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Abstract: The article reviews the existing methods of increasing the energy efficiency of electric transport
by analyzing and studying the methods of increasing the energy storage resource. It is grouped
according to methods, approaches, and solutions. The most effective methods and ways of their
implementation are identified. General methods of increasing energy efficiency, methods of increasing
recuperation during braking, methods of energy-efficient energy consumption, the use of energy-saving
technologies, and improving the energy efficiency of the traction drive are considered. The purpose of
this work is to identify the main operating factors on the basis of a critical review of existing methods
for assessing the technical condition of batteries and experimental results on the degradation of lithium-
ion batteries. Using the great experience of the research group in the field of modeling, diagnostics,
and forecasting of life of electric cars, as well as their intellectual management, the new theoretical
and practical methods of integrated assessment of the parameters of the traction battery and state of
charge, which are operated in the heavy forced regenerative regimes of electric traction, are created
and proposed. A great role is played by the construction of the transport model. The development is
based on physical laws that passengers and vehicle owners are unaware of. For each model there is a
different area of application, and what is suitable for one object may not be suitable for another. The
overview shows that there is no one-size-fits-all way to improve energy efficiency. It is necessary to
make a choice among several proposed models after a thorough feasibility study.

Keywords: electric vehicle; energy efficiency improvement; energy consumption; energy recovery;
energy storage; energy consumption; energy-saving technologies; traction drive
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1. Introduction

Current trends in the automotive industry are aimed at increasing the production of
vehicles equipped with hybrid or all-electric powertrains. Currently, more than 50% of
the production of batteries (Batteries) and electric vehicles is located in China. Over the
past decade, the largest automobile concerns, BYD, Geely, and JAC, have been developed,
and corporations for the production of batteries, such as CATL, have been created. CATL
batteries with an energy capacity of 240 W-h/kg are significantly superior to their global
counterparts. A plug-in hybrid electric vehicle (PHEV) is a hybrid electric vehicle whose
battery pack can be recharged by plugging a charging cable into an external electric power
source, in addition to internally by its on-board internal combustion engine-powered
generator. According to [1,2], in Norway, the share of electric vehicles sold was 75.1%.
These vehicles included all-electric (EV) and PHEV. At the same time, the share of sales of
cars with internal combustion engines fell to a record 17.7%.

According to the IEA, lithium-ion batteries (LIA) will remain the main type of battery
used in electric vehicles. Currently, Li-Ion batteries amount up to 45% of the cost of an EV. This
assumes an average service life of 5 years in the modes recommended by the manufacturer.
The distinctive feature of battery operation modes in electric vehicles (EVs) is the uneven
load associated with road conditions, as well as the high cyclicality (reversibility) of the
charge/discharge processes due to the energy recovery of the battery in the electric braking
mode. When operating the ETS, the battery operates in heavy forced modes with load current
fluctuations and randomly changes in time charge/discharge cycles, frequency, and duration
of change in charge/discharge cycles, as well as a wide range of temperatures. All of these
factors significantly affect the degradation of electrode materials, changing the operating
parameters of the battery, which leads to deterioration of the characteristics and accelerated
battery wear. Thus, wide application of AB as a part of EFV requires solving a whole range
of problems of effective management of the modes of discharge/charge, determining the
factors affecting the ageing processes of AB, as well as determining the optimal modes of
control of the power unit of EFV without deteriorating the dynamic properties. AB service
life is an important economic and technological factor that affects the rate of production of
autonomous vehicles. Therefore, the study of issues related to increasing the service life and
improving the energy efficiency of the use of batteries is an urgent task.

Energy efficiency methods usually differ from other methods. That is, for any given
vehicle, there is one effective way to increase energy. The methods can be both innovative
and “old”, but time-tested. For example, one of such methods is the introduction of
regenerative and rheostat braking; such method has been modernized: if it was impossible
before to supply energy to the network (for contact electric transport), energy was consumed
for braking rheostats. Nowadays, the battery is used instead of rheostats.

Since the price of resources has increased, the emergence of new energy sources and
tightening environmental requirements raise the issue of creating and developing energy-
efficient electric transport that is necessary for understanding the essence, the principle of
expediency of energy-saving technologies. Therefore, the task of the work is to generalize
and systematize the methods for increasing energy efficiency proposed in this paper. This
will allow for evaluating the qualitative efficiency of the methods (how much energy
can be saved by applying one or another method) and the feasibility of applying these
very methods.

In order to systematize the material of this article, devoted to methods for improving the
energy efficiency of electric transport, it was proposed to divide it into certain thematic groups:

Prospective directions for increasing the energy efficiency of electric transport (Section 3).
Regenerative braking (Section 3.1).

Energy-efficient battery consumption (Section 3.2).

Application of energy-saving technologies in the electric transport complex (Section 3.3).
Increasing the efficiency of energy storage devices (Section 3.4).

Energy-efficient electric vehicle traction drive (Section 3.5).
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2. Materials and Methods

In this paper, the existing research of the methods for improving the energy efficiency
of electric vehicles by optimizing battery consumption was reviewed. For the analysis,
research and review papers dating back to 2015 were selected. Since the topic of energy
saving on electric vehicles using battery power is very relevant [1,2], a cross-section of
publications over last 5 years has been deliberately highlighted, that is, the analysis has
been focused on new research works. At the same time, classical works have also been
considered in detail, mainly those that reflect the main directions of development of the
topic on energy saving and increasing the energy efficiency of the electric transport complex.

A comparative analysis of the works reflecting the methods used to improve the
energy efficiency of electric vehicles in terms of their distance traveled (for personal electric
vehicles) or the number of carried passengers (for public electric transport) was undertaken.
The results of the work achieved by the authors will be demonstrated in Section 3. This
section will be divided into five subsections. In these sections, the work in five main areas
of development of the topic of energy efficiency of electric transport will be considered,
including regenerative braking, battery charge consumption, electric transport complex,
energy storage devices, and traction drive operation. In the last section, a brief conclusion
about the prospects for the development of energy-saving technologies for electric transport
will be made.

Before focusing on specific methods that improve the energy efficiency of vehicles, the
classification of these methods used in this study will be defined in terms of belonging to
physical objects (batteries, electric drive and other electrical objects) and to the processes
that occur during the operation of electric vehicles (energy-efficient consumption of battery
energy, regenerative braking, general energy-saving technologies, and their implementation
in electric vehicles). There are different classifications of the methods for improving the
energy efficiency of vehicles. One of them has been developed by the authors of this work
and is presented in Figure 1.

Improving the energy
efficiency of electric transport

Increasing the
efficiency
of energy storage

Regenerative Energy efficient Application of energy
braking battery consumption saving technologies

Energy efficient
traction drive

Figure 1. Schematic grouping of the main methods to improve the energy efficiency of the electric vehicle.

The differentiation of methods by unit type and by energy conversion processes
occurring in electric vehicles allowed for a more detailed study of the methods most
effectively used to improve the energy efficiency of vehicles. Differentiating the methods in
this way can improve the understanding of the technical literature in this area. Structuring
the methods allows defining the key features and possibilities of their application in specific
conditions. This can be done for various types of electric transport (passenger, freight,
special-purpose).

In accordance with this, a qualitative comparative analysis of the methods aimed
at improving energy efficiency in the studies under consideration was made. In each
subparagraph of Section 3 a separate process is demonstrated, proposed in one way or
another to increase efficiency in terms of energy consumption, including the most and least
efficient ways in terms of the amount of saved energy. Most of the reviewed methods can be
applicable to electric vehicles, but particular papers deal with other modes of transportation.
Before analyzing the methods, the methods were grouped, which is presented in the
diagram (Figure 1).
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It should also be noted that when working on this review, the authors identified
the main drawback of empirical studies of a significant number of works. The results
obtained by researchers in these works are extremely important, but they are difficult to
reproduce. This is due to significant differences in the initial conditions and conditions
of the work. Often these studies lack data to compare them with other studies. The
results may not be sufficiently detailed. These and other reasons make it difficult to both
objectively and comparatively evaluate the work. Based on this, authors and researchers
can be recommended to take into account the qualitative features of the used methods.
Most often, quantitative estimates are indicated; the addition of qualitative estimates allows
facilitating the subsequent comparative analysis of the work. It is also important to pay
attention to the specifics of the subject area and to assess the possibilities of applying the
methods in various specific conditions. Attempts have been made to present the results
of a comparative analysis of the most common ways to reduce energy costs for different
driving cycles of electric vehicles. The most promising ways have been identified. In the
review, the quantitative indicators and conditions for the application of various methods of
saving energy costs have been analyzed.

