regenerative and
mechanical braking systems in the most optimal

way [1], [2].

This design provides good energy conversion
and braking performance, and contemporary
designs provide better performance by using
smart control policies that can dynamically
adjust the system behaviour based on different
driving conditions [3], [4].
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III. System Design and Energy Storage
Technologies

A. Battery-Based System of Energy Storage.

The most popular energy storage in the
regenerative braking systems, especially in
electric cars, is battery-based. Lithium ion
batteries have been popular because of the high
energy density, small size and the
comparatively long lifecycle. In a regenerative
braking, the kinetic energy produced by the
motor is converted into an electrical energy,
which is sent to the battery by the power
electronic converters and stored as electric
energy to be used later. There are, however,
weaknesses in the nature of batteries such as the
charging rate and thermal limitations, which
limit the capacity of the batteries to absorb large
amounts of power during unexpected braking.
Unspent energy can also be lost in case the
battery cannot take fast charge and minimizes
the efficiency of the entire system [1], [2]. Also,
high-current constant charging when braking
may increase battery degradation which affects
long-term performance.

B. Energy storage Systems based on
Supercapacitors.

Another alternative energy storage method that
has a high power density and charge discharge
and charge time, which is much higher than the
battery, is supercapacitors or ultra-capacitors.
These features render them very well adapted in
terms of catching quick bursts of energy in the
process of braking. The supercapacitors are
able to receive and provide energy in a limited
period of time, which enhances the
effectiveness  of  regenerative  braking
particularly under the stop and go driving
situations. Nevertheless, they have low energy
density which reduces their capacity to store
energy in long periods hence not very effective
as a stand-alone storage system in electric
traction systems [2]. Consequently, they are
usually used complementary to each other as
opposed to being independent.

C. Hybrid Energy Storage Systems (HESS).

In order to eliminate the shortcomings of single
storage technologies, the hybrid energy storage
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systems (HESS) are used to integrate batteries
and supercapacitors to obtain the best results. In
this type of systems, the supercapacitor deals
with the energy of high power, but in brief
periods, when braking occurs, but the battery
stores the energy which can be used in the long
run. This separation of functions lowers the
stress on the battery and increases the efficiency
of energy recovery and increases the overall
system life. Recent experiments have
established that a hybrid can have a recovery
efficiency of more than 90% and hence is very
effective in the current electric traction systems
[2], [3]. Moreover, the smart energy
management policies are used to organize the
power circulation between the two storage
units, which will guarantee the highest
efficiency and reliability.

D. Comparative Energy Storage
Technology.

The choice of a viable system of energy storage
plays a great role in the functionality of
regenerative braking. Batteries have a large
storage capacity of energy but have poor power
management skills, and supercapacitors are
good in power generation but lack storage
abilities. The hybrid systems provide a middle
ground between the two technologies and a
solution is achieved. The essential parameters
that should be taken into consideration during
the design of the regenerative braking systems
are the energy density, power density,
efficiency, lifecycle, and cost [1], [2]. Table 1
provides a comparative analysis of the energy
storage technologies regarding the main key
performance parameters and shows the benefits
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of the hybrid systems over the standalone ones.

(11, [2].

Table 1: Comparison of Energy Storage
Systems
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E. System Architecture and Energy Flow

The design of a regenerative braking system
with a hybrid storage is harmonized interaction
of the motor/generator, power converters,
battery, supercapacitor, and the control unit. In
braking, the energy is initially channelled to the
supercapacitor to be absorbed quickly after
which it is channelled to the battery where it can
be stored over the long term. The control
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Figure 2: Hybrid energy storage architecture showing
the integration of battery and supercapacitor with the
regenerative braking system [2], [3].
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system provides ideal allocation of power
depending on the state of the system like
condition of charge and braking strength [3],

[4].

This combined design will increase the
recovery of energy, efficiency of the system and
provide advanced control mechanisms of the
electric traction systems of modern system [3],

[4].

IV. Control Strategies for Regenerative
Braking

A. Conventional Control Methods

The traditional regenerative braking systems
mainly depend on predetermined or present
control mechanisms to control the braking force
between regenerative and mechanical braking.
Although easy and dependable, these methods
are not completely optimal in energy recovery
particularly with dynamical driving conditions.
Also, they can affect the braking stability and
comfort of the passengers in case of sudden
switching between braking modes [1], [2].

B. Game Theory-Based Optimization

In order to overcome the weaknesses of
traditional analysis, sophisticated optimization
models have been presented like game theory.
In this model regenerative braking is modelled
as a multi-objective optimization problem, with
various variables; energy recovery, braking
safety and ride comfort being considered as
conflicting objectives. This is especially useful
in hub-motor electric cars, in which the ability
to control individual wheels increases the
flexibility of the system. It has been indicated
that these strategies enhance the braking
stability and efficiency in energy recuperation
as opposed to the conventional methods of
control [3].