3. Prospective Directions for Increasing the Energy Efficiency of Electric Transport

Improving the energy efficiency of an electric vehicle means reducing the energy
consumption of the train’s basic motion processes: traction mode, coasting mode, and
braking mode. In addition, this definition also includes reduction of energy consumption
for own needs and, in case of autonomous vehicles, increase of autonomous travel. The
traction mode is characterized by battery discharge current, while regeneration mode
generates charge current. These currents depend on many random factors determined
by the traction-energy modes of the EV. A hybridization model of bacterial feed-forward
optimization with a sparse auto-encoder (HBFOA-SAE) [1] was used to improve energy
efficiency for energy systems with inter-network technology (IoT) support. The proposed
model mainly uses the SAE model to determine the effective state-of-charge (SOC) values
in energy systems.

The authors of [2] developed a neural network model of the EV drive. This model is
designed with reinforcements. The model assumes that there is an optimal speed controller for
energy saving. It is based on deep reinforcement learning (DRL) and model predictive control
(MPC). The proposed algorithm was applied to driving on a road with a slope and improves
energy saving by 1% for a single ascent and by 17% for multiple ascents and descents.

Photovoltaic electric vehicles and batteries are being introduced to reduce carbon
emissions and energy consumption [3]. The implementation has helped reduce peak
electricity demand by 11-29%.

A PHEV design using wind, solar, fuel cells, and supercapacitors (SC), generating
electricity through the proton exchange membrane (PEM) and SC for high torque, has been
proposed [4]. This design aims to improve energy efficiency by using a motor-wheel and
eliminating the transmission.

A portable auxiliary photovoltaic power system based on a folding scissor mechanism
includes a photovoltaic power generation module and a power transmission module [5].
Such a system provides portability and allows for storing energy in supercapacitors. The
annual amount of energy produced provides the MINIEV with a range of 423.625 km.

The possibility of an electric vehicle tipping over in an emergency can be reduced. The
probability of such a case can be reduced due to the accuracy of the forecast. Increasing
the accuracy of forecasting and reducing the forecasting time will significantly reduce the
likelihood of an emergency. The authors in [6] use just such an approach. Based on a
multilayer neural network, they analyze the power model of an electric vehicle rollover.
This model takes into account the mass of the battery and the structure of the battery
compartment. Based on hyperparameters, rollover indices are classified into five categories.
After that, the multilayer neural network simplifies the structure for the time algorithm.
This is done just before the rollover process. Using this method, in comparison with classical
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methods, high accuracy is achieved by taking into account the influence of hyperparameters
on the prediction result.

Use of a motor-wheel (Figure 2) allows for the exclusion of transmission and realizing
direct engagement of the engine with a wheel [7]. The most expedient use of motor-wheels is
in city electric transport such as a tram-bus, a trolley bus, or a subway in view of the fact that
speed of communication of these vehicles is low and the majority of losses occur in a reducer.

Figure 2. Motor-wheel of an electric vehicle.

In [8], as a method for improving energy efficiency, a method for increasing the
efficiency of the battery by changing the internal resistance is proposed. This will reduce the
discharge voltage of the battery, reduce the discharge time, affect the energy performance,
and extend the battery life.

A variant of a bicycle with a medium drive was proposed [9], and the influence of
components on the efficiency of the system was considered. The greatest influence was
determined to have the chain drive (70-98%), the battery (88-97%), and the charger (85.7%
of the total efficiency). Analysis of the working points, including the best characteristics of
these devices, will increase the range of the bicycle.

Optimal planning of a real MES using stochastic optimization with forecast updating
was considered in [10]. Optimization comes with hydrogen vehicles, offering charging
stations with a hydrogen storage system and optimal scheduling based on real MES to
increase productivity further. This method will make it possible to balance the power
demand and provide operational cost savings.

Regenerative braking allows for saving energy during braking and storing it either
in accumulators or returning it to the power supply system. In [11], the use of high and
medium intensity braking systems will reduce the frequency of using the main braking
system, which will increase the reliability and safety of the vehicle.

The system of monitoring and control of electric power consumption by electric loco-
motive trains (ECS) at locomotive depots and turnover points of locomotive brigades [12]
includes an automated measuring system at ECS and a stationary part consisting of a
data reception point from ECS and a unified data processing server (Figure 3). Such a
system will improve the reliability of power metering and reduce non-productive power
consumption and downtime.

In addition, a method to improve the energy efficiency of rail transport systems by
reducing idle time and using a hybrid energy storage unit is presented [13]. This will
increase the average daily mileage and improve the reliability of auxiliary power supply
while “smoothing” the electric load schedule of the train (Figure 4).

The low-voltage battery charge balance control technology [14] makes it possible to
normalize the power-on time of electric consumers. The implementation of such technology
is possible both on electric cars and on cars with an internal combustion engine. This will
increase the efficiency and service life of the battery.
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Figure 3. Simplified concept of the power consumption control system.
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Figure 4. Schematic diagram of a power plant with hybrid energy storage.

Extended battery life can also be achieved by optimal design and management of
traction and heating systems in hybrid powertrains (IETMS). Using the example of [15], a
realistic bus life can be achieved with IETMS without battery replacement while reducing
energy consumption by up to 7% as compared to a heuristic heating strategy. If the design
of the heating system is co-optimized, the battery life can be extended by another 15%
without changing the amount of consumed energy.

The Quantum PSO algorithm [16] will allow for controlling the consumption of
electricity and ensuring the economic optimization of the system. The use of the algorithm
makes it possible to obtain economic benefits. The economic result is obtained in the
micro-grid both on working days and on rest days. Application is possible in various
climatic conditions. The authors in [16] proved, in practice, the possibility of obtaining an
economic benefit from the introduction of the developed algorithm.

For an urban hybrid electric bus, a model for managing energy consumption by means
of dynamic programming was proposed [17]. This model is based on using the route
of the previous bus trip. Based on this previous motion cycle, an optimal solution is
calculated. For the calculation, the method of dynamic programming is used. The results
of the computed solution are saved and used in the next motion cycles. One-step advance
deployment is in progress.



Energies 2023, 16, 729

7 of 39

The control model presented in [18] is self-optimizing. It is based on the fact that the
energy consumption of batteries and fuel cells of electric vehicles is a power matching strategy.
Such a strategy takes into account the main factors: battery degradation and energy efficiency.
Accounting is done through a deep deterministic policy gradient. This strategy allows
expecting a reduction in energy consumption. As a result of lower power consumption, the
battery life of the EV propulsion system and the overall life of the FC are extended.

A similar optimization method was used by the authors in [19]. The authors took the
movement of an electric vehicle along two routes with different characteristics as initial
data. The paper compared the results due to the reference theory of optimization and the
results of the developed one. The developed system showed a 5.5% reduction in power
consumption compared to that of the reference system.

Energy consumption can be reduced by optimizing the energy storage system and by
power-sharing. In [20], the authors developed an algorithm for determining the stack of
fuel cells (FC). This algorithm also determines the dimensions of the energy storage system.
It takes into account the strategy of power-sharing between two sources. Additionally,
in this method there is a division of power. It is based on the unity resistance of the TC
stack and Li-Ion battery modules. The new power split technology reduced the FCV fuel
consumption by 10%.

Managed charging can also significantly reduce power consumption. In [21], the
authors propose to implement a charging monitoring scheme. Two controlled charging
algorithms are compared. Both algorithms give approximately the same energy consump-
tion result. At the same time, an uncontrolled algorithm gives an overload of network
equipment by 16% during peak hours. Optimization in the proposed algorithms takes into
account the restrictions of the energy supply company, electricity tariffs. This reduces the
costs of the enterprise for charging cargo EVs.

In [22], the authors presented a quasi-optimal EMS based on dynamic planning (DP).
This model is also based on dynamic programming. The model uses a long short-term
memory (LSTM) network. The model can be used for electric vehicles with a hybrid energy
system. The optimization problem is solved at the expense of minimal costs with the help
of DP. Based on the results of the DP, LSTM was trained. The trained LSTM provides a
quasi-optimal real-time SC current reference. This strategy reduces the battery degradation
time by about 15%.

Tuning and optimization of energy management for electric trucks using fuel cells are
considered by the authors [23]. This paper considers a predictive control strategy, taking
into account the interaction between energy and thermal effects. The control takes into
account the ambient temperature and the battery temperature. This is done in order to
avoid temperature peaks by limiting the use of the battery at the right time. Adaptive EMS
influences battery temperature peaks by means of minor changes in the power-consumption
ratio. The use of such a predictive model for fuel cell trucks provides significant advantages
by managing energy to drive the SoC and consume hydrogen. A significant effect on fuel
economy is achieved when driving along mountainous and hilly routes.

It is possible to optimize the energy consumption of electric vehicles using fuel cells
and batteries due to the initial battery parameters. As initial parameters for optimization
in [24], the following are taken: allowable current for the system of fuel cells in the initial
states of charge of the battery (SOC); battery status of charge (SOC). Next, the modula-
tion coefficient was found using the swarm optimization method. Using the modulation
coefficient, the optimal moment for starting or turning off the fuel cells was determined.

The main goal of creating plug-in hybrid electric vehicles (PHEV) is to reduce fuel
consumption and carbon dioxide emissions. PHEVs can operate in three main modes. This
is a series, parallel, or hybrid mode with power-sharing. The PHEV has the ability to switch
between these modes during its operation. Based on this, it is possible to ensure the lowest
possible fuel consumption due to an effective strategy for switching between modes. Often
used is the equivalent consumption minimization strategy (ECMS). It is based on predicting
driver behavior. The result will depend on the quality of the forecast. In [25], an analysis of
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various forecasting methods was carried out. The analysis was based on a holistic model
of the modern configuration of the PHEV power unit. This model includes a multi-mode
transmission, relevant powertrain components and representative transmission components,
relevant transmission components, and representative real-world driving data.

In the source [26], the authors proposed approaches to strategies for managing the
energy consumption of hybrid electric vehicles, and one of them is based on dynamic
programming (DP). Here, it is called the “Advanced Dynamic Programming Approach”
(FADP). Advantages in the speed and accuracy of the calculation in it are achieved through
the use of DP. The approach is based on the use of equivalent consumption minimization
strategy (ECMS). In this approach, the horizon information of the reverse perspective of a
finite length was used. Due to this information, adaptation to the latest traffic conditions
takes place. All this achieves an optimal power balance between the battery of the parallel
HEV and the heat engine. Their characteristics are analyzed in terms of achieved fuel
economy and computation time. The following is a comparison with traditional methods
of minimax Pont-ryagin principle (PMP) and DP

The use of an electromechanical flywheel [27] makes it possible to ensure the stability of
the vehicle and increase the efficiency of recuperation. The increase is provided by the created
secondary distribution strategy. This strategy is based on the use of mechanical braking
force and regenerative braking force on both axles (front and rear). The works carried out by
the authors showed that for lithium batteries, the current change range can be reduced by
43.16%, the average efficiency can be increased by 1.04%, and the recovery factor for braking
can be increased by 40.61%. The authors achieved these values in the conditions of the urban
traffic cycle in the cities of Japan. These indicators were achieved in comparison with the
two-engine all-wheel drive scheme with an electromechanical flywheel. This work also
shows that this technology can be applied to cycling. By regulating the power and energy of
the electromechanical flywheel, it is possible to reduce battery consumption by 1.82%.

Of the general methods for improving energy efficiency, the most effective are the
use of an electromechanical storage device, the use of a quasi-optimal cycle based on
dynamic planning, and the use of optimal design and control of traction and heating
systems. The electromechanical drive gives an increase in the coefficient of recuperation of
braking energy by up to 40.5%. Dynamic scheduling will reduce battery degradation by
up to 15% and reduce total cost of ownership by 11%. Design optimization reduces power
consumption by up to 7% and increases battery life by 15%.

3.1. Regenerative Braking

Recuperation is the process of returning part of the energy for reuse in the same
technological process. Energy regeneration is the “return” of some of the energy expended
to the grid, or to an energy storage device if there is one on board the rolling stock. During
regenerative braking the engine is in the generator mode and generates energy, which it
sends to the network.

By changing the regenerative braking logic, it is possible to achieve maximum re-
generative values. The authors in [28] studied this issue in detail. In the urban cycle of
operation, such WLTC logic has made it possible to reduce energy consumption by about
30% compared to a conventional car that does not have recuperation. When compared to
the conventional logic used in the WLTC cycle, the savings reached 23%. For cycle US06,
similar values will already be 24% and 19%.

The authors in reference [29] proposed a parallel strategy to control the recuperative
braking in order to fully utilize the performance of the motor. The energy system developed
by the authors consists of spercapacitors and batteries. For work, the power is decomposed
into low-frequency and high-frequency components. The supercapacitor receives high
frequency power. This avoids affecting the battery. Therefore, the SOC of the battery is
reduced by 5.15% drop, the recuperation rate is improved during the braking process, and
the relative increase increases by 47.9%. In addition, the battery output current was reduced
by 39.5%. SOC decreased by 0.69% battery and increased by 12.43% relative gain.
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The MPC scheme developed and presented by the authors [30] is intended for use
in vehicles with a hybrid architecture. Its purpose is to control the regenerative braking
process. One of the principles of the scheme is the introduction of additional restrictions on
the operations performed. Restrictions apply to penalty members if a trade-off is needed
with the highly efficient IWM operations.

When developing a technique for energy-efficient braking, the authors of [31] proceed
from the braking-sliding control of a car. Using the values of the hydraulic braking torque,
the limit of the braking torque at the output of the motor is determined. This limit does
not lead to the transition to the slip mode but allows you to brake as efficiently as possible
and use the recovery process as efficiently as possible. The control algorithm is based on
the introduction of the saturation function. This function is needed to solve the buffeting
problem in the adaptive slip control method. Brake control combines mechanical braking
and regenerative braking. This improves the safety of braking in general. The solution
to the problem of increasing energy efficiency in the process of recuperation is possible
through the use of a new algorithm. This algorithm solves the boosting problem through
the dynamic allinearization method. The non-linear dynamics of the energy recovery
process are linearized. For this, the method of dynamic allinearization is used. The
peculiarity of this method is that the pseudo-partial derivative parameter (PPD) changes
over time (Figure 5). The need for such a transformation and the use of an adaptive control
algorithm (AS-MFAC) is due to the fact that under normal conditions, braking saturates
the drive during regeneration, and errors accumulate due to various external conditions.
An AS-MFAC controller is being developed for this algorithm. The main advantage of the
AS-MFAC algorithm is that it uses only data from the regeneration control system.

1200 T r .
m |—— Desired Speed
1000 a0 == AS-MFAC ]
k \\ ----Anti-windup PID
| [=—IC-MFAC |

163 184 185 188 167 168
Time(s)

S TR =

200 400 600 800 1000 1200
Time, s

Speed (1/min)

Figure 5. The curve of car speed changes by three different algorithms.

In the review paper [32], the authors say that the topic of regenerative braking and
work in the field of increasing the energy efficiency of this process will become one of the
main areas of development for electric vehicles. Recovery is an extremely promising area,
and the improvement of recovery technologies is extremely important for the development
of electric transport in general. In continuation of [33], the authors of [34] considered BEV
technologies from the point of view of application prospects. They say that the battery
capacity of electric vehicles is growing with the development of the automotive industry.
The low price of BEVs due to low battery costs could lead to BEVs with large battery packs.
It is for such solutions that there will probably be more demand. The low operating costs
of BEVs and the significant gap between energy consumption and fuel costs will give
BEV users a substantial consumer surplus. It is precisely this surplus that can ensure high
demand for BEVs with high-capacity batteries.

The authors in the article [35] showed that energy recovery systems can also be used
in traditional cars with internal combustion engines. The authors presented technological
solutions for the implementation of recuperation systems in vehicle suspension, using the
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example of an off-road vehicle with a 4-cylinder in-line diesel engine. Studies have shown
that using a recuperation system, you can get power in the range of several hundred watts.

By combining dynamic programming and adaptive cubic exponential forecasting, the
authors of [36] developed a predictive control method. The authors tested their predictive
control method using different brake force distributions. Two schemes for the distribution
of braking force were considered—multi-stage and ideal. Comparison with these schemes
showed that the efficiency of recuperation in comparison with the ideal scheme increases
by 1.55%, in comparison with the multistage one by 6.40% (Figures 6 and 7).
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Figure 6. Change in battery efficiency.

100
PCM
MBFDM
80 IBFDM
BQ'
& 60
c
ko
8
=
&
'-3 40
20
0 "
0 2 4 6 8

Time, s

Figure 7. Change in overall efficiency.

Analysis of the braking strategy for an electric Formula SAE racing car [37] proposes a
braking strategy aimed at increasing the recuperation energy by appropriately distributing
the braking forces between the rear and front wheels.

When comparing the three braking strategies, the criteria for energy recovery and
vehicle stability are taken into account (Figure 8). According to the simulation results,
the strategy proposed by the authors will provide an increase in energy recovery, and the
problem of blocking both the rear and front wheels will be solved.

The multicriteria optimization system proposed in [38], as well as the method for
optimizing the parameters of the regenerative braking control strategy (SRCS), consists of
several steps:

1.  RRBCS balancing braking efficiency (BP), regenerative braking loss efficiency (RBLE),
and battery capacity loss ratio (BCLR). They were proposed and used in the simulation.

2. MOO model. The purpose of its creation is to calculate objective functions using
RRBCS simulation results for three different tire grip conditions.
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An individual with optimal CRBP was selected to evaluate the effectiveness of the
proposed methodology as the final optimization decision. Decisions on control pa-

RRBCS showed better adaptability to road conditions in terms of decision distribution.
Under conditions of medium and low tire grip, the improvement obtained as a result
of the optimization was the most significant (Figure 9). This study can provide
further guidance on the optimal control strategy and lay the foundation for multi-
purpose regenerative control of the basis for multi-purpose regenerative braking

3.
rameters and optimization results were analyzed.
4.
energy management of a real vehicle.
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Figure 8. Comparison of energy consumption.
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Figure 9. Test results for three driving cycles before optimization after optimization: (a) for good tire
grip, (b) for low tire grip.