C. Al-Based Control Using Q-Learning

Regenerative braking control has been of
interest to artificial intelligence methods,
especially the reinforcement learning method.
This is because the system is able to learn
optimal methods of braking using g-learning-
based methods through interaction with the
environment. The adaptability of Al-driven
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solutions is real-time as opposed to the rule-
based systems and thus is highly applicable in
the contemporary intelligent transportation
systems [4].

D. Efficiency and Performance

Considerations

Control strategies are assessed in terms of
efficiency in energy recovery, smoothness of
braking and reliability of the system. The high-
technology techniques like hybrid storage
combination and smart control can provide over
90 percent energy recovery efficiencies when
optimal conditions are met [2]. The
regenerative and mechanical braking should be
well coordinated to allow it to be safe and as
efficient as possible. [3], [4].

Table 2: Comparison of Control Strategies

Control Com‘ Adapt |Effic Key |Refere
Strateg |plexit| .. |, Advan |nces
ability |iency

y y tage
Conven Simple|[1], [2]
tional Low |Low Mod |&
(Rule- erate |reliabl
based) e
Multi- |[3]
Game Medi [Moder | . objecti
Theory- High |ve
um |ate -
Based optimi
zation
Real- |[4]
Al (Q- time
. ., |Very |Very .
Learnin |High High |High adapti
g) ve
control
l— T |
: | b
- -.‘.., -.{- " — W -n--tu-—-'-.._.
s . - -pilw v T 0
{ $ "

Asas ey Fowt aran
o sy o
[

v

by

C
3

Figure 3: Control strategy flowchart for
regenerative braking showing torque calculation
and braking force distribution [3], [4].
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Generally, the current control measures have a
vast improvement in the performance of the
regenerative  braking  systems,  where
optimization methods and smart algorithms are
combined to allow efficient and safety control
in the electric traction systems [3], [4].

V. Applications in Electric Vehicles and Rail
Systems

A. Electric Vehicles (EVs)

Regenerative braking is a common practice in
electric cars to improve efficiency of energy
consumption  especially in an urban
environment where there are a lot of
acceleration and deceleration. The large
percentage of the kinetic energy is reclaimed
during braking and stored in the on-board
energy systems which enhance the driving
range and minimizes energy consumption.
Regenerative braking can be made effective in
EVs with regards to the driving habits, battery
voltage, and control techniques. There is
evidence that enhanced control systems can
significantly enhance the energy recovery and
keep the braking smooth and safe [1], [2].

B. Electric Rail Systems

Regenerative braking in electric rail traction
systems is of great importance in the
management of huge energy. Trains are able to
input the produced energy into the overhead
power supply system unlike EVs, thus being
used by other trains on the rail. This results into
a lot of saving of energy and the overall
efficiency of the system. Moreover, the
performance can also be improved by using
wayside energy storage systems that can be
used to store the surplus energy where a grid
feedback is not available [5].

C. Comparative Performance

Electric rails have a higher energy recovery
since they have a greater mass and they are
operating continuously, but EVs have a high
regenerative braking under stop and go
operating environments only. The two
applications show great advancement in
efficiency and sustainability in the event of
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using advanced regenerative braking strategies

(31, [5].

VI. Challenges and Future Trends

1. Battery limitations: It has a limitation
in the charging when the regenerative
currents are high leading to energy loss
and low efficiency [1], [2].

2. When the storage systems are being
charged, excessive energy is produced
and must be dissipated lowering the
efficiency of the systems [2].

3. Complexity of Control: Al and game
theory are sophisticated strategies, and
they increase the number of
computations, as well as, the
complexity of the system [3], [4].

4. Low-Speed Inefficiency: The regen
braking efficiency is reduced in the low
speed of the vehicle and hence, must be
assisted by mechanical braking [2].

Future Trends:

e Real-time optimization based on the
use of Al-based adaptive control
systems [4].

e Development of new energy storage
(solid state battery, better
supercapacitors) [2].

e Implementation of smart grid
incorporation in the redistribution of
the energy in rail systems efficiently
[5].

e Improved energy storage systems
(HESS) in order to be efficient and
have a better life span [2], [3].

VII. Conclusion

The regenerative braking systems are very
essential in improving the efficiency and
sustainability of the electric traction systems.
These systems will save a lot of energy by
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transforming kinetic energy into reusable
electrical energy which will greatly enhance the
overall performance in the electric vehicles and
rail. In this review, system design, energy
storage technology, and the advanced control
measures like game theory and artificial
intelligence have been found to have a
significant role in ensuring the optimum
regenerative braking performance. The hybrid
energy storage systems have proved to be a
viable solution to address the single drawback
of the batteries and supercapacitors. Although
there are problems associated with storage
constraints, complexity of control and
operational constraints, the current
improvements in intelligent control and energy
systems would allow further improvement in
performance. Altogether, regenerative braking
is one of the most important technologies that
will help to push the efficient and sustainable
transport in the future.
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