In [39], the authors considered a rather rare case. The authors are developing a recu-
peration system that works in EV driving conditions at low speed. The EV is powered by
a permanent magnet synchronous motor. The EV generator is also powered by the same
engine. At this point, the L-C resonant circuit gives a signal to increase or decrease the
generated voltage. This system is very simple. It has three IGBTs and three capacitors. In the
frequency analysis study of the L-C resonant circuit, the resonant frequency is found. The
control of the generated voltage is carried out using resonance and due to the previously
found resonant frequency (Figure 10). The generated voltage in this algorithm is raised by
PI control and lowered by inverse PI control. The use of such a system makes it possible to
compensate for the disadvantage of the low capacity of the energy storage of some vehicles.
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Figure 10. Results of the experiment on the descent with the battery without the proposed system (a)
and with the proposed system (b).

In [40], the authors developed a strategy for distributing the braking force. The ECE
control curves and the ideal brake force distribution curves were taken as the basis for
developing the strategy. The strategy was tested for the European driving cycle. The results
showed that the braking stability required by the requirement is provided by the developed
algorithm (Figure 11). If the state of charge is taken at 75% as the starting point, then,
according to the simulation results, after moving to the European cycle according to the
strategy of this article, the charge decreases by 8.22%. A similar movement according to
the standard strategy causes a decrease in charge by 9.12%. Thus, if the estimated battery
usage target is 95-5%, then the total range of the EV can be increased by up to 136 km. This
shows the viability of the strategy proposed by the authors of [40].
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Figure 11. SOC curve with vehicle speed.

For braking hybrid vehicles, the rate of energy recovery will directly depend on
many factors. The authors in [41] studied these factors. Simulation tests and theoretical
calculations were carried out in the field of braking energy recuperation. As variable
input parameters, various values of the initial deceleration rate and those of the initial
pressure of the accumulators were used. The maximum recovery rate that the authors
managed to obtain was 83.3% (Table 1). This recovery rate was achieved with the following
initial parameters:

— initial braking speed of 300 rpm
— initial accumulator pressure of 19 MPa
— braking intensity of 0.4.

Table 1. Experimental results.

Breaking Initial Initial Breaking Kinetic Energy Recovery Recovery

Strength ~ Pressure/MPa  Speed/rpm Time/s Change/J Energy/] Rate/%
04 19 300 743 56,750 46,722 83.33
0.4 20 300 7.27 56,750 46,603 82.12
04 21 300 7.22 56,750 43,260 76.23
0.4 22 300 7.23 56,750 39,231 69.13

The authors [42] showed that the torque can be controlled independently. This is true
for both acceleration and deceleration for an independent 4-wheel drive EV. Simulation
experiments using parallel control were carried out in the motion cycles UDDS, NEDC,
and J1015. They also showed that the EV brake energy recovery rate can be improved in
the driving area at a low speed. This is possible even when the braking torque is minimal.

The Brake Energy Recovery System (BERS) [43] is important in EV operation. It allows
for increasing the mileage per single charge. The effectiveness of BERS depends on many
factors. Among these factors are road conditions and ambient temperature. In [43], the
influence of these factors on the operation of the BERS EV system was studied. Of course,
less recuperation energy is obtained at low ambient temperatures.

In [44], the authors proposed AFSMC to track the desired sliding coefficient. In
addition, an RB torque distribution strategy for electric vehicles exposed to RBS was
developed. This controller is designed to optimize the braking process. It is based on the
fuzzy adaptive control method using the sliding mode. The method allows distributing
the braking and pneumatic torque. The use of AFSMC allows for better consideration of
the wheel slip. This makes it possible to increase the efficiency of the recovery process.
The work compares the operation of the AFSMC and the traditional SMC controller. The
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comparison takes place when the EV is driven along a dry road. AFSMC increases the
regenerative energy from 83.2 to 88.1 kJ.

The efficiency advantages of a split electric motor unit for hybrid vehicles described
in [45]. When considering applications in hybrid vehicles, a comparison was made on
the basis of the equal power output: the split electric hybrid engine showed an efficiency
improvement over the turbocharged reference engine of up to 12.5% when using a turbine
with a lower efficiency (i.e.,, n'T = 0.70) and up to 15.5% when using a turbine with higher
efficiency (Figure 12). The calculation takes into account the fact that in hybrid vehicles,
the internal combustion engine usually operates under optimal conditions, i.e., with the
efficiency being close to the maximum. In this paper, the authors compared a turbocharged
engine and a combined engine using maximum efficiency curves. The comparison showed
the following results:

e for the combined power plant, a growth from 6.1% to 11.2% is possible. The amount
of growth is determined by the output power and temperature conditions;

e for an engine with a turbine, a maximum increase of 15.6% is possible with parameters
T4/T1 =451 =0.75.
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Figure 12. Comparison of the best composite efficiency curves compared to the reference tur-
bocharged engine.

The most effective ways of regenerative braking are the model of braking without
deterioration of rolling stock stability (energy savings of 29.5-30.3%) and application of the
braking control strategy (increase in the travel reserve of up to 136.64).

3.2. Energy-Efficient Battery Consumption

Electric vehicles (BEVs), including hybrid vehicles (HEVs), widely use lithium-based
high-current batteries, which are called traction batteries. The most commonly used
batteries are a high-capacity lithium-ion battery [45]. Batteries for electric vehicles need to
have high energy density, high capacity, and relatively light weight, as increased weight
affects performance. In addition, low energy density affects the autonomous driving of
all-electric vehicles. The best-known ones are lithium-ion and lithium-polymer due to their
high intrinsic properties. The efficient use of battery electric vehicles (HEVs) and hybrid
electric vehicles (BEVs) is currently being discussed [45,46]. Plug-in hybrid electric vehicles
(PHEVs) [46] stand out among hybrid vehicles because they charge their batteries from
an external power source, saving fuel and improving vehicle efficiency. The use of two
energy sources raises the question of increasing overall efficiency. Two controllers work
hierarchically to manage power, while a third controller is responsible for shifting gears. A
multi-criteria optimization based on a particle swarm algorithm is proposed to reduce the
driver’s influence on the steering angle and minimize the weight of electrical components
(electric motor and battery), as well as typical fuel and exhaust consumption. The best
compromise compared to conventional cars is improved handling. There is 71.9% less
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stress on the driver’s steering wheel, 18.44% less fuel consumption, 69.34% less CO, and
20.33% less HC, reducing NOx by 22.11%.

Research on energy saving and emission reduction in vehicles equipped with new
energy sources is gaining importance, with the first achievement being the plug-in hybrid
electric vehicle (PHEV) [47]. An adaptive energy management strategy, based on intelligent
driving cyclical prediction, has been introduced to improve the PHEV fuel efficiency.
Simulation results show that the fast model has good predictability, and the proposed
predictive adaptive power control system is 9.85% better than the rule-based strategy in
terms of gasoline performance. The proposed predictive adaptive power control method is
9.85% more effective than ECMS, which, with no forecasting, is more than 5.30% high.

To improve the SOC EV [48], a hybrid electro-hydraulic electric vehicle (MSEH-HEV)
was proposed. MSEH-HEV uses planetary gears as the main transmission component for
power conversion. This paper introduces six modes of vehicle operation and develops
a rule-based control strategy for controlling power distribution and mode switching. In
this study, AMESim and Simulink to simulate MSEH-HEV were used together and the
superiority of MSEH-HEV over AMESim was confirmed. Simulation results show a 15%
reduction in battery consumption and a significant reduction in the peak engine torque
during the Economic Commission for Europe (EEC) and Commuter Drive (EUDC) cycles
for MSEH-HEV (Figure 13).

Figure 13. Fuzzy optimization analysis: battery SOC curve.

Hybrid Electric Vehicles (HEVs) in the transportation sector are pushing the industry
towards “green” technologies for environmental sustainability [49]. In this article, Fuzzy
Logic EMS was used to explore the fuel economy potential of power-sharing hybrid electric
vehicles. Simulation results of a typical driving cycle show that the proposed controller
can outperform regulated EMS and reduce fuel consumption by up to 65.4%, thereby
reducing emissions.

Congestion is a constant problem in many urban centers (e.g., London) around the
world, resulting in excessive delays, noise and air pollution, driver annoyance, and in-
creased energy consumption [50]. As a result, the carbon footprint of traditional transport
systems can be high. In this study, empirical data collected from several locations in East
London were used to create a simulation model using the graphical user interface (GUI) of
the PTV simulation software VISSIM to demonstrate the intended driving and following
behavior. The model showed that the introduction of ConFAV can reduce delay by up to
100% and significantly reduce greenhouse gas emissions.

The continuous change of gear ratios in continuously variable transmissions (CVT)
often results in a rapid change in the amount of oil in and out of the hydraulic system,
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resulting in large energy losses and reduced fuel efficiency of the vehicle [51]. With this
issue in mind, this article investigates a plug-in hybrid electric vehicle (PHEV) with a
continuously variable transmission, and a genetic algorithm (DVROMGA) drive ratio
optimization method for a discrete variable transmission variator. In order to get the
transmission efficiency of the system in different modes, it is recommended to research
the 5 PHEV driving modes first. Ultimately, the proposed method improved the fuel
efficiency of the PHEV by 2.2%. The results show that the proposed method reduces energy
losses in the hydraulic system, ensures long-term operation of the engine in the area of
high efficiency, increases the fuel efficiency of the vehicle, and maximizes the potential for
energy saving of the vehicle.

The development of electric vehicles in almost all countries of the world is currently
undergoing high intensity. In [52], the author describes the service of the laboratory of the
Sapienza University of Rome delivering disabled people by electric cars. The service can
serve about 12 sick people per hour, while the total travel time is about 40 min (not counting
the time of boarding and disembarking disabled people). The energy consumption is about
0.79 kWh per trip. According to the business plan, the costs are approximately 78,000 euros,
and the annual operating costs are about 505 euros per electric vehicle.

The author [53] proposed a probabilistic way to control the energy-efficient con-
sumption of electricity in hybrid electric vehicles (PHEV). The paper proposed an energy
management controller that provides the best traction performance based on the available
collected stochastic motion database. The designed controller achieved an average im-
provement of 8.60% and 16.09% on the two selected routes and a reduction of 10.75% and
12.85% of the 75th percentile compared to the commercial method. CVaR costs and EVAR
limits are introduced to quantify the risk of energy consumption. These measurements lead
to the formulation of the MIECP problem for determining vehicle speed thresholds in the
driving mode (Figure 14). The proposed method was evaluated using two transport routes:
a commuter route (Route A) and an experimental route (Route B).

0.18 T T T T T T
——CVaR bound, ===EVaR bound (p, = 0.8)
0.16 F - - .CVaR bound, = =EVaR bound (p. = 0.5)4

~~~~~~~~~ CVaR bound, ««+:::EVaR bound (p, = 0.2)

0.14 .
@2 0.12 - 4
= 0.015

£ 01t 1
2 0.01

g

5 0.08 |- _
2

Q

O 0.06 _

0 50 100 150 200 250 300
Driving section k (n, = 321)

Figure 14. Values of the conservatively index of the CVaR and EVaR boundary determined in [21] for
pc=0.2,05,0.8.

The authors of [53,54] attempted to use risk-based energy management for PHEVs in
order to reduce fuel consumption. The fuel reduction is based on a model using historical
driving data. The developed controller achieved an improvement of 8.60% and 16.09% on
two selected routes to determine vehicle speed thresholds in the driving mode (Figure 14).
The proposed method was evaluated based on two transport routes: a commuter route
(Route A) and an experimental route (Route B). The calculation can narrow the conditions
applicable to the proposed method, so it is important to collect more statistics about the
taken routes.



Energies 2023, 16, 729

17 of 39

The authors of [55] present a data-driven, model-based approach to predictive control
for PHEV energy management. This approach predicts drivers’ behavior in the future directly
from recorded examples of drivers who have previously traveled the route. Using the scenario
optimization results to determine confidence bounds that one-step-ahead optimization is
possible for a specified probability, proposing an efficient ADMM algorithm to solve the
corresponding MPC scenario optimization problem. The presented results are important for
the future development and research of optimal power distribution control for PHEVs.

In [56], the authors consider a real-world microgrid self-consumption strategy at the
EUREF campus in Berlin, Germany. They implemented and tested a rule-based algorithm
for managing sustainable power supply of electric vehicle charging stations. The measure-
ments were recorded in high resolution for three years from 2017 to 2019. The performance
of microgrids is measured against three key metrics: self-consumption, autonomy, and
emissions levels. The results show that self-consumption and autonomy are sensitive
to the nominal energy capacity of the battery system. In addition, emissions reductions
from introducing batteries to charge electric vehicles are up to 37% under ideal operating
conditions (Figure 15). This is one of the applications of electric vehicles in cities.

— Scenarlol  ---—- Scemarlo2 -~~~ Scenario 3

Figure 15. Comparison of established key performance parameters (s—self-consumption, a—autarky,
e—emissions).

As is known, compact passenger cars can reduce aerodynamic drag [57,58], which
leads to significant savings in energy consumption and emissions. This paper discusses
the DrivAer models in detail. This popular model is presented in three different geometric
options. The analysis of the work shows that the geometry of the car has a significant
impact on the obtained results. These changes affect vehicle weight, additional loads,
drag coefficient, and frontal area, all of which affect vehicle performance. Ref. [59] uses
the FASTSim transmission simulation model to quantify the impact of autonomy-related
design changes on vehicle fuel consumption. Level 0, 2, and 5 autonomous vehicles are
modeled for two battery cars (Chevrolet Volt 2017 and Nissan Leaf 2017) and a petrol
car (Toyota Corolla 2017). In addition, Tier 5 vehicles are divided into pessimistic and
optimistic scenarios and include various forms of electronics integration. The results show
a 4-8% decrease in energy efficiency in the optimistic L5 scenario and an increase in the
energy efficiency of 10-15% in the pessimistic L5 scenario.

In line with the goal of reducing and neutralizing carbon emissions, improving the
efficiency of renewable energy and electricity is an urgent task for China. Based on the
Frank-Copula-Gluck-CVaR model, a method for optimizing the planning of electric vehicles
(EV) [60] in combination with wind and photovoltaic energy was proposed. A yield model
based on copula theory describes the correlation between wind power and solar power.
The exponential Frank-Copula-GlueCVaR model is presented in a new way. An optimal
planning model has been proposed to reduce the cost of group charging of electric vehicles.
An application of the Roth-Serv algorithm was proposed, an EV group was considered as a
group with multiple intelligences, and a Pareto-optimal EV group strategy was uncovered



Energies 2023, 16, 729 18 of 39

through continuous learning. As a result of practical research, it is believed that the electric
vehicle group can effectively absorb more renewable energy, reduce the consumption costs
of the electric vehicle group, and restrain the load fluctuation of the entire electric vehicle
group, which has practical and theoretical significance. The use of microgrids (MG) is a
new and promising area for the development of energy saving. The work [61] presents
an overview of the development of MG technology over the past decades, taking into
account distributed energy generation (REE), energy storage systems (ES), electric vehicles,
and loads. The main MG architecture, mode of operation, size and integration of energy
management systems (EMS), and electric vehicles are considered. Particular attention is
paid to the integration of electric vehicles in microgrids. The potential use of a fleet of
electric vehicles as distributed energy storage systems has been extensively studied in the
literature and is detailed in this article. This allows electric vehicles to be charged from
renewable energy during off-peak hours, greatly reducing the environmental impact of this
mode of transport. The energy available in electric vehicle batteries can be used to support
the grid during peak hours and prevent congestion problems and their consequences.

The ubiquity of electric vehicles affects the reduction of CO, emissions and is a top
priority. An accurate and timely assessment of total electricity demand determines the in-
teraction between consumers and the grid, taking into account traffic flow, energy demand,
and available charging infrastructure within the city. Existing methods for predicting the
energy consumption of electric vehicles do not take into account the energy consumption
of all electric vehicles. This prompted the development of a new big data scoring model
to calculate the total energy consumption of electric vehicles over arbitrary time intervals.
The main contribution of [62] is the study of aggregate demand models for coordinating
generation schedules and preventing power outages. The proposed model successfully
processed 100 million records of real taxi routes and weather datasets, demonstrating that
energy consumption is highly correlated with weekday traffic (Figure 16). In addition, the
model defines Thursday and Friday as days of peak power generation, with weekends and
holidays being the least part.

s

Energy consumption (kWh)

Time (per minute)

Figure 16. Energy consumption of a random day (March 2018) for each minute.

Hybrid electric vehicles are currently one of the leading solutions to reduce greenhouse
gas emissions in the automotive sector [63].

This article describes how to use a control-oriented vehicle model and transmission
to analyze the performance of a V12 twin-engine hybrid vehicle based on LiC capacitors.
An LiC-based twin-engine hybrid vehicle is used, as is used for Lamborghini vehicles.
Proven models are applied to develop management strategies, especially rule-based and
fair strategies, to save fuel and reduce CO, emissions. The results show that fuel economy
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improved when the hybrid management strategy was activated. RBS can reduce fuel
consumption by up to 2.3%. In particular, P2 can be used instead of P3.

With the increase in the number of electric buses (e-bus), the problem of planning
trips on e-buses has become an important part of transport planning [64]. Since the battery
capacity of electric buses is limited, the task of electric bus scheduling aims to assign
vehicles to scheduled bus routes based on their charging needs. In this article, a robust
optimization approach was used to solve the e-bus scheduling problem when the travel
time is unknown. The EVSP multipoint model is formed under conditions of travel time
uncertainty and partial recharge. The Branch and Price (BP) algorithm was designed to
create large scale instance quality assurance solutions. The BP algorithm develops efficient
labeling algorithms for solving robust subproblems of finding the shortest path with limited
resources. Comprehensive numerical experiments are being carried out on a bus route
in Shenzhen to demonstrate the effectiveness of the proposed methodology. Schedule
reliability was evaluated using Monte Carlo simulations. This result shows that trip start
delays and battery drain caused by travel time uncertainty can be effectively reduced by
increasing operating costs.

The authors of [65] presented a scheme for optimizing power distribution between
batteries and supercapacitors in electric vehicle energy storage systems. The Variable Dura-
tion Multiplier Method (ADMM) determines the computational and memory requirements
in proportion to the length of the prediction range (which may be reduced by parallelism).
The optimal controller is mapped to a low pass filter. It has been shown to significantly
reduce battery wear (based on 71.4% battery peak power reduction, 21.0% battery peak
power reduction, RMS power, 13.7% battery bandwidth reduction).

The hybrid electric buses (SHEB) currently on the market use ultracapacitors (UCs)
to increase battery life, reduce vehicle weight, and reduce costs [66]. However, previous
studies have not clearly defined work hours and UC workload to improve SHEB efficiency.
New factors are proposed to improve efficiency. The list of such factors consists of three
items: required engine power threshold (TRPM), y-intercept for a power split ratio (YPSR),
and power split ratio slope (SPSR).

Battery life is determined by the TRPM power threshold and an effective load ratio
between UC and battery using YPSR and SPSR. The driving conditions were determined
by different cycles of movement. They took motion cycles from places like Orange County,
Brunswick, Manhattan (Figure 17). The proposed coefficients (and their settings) provide
an increase in energy efficiency and a significant reduction in fuel consumption.
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For energy storage devices, the most effective methods are optimization of power
distribution between supercapacitors and batteries (5% reduction in energy consumption),
automation of transport processes (10-15% improvement in energy efficiency), and the use
of wizards.

3.3. Application of Energy-Saving Technologies in the Electric Transport Complex

Energy-saving technologies in the electric transport complex imply measures to reduce
energy consumption, but these measures are not always directly related to the on-board
systems of the vehicle.

The main advantages of an electric car over that with an internal combustion engine are
the lower cost of fuel (energy) and greater efficiency [67]. At the same time, the electric car
also has disadvantages associated with a significant limitation on the distance that it can travel
using a single charge. The authors in this work note that the acceleration and deceleration
cycles significantly affect the duration of the journey per one charge. The purpose of their
work is to increase the efficiency of electric vehicle operation systems (braking system, engine,
and regenerative braking system). An increase in energy efficiency is offered by a brushless
DC motor (BLDC). To refine it, an LC filter is used. The purpose of these conversions is to
increase current and reduce ripples and jumps in torque values. Having carried out practical
experiments, the authors showed that the use of a BLDC motor using an LC filter makes it
possible to obtain a torque of 3 N m at a motor shaft speed of 2200 rpm.

The authors of [68] also speak about the need to improve the efficiency of the EV electric
drive system. In their work, they say that the limit of improvement of the energy system
has not yet been reached and new technical solutions are still relevant and give significant
results. Their proposed technology aims to improve EV performance by optimizing the
transmission (differential). By changing the final gear ratio of the differential based on the
data of a standardized driving cycle, an energy saving effect is achieved. WLTC-2, WLTC-3,
and NEDC were used as standard motion test cycles. The conducted studies have shown
the relevance of using a small gear ratio. Using a short gear ratio improves performance.
This statement works in the case of there being a big torque (Figure 18). Depending on the
used duty cycle, energy savings of 3% to 8% were recorded. In real-world driving scenarios,
autonomy and battery life are expected to increase.
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Figure 18. Mechanical, electrical, and power (drive cycles NEDC (a), WLTC-2 (b), and WLTC-3 (c)).
Final gear ratios are 4.3 (blue) and 3.54 (orange).



Energies 2023, 16, 729

21 of 39

The problem of energy saving when driving in an urban environment is considered
in [69]. In this work, an analysis of energy storage devices used by urban electric transport
was carried out. Based on the analysis, the authors came to the conclusion that the use of
storage devices can significantly improve energy efficiency. One of the most promising
storage devices for use in the urban transport system is a supercapacitor.

The authors in [70] considered the issue of EV security. The problem of safety is
considered from the point of view of the charging process and the operation of the charging
equipment. The authors analyzed the statistics of charging failure cases. They considered
the causes of failures in the charging equipment and investigated the malfunctions of the EV
itself. Analyzing cases of equipment failure and its operation, the authors determined the
safety index of a car, suggesting measures to solve charging problems. A systematic approach
and a comprehensive solution allow for controlling the charging process (Figure 19). There
are some countermeasures that are useful for evaluating the safety index of an electric car,
identifying non-faults, and creating a complete system of charging safety standards.
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Figure 19. Battery overvoltage protection model.

The strategic direction of the development of the transport sector is to reduce the
burden on the environment and reduce harmful emissions [71]. In the article of the
authors [71], the use of hydrogen is presented as one of the promising directions for
the development of electric vehicles. The advantage of hydrogen is that it is non-toxic.
The product of hydrogen combustion is water. At the same time, the calorific value of
hydrogen per unit mass is the highest in comparison with other types of fuel. In [71], the
authors, using the example of urban trolleybus traffic, show the benefits of using hydrogen
technologies in comparison with electric transport and in combination with an electric
drive (Figures 20 and 21).

The problem of limited mileage of an electric vehicle due to the limited capacity of
batteries is considered by the authors in [72]. The authors consider this as a problem of
low energy storage density in batteries. As a solution to this problem, effective energy
management is proposed through the use of forecasting technologies. A network with long-
term memory and short-term memory (LSTM) was used. In the process of forecasting, the
neural network also takes into account data on the nature of driving, and data on the state
of the car. It integrates this with traffic information and plans the road with the best balance
of energy consumption and distance. Experiments have shown that the selection of the
path according to the proposed algorithm makes it possible to reduce energy consumption
by up to 9.9% in comparison with the shortest possible path. Travel time is reduced even
more significantly, up to 40.2%. If compared with the shortest possible path based on time,
then the results will be worse: 1.5% less energy saving, 18.6% more time (Figure 22).



Energies 2023, 16, 729

22 of 39

V, km/h

50T T

40— :

e_

=

30

N
et

e

20

A

_;__.--n-"_'
—
~———

5

[

50 100

P, kW
200

O |t

350

|
400

450

500

150

100

50

0
-50

40(!.'Wl 450 500

NS

50 | 300
»

-100

-150

1

-200

I

Figure 20. Dependence of trolleybus route speed and traction drive power on time.
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Figure 22. Optimal path obtained with different objectives: (a) optimal path based on shortest
distance; (b) optimal path based on energy savings; (c) optimization path based on time savings.

In recent years, all-electric vehicles (EVs) have made up an increasing share of city
buses. Due to their relatively low range, many technologies have been used to increase
the range, such as improved energy management strategies and improved battery and
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engine performance. The authors of [73] set the task of improving the driving strategy in
terms of energy saving. To implement the strategy, the authors tried to solve two problems.
The first is to calculate the speed interval in which there will be a maximum reduction
in energy consumption. The second is to find energy-saving acceleration modes. Using
the AVL CRUISE program, the authors created an energy consumption equation and a
bus model. For analysis, experimental data from city buses were also obtained. Using
the equation and the bus model with the help of real data, the interval of effective speeds
was calculated. The minimum energy consumption for an electric bus turned out to be
30—40 km/h. Additionally, a curve of dependence of speed on time was constructed, the
parameter {3. The constructed graph showed that the lower (3, the less energy consumption
per kilometer of distance is obtained. To verify the obtained results, test trips taking into
account these data were conducted. The result showed that the energy consumption for
short acceleration sections decreased by 12.32% to 18.7%. If the entire trip and the average
value are considered, then the decrease is 2.47% (Figure 23).
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Figure 23. Dependence of speed on time before and after optimization.

The transmission significantly affects the range and dynamic performance. It also
affects energy savings for the EV. The authors of [74] developed an automatic transmission
with dry friction. The developed transmission is based on a two-speed seamless system.
The composition of the system is as follows: dry friction clutch; brake band; gear.

A two-stage gear train of the epicyclic type was used without external ring gears.
Optimization of the gear ratio for the developed system made it possible to improve the
dynamic characteristics. Along with the improvement of dynamic characteristics, power
consumption has also been improved. The performed calculations show that the new
transmission provides higher dynamic performance while reducing energy consumption.
The calculation results were verified and confirmed by real experiments. The experiments
show the following data for the designed transmission: gearshift time for SDAT is ~0.5 s,
energy consumption is ~0.52 kWh/km (for NEDC cycle).

The energy storage system (ESS) becomes most efficient when combined with a battery
and a supercapacitor (5Cap). This combination gives an increase in battery performance.
This occurs by reducing the load and is most pronounced in conditions of peak loads. The
developed energy management (EM) model [75] is interesting for the use of solar energy
(SPB) for the electric vehicle (EV) operation. The developed model itself consists of: battery,
solar panels (PV), DC-DC converters, SCap, and appropriate management model.

The simulation experiment was carried out with a static load. For modeling, the
MATLAB/Simulation environment was used. At the same time, the power was constant.
Three different conditions were adopted for the experiment:

1.  Battery powers the load and SCap
2. The solar battery powers two sources and a load
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3. The battery supplies power when the PV and SCap are not working (not supply-
ing power)

Based on the results of the work, it was found that in the first case, the load receives
energy from the SCap and the battery. The battery is on all the time, but the SCap is only
on during start-up (it turns off afterwards). In the second case, PV supplies full power,
SCap, and the battery work during start-up. The third case shows the efficiency of power
distribution at the request of consumers. There are two options here: the battery and PV
power, the load and charge of the SCap; PV has reduced the power output by more than
50% and both battery and SCap come into play.

A new scalable Peer-to-Peer Car Charging (P2C2) approach was proposed by the
authors of [76] for BEV charging. The work of the authors shows that this approach allows
BEVs to share energy among themselves. This eliminates the need for complex charging
infrastructure. Coordination is carried out using a cloud-type management system. Mobile
charging stations (MoCS) are also offered for charging. MoCS have high-capacity batteries.
The proposed scheme differs from existing V2V solutions. In this P2C2 circuit, the charge
exchange occurs during movement. This makes it possible to minimize downtime and
charging time. Reducing the charge time on the road is provided through the use of
different batteries. Small batteries are used to transfer charge, and large ones are used
to store energy for a long time. The simulation performed showed the possibility of a
significant increase in BEV mobility when using the proposed charging technology.

Among energy-saving technologies, transmission optimization (energy savings of
3-8%) and an energy management model based on an electric car on a solar battery (power
generation of 450-900 W) are more effective.

3.4. Improving the Efficiency of Energy Storage Devices

In this section, data on researching the subject of increasing the specific capacity of
batteries, increasing the lifespan, and other methods were collected.

The work on creating an electric vehicle battery pack often faces a large number of
restrictions and challenges. These requirements are imposed on the designer in terms of
acceleration, charging speed, weight of the electric vehicle, its volume, service life, range,
etc. However, one of the most important characteristics is the range on a single charge. This
parameter is decisive for understanding the size of the battery pack of an electric vehicle.
The growth of the battery pack leads to an increase in its volume and an increase in the
mass of the electric vehicle. Reducing the battery pack leads to a decrease in mileage per
charge. The designer has to look for a compromise between these parameters or use new
technologies. One of the ways of such compromise can be the use of a hybridized battery
pack. Such a block will consist of high power (HP) elements and high energy (HE) elements
(Figure 24). Such hybridization combines energy and power, giving the opportunity to
satisfy a fairly wide range of requirements of users of electric vehicles. The work [77] is
devoted to the use of a combination of different batteries for a typical electric vehicle. As
an object of study, the authors took Mitsubishi MiEV. Cells HE and HP were recruited from
batteries of various types. Lithium-ion batteries with titanate lithium oxide (LTO) and
lithium-ion batteries with nickel manganese cobalt oxide (NMC) were used. The authors
solved the problem of finding the best hybridization topology for a voltage profile for an
interface based on a DC circuit. The solution of a multi-objective optimization problem was
found by applying a genetic algorithm. The authors checked their results on the basis of
two common driving cycles: the European NEDC and the worldwide WLTP. The results
confirm the effectiveness of the proposed solution for the use of batteries of various types.
The service life of batteries is growing, and the charging power of an electric vehicle is
increasing in comparison with that of an electric vehicle containing batteries of the same
type. For the tested Mitsubishi MiEV under certain conditions, the increase in achievable
mileage is 40,000 km, in the event the expiration date of the battery that is accepted when its
capacity drops to 70%. Another significant plus of the combined unit is the high charging
speed. It can be charged up to 70 in about 6 min.
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Figure 24. Radar diagram for ranking design options based on service life, charging rate, weight, and
energy density.

If the power device is electromechanical, then there is a fairly large scope for technical
and optimization solutions. Directions for improvement can be implemented in two ways.
The first is the improvement of the design. The second is the optimization of energy
management modes and power supply of engines. In [78], the authors took the first
and second paths at once. To solve optimization problems, a planetary mechanism was
created with an electromechanical flywheel as a transmission link from the engine. In this
work, various schemes of the topological structure were analyzed. Structural schemes
were analyzed that allow the connected motor to control the speed. The introduction of
the developed mechanism and the use of the calculated operating modes gives a very
tangible result in comparison with a conventional electric vehicle (with a conventional
drive mechanism). The acceleration time is reduced by 18.25%. There is a 22.32% increase
in average acceleration from 0 km/h to 100 km/h. The design of the drive motor is reduced,
increasing transmission efficiency improves the overall dynamic characteristics of the car.

The tests carried out for various driving cycles have shown an increase in the operating
efficiency of the system and an increase in the efficiency of the lithium battery.

e J1015: overall efficiency increase of 8.2%, battery efficiency increase of 6.7%;
NEDC: 5.6% increase in overall efficiency, 4.2% increase in battery efficiency;
HWEFET: overall efficiency increase of 4.3%, battery efficiency increase of 4.1%;

Extended Range Electric Vehicles (EREVs) are another solution to the problem de-
scribed in the previous study. The increase in battery life is not only useful from an
operational point of view, but also has a significant reduction in anthropogenic load. It
does this by reducing the frequency of battery disposal. The work [79] is devoted to the
implementation of a hybrid energy storage system (HESS) in EREV. The task of reducing
the amount of energy required or reducing fuel consumption is solved by two strategies.
The first uses the principle of minimizing equivalent fuel consumption (ECMS). The second
strategy uses the hierarchical principle. Both strategies are built into the Depletion/Charge
Maintenance (CD/CS) control unit. To test the developed strategies, a simulation exper-
iment was performed. For this purpose, these strategies were introduced into the AVL
Cruise software product. Simulations have shown that the introduction of HESS can reduce
fuel consumption and increase battery life. The maximum reduction in fuel consumption
when using HESS is up to 11.3%.

It is widely recognized that the achievement of carbon neutrality is largely based on
the use of electric vehicles. Despite significant progress in the development of electric
vehicles, the range indicators for vehicles with internal combustion engines are still difficult
to achieve with electric vehicles. The authors of [80] devoted their work to an attempt
to solve this problem. The solution to the problem is proposed to be achieved through
energy recovery and modern technologies for its storage. The authors reviewed modern
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technologies and, based on the review, concluded that integrated approaches have the
greatest prospects.

Another work [81] is devoted to minimizing operating costs. Auto-rami offers a
training system. The learning system, based on operating data, places limits on the range
of the battery charge. Additionally, restrictions are introduced by the same system on the
range of the state of charge of the battery. Learning the control program in a driving cycles
is the basis of the solution proposed in this paper (Figure 25). Experimental results show
that a trained system for driving habits and terrain makes it possible to reduce operating
costs by 48% by reducing energy consumption.
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Figure 25. WLTP ride cycles for verification. (a) Class 1: Specific power in Watt/Mass without load
in kg < 22. (b) Class 2: Specific power in Watt/Mass without load in kg > 22 but < 34. (c) Class 3:
Specific power in Watt/Mass without load in kg > 34.

It is worth noting that the work on improving electric vehicles is useful for many
industries. Lithium-ion batteries, which are being actively developed to improve EV
performance, are widely used. Therefore, work [82] is interesting not only from the point
of view of electric vehicles, but also for a wide range of technical applications. The authors
are developing the concept of a “smart battery”. This battery includes power electronics
and artificial intelligence (AI) control units. A bypass device is attached to each cell of such
a battery. The paper also says that in order to prevent rapid degradation, pulsed current
can be used. Pulsed current can extend battery life by 80%. This is confirmed by laboratory
studies. During these studies, Smart Battery technology is used. It uses a battery digital
twin to train the control system. Based on this twin, performance is optimized, and battery
failures are also predicted. Smart Battery is still a new concept, and it is in the process of
being studied, developed, and proven to work.

One of the technologies for increasing range is wireless charging technology. This
technology has side effects associated with additional surge current. This current will
shorten battery life. The authors of [83] proposed a hybrid energy storage system (HESS)
to solve this problem. Similar systems have already been used by the authors in this review
for passenger EVs.

The work [84] presents an analysis of various batteries, their properties and char-
acteristics, and shows the dependencies of the charge/discharge of batteries. Particular
attention is paid to finding the optimal battery life under conditions of forced operation
(frequent starts and stops of an electric vehicle, sudden accelerations). The process of
changing the technical resource of a lithium-ion battery depending on the number of charge
and discharge of the battery is considered. The initial causes of degradation, charge, and
discharge currents in heavy operating modes of lithium-ion batteries were investigated.

In [85], the authors presented an overview of modern technologies and solutions for
the implementation of electric vehicle power electronics.

A significant part of the work [85] is devoted to the systematization of data on the
types and operation of charging stations for electric vehicles (including the architecture of
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battery-based EVs charging stations). In addition, issues of power electronics architectures
are considered in detail. Data on the architecture of EVs traction drives are given.

The most effective methods to improve the efficiency of energy storage units are the
application of the PHEV energy management policy (48% reduction in operating costs)
and optimization of parameters and the flywheel energy management strategy (4.1-6.7%
increase in efficiency).

3.5. Energy-Efficient Electric Vehicle Traction Drive

Life cycle analysis (LCA) is the information and its study for the subsequent construc-
tion of a model of solutions that are favorable to the external environment, during the
design of a device or system. Life cycle interpretation is regulated by ISO 14043. The main
task of LCA life cycle interpretation is to develop recommendations for minimizing adverse
environmental impacts. Improving the environmental performance of a product by taking
into account LCA recommendations can ultimately lead to many environmental impacts
(e.g., reduced material and energy consumption of the product) and economic benefits
(e.g., savings in raw material procurement, consumption (increased consumer demand),
increasing the environmental awareness of consumers, improving the economic image of
the company, etc.).

An electric vehicle LCA life cycle assessment and production of electrolytic hydrogen
is power-dependent. Therefore, LCA tests typically require power data. In this regard,
there are four problems:

(1) Databases of Major Life Cycle Impacts (LCI) contain some uncertainties and inaccuracies.
(2) The composition of electricity in each country changes rapidly every year.

(38) The composition of energy varies greatly with the seasons.

(4) How to consider nuclear power in benchmarking.

The analysis shows that [86] the difference in greenhouse gas (GHG) emissions in
national production structures in the main databases is very large and reaches 30%, (c) re-
newable synchronization rules are needed to operate during periods of overproduction,
(d) power benchmarks are highly dependent on the choice of system midpoint and/or
endpoint, (e) power benchmarks are highly dependent on the choice of system midpoint
and/or endpoint, (e) new LCI databases based on measured emission data are urgently
needed and are constantly updated and kept up to date. There is a need for constantly
updated access to databases, and transparent and publicly available data on emissions.

In [87], a braking algorithm was developed and studied, which allows for maximizing
the return of energy during braking and at the same time ensuring the necessary speed
and safety of braking. As an object of study, the authors chose an electric vehicle purely on
electric traction with all-wheel drive.

Efficient management of battery power consumption in electric vehicles (EVs) is
important for saving energy and increasing the range of electric vehicles on a single battery
charge [88]. This makes energy consumption an important factor when choosing an engine
speed controller for an EV traction system. This article experimentally investigates the
battery power consumption and speed tracking performance of fuzzy logic controllers
(FLC) and PI controllers when used in field-oriented indirect propulsion systems for
electric vehicles. In the lab, a prototype EV traction system was set up to evaluate and
performance in terms of battery power consumption, and speed tracking was compared.
An experimental study of a prototype electric vehicle traction system shows that the FLC
is more energy-efficient than its PI speed controller, with a slightly higher speed tracking
error. In addition, FLCs have lower transient current surges compared to PI controllers,
resulting in less stress on the battery and less battery wear (SOH).

The authors in [89] present a theory and methodology for calculating on its basis,
by determining the reactive power generated by non-linear consumers. Such consumers
include charging stations for electric vehicles when electric vehicles are connected to them
for charging with various types of batteries. The paper gives an assessment and justification
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of two components of distortion in the supply network: reactive power and distortion
power, which are often not taken into account by power plant designers.

A large amount of research has been devoted to studying the classic version of a
front-wheel drive electric car. In [90], the study of energy saving technology for such
cars is based on the analysis of the collected data on the operation of the car in urban
and suburban conditions. The authors built a C4.5 decision tree algorithm to train the
operational state recognition model. Four forecasting models were created and trained. A
neural network with long-term memory was used for training. The optimization of the
structural parameters of these models was carried out through the use of the particle swarm
algorithm. Forecasting using these models determines the following control parameters:

e required speed
e  braking force
e required torque

For four models, four strategies were created to distribute the braking force. These
strategies differ in the balance of distribution between the rear and front wheels of braking
force. Seagull’s algorithm was used to optimize front wheel brake and torque control. It
was calculated that when using the developed strategies in the urban cycle, the return of
energy per 100 km is about 2.6 kWh. This gives a recovery factor of approximately 19%. As
a result, the range of electric vehicles is increasing.

The use of electric motors to replace internal combustion engines gives a significant
number of positive aspects. Among them is the possibility of improving habitability due
to the smaller volume of the transport units themselves. The authors of [91] used an
all-electric all-wheel drive electric vehicle. A feature of the work of the authors is an
attempt to realize the control of each wheel separately, independently. This was done in
order to improve the dynamic characteristics of the vehicle. The control algorithm was
developed using the Matlab-Simulink software package. In the same package, together
with the VICarRealTime simulation environment, a dynamic model of the electric vehicle
under study was implemented. The simulation showed that when using the developed
algorithms to control the wheels, the controllability of the electric vehicle is improved and
energy consumption is reduced. The dynamics of movement and the average speed of
movement practically do not change.

In [92], a new methodology was proposed to improve the overall efficiency of inverter
motors. First, iron loss, copper loss, motor leakage loss, device conduction loss, and inverter
switching loss are modelled. Following that, a new hybrid efficiency and optimization
management strategy was proposed, based on the previous loss modeling strategy and
the golden ratio search strategy. Experimental results confirmed the effectiveness of the
proposed hybrid control strategy (Figure 26). At the same time, an advanced vehicle simulator
(ADVISOR) was used to further study the effect of efficiency gains on the driving cycle.
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Figure 26. Comparison of power losses between the system with the original identifier and the
system with the optimal identifier.

In [93], the issue of maximizing the use of battery energy for wheeled electric vehicles
was considered in detail. Just as in previous studies, a control strategy was developed
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based on the hierarchy of controllers operating in real time. The controllers in this model
have the ability to adapt to current driving conditions and road conditions. The controllers
also have the ability to work under conditions of uncertainty. The main focus of the article
was devoted to the work of controllers, and other issues were not considered in it.

Of interest is the work of the authors [94] devoted to the study of the operation of a
hybrid electric vehicle (4IWMD) with a fuel system and all-wheel drive. Such a car was
studied while driving in complex cycles. For such cycles, the authors proposed a control
optimization algorithm based on dynamic programming (DP) for torque distribution
between the front and rear axles of this hybrid electric vehicle. The modeling process itself
was carried out in the MATLAB/Simulink and AVL Cruise software packages. The results
were compared with the second control algorithm based on fuzzy logic. Comparison for
different motion cycles showed the following results (Figure 27):

o the WLTC cycle reduced power consumption when managing the first algorithm
compared to the second was 22.68%;

e the NEDC cycle reduced power consumption when managing the first algorithm in
comparison with the second one was 20.73%;

e for the IM240 cycle, the reduction in power consumption when controlling the first
algorithm compared to the second was 21.84%;
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Figure 27. Energy consumption in three driving cycles using torque distribution based on FLC and
DP during the experiment.

Comparison of the operation of the first algorithm with the hardware cycle (HIL) also
shows a reduction in energy consumption per movement cycle.

The study of the device of an electric vehicle from the point of view of the possibilities
of optimizing the modes of its operation was carried out in [95]. The most important part
of an electric car is the engine control unit. Of course, software is used to control this
unit. A common method of control is field-oriented control (FOC). FOC has space vector
pulse width modulation (SVPWM). An alternative to FOC is Model Predictive Control
(MPC). MPC is developing and showing significant potential. In [95], these two methods
are experimentally compared (Figure 28). The implementation of these methods comes
with the use of a digital processor. When these methods are implemented in digital format,
issues related to normalization, remodulation, sampling, and field attenuation control
are solved. The article shows how, taking into account all these features, torque control
algorithms can be implemented both for industrial applications and for electric vehicles.
Conducted laboratory experiments show good results for both MPS and FOC algorithms.

The authors in [96] present the results of studies of the resource of technical systems,
which include electric vehicles and storage traction batteries. An analysis of the characteris-
tics that affect their diagnostic features and parameters, which, in turn, are the basis for
creating probabilistic mathematical models of the reliability of materials and structures
from them, is given. In the article, the authors emphasize the dependence of reliability
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parameters on external operational factors, such as ambient temperature, humidity, and
other parameters.
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Figure 28. Torque pulsations by MPC method.

Battery life largely depends on the nature of its use. Battery surges greatly reduce
battery life. This must be taken into account in the operation of the EV as a whole. When
operating an EV, driving modes often change. Reducing current surges is possible with
the use of a reset switch (RS) and bias technology [97]. This technique is implemented in
the control system. This makes it easy to implement this approach. The choice of gain
occurs on the basis of proportional-integral controllers. The stability of the entire system
is checked by analyzing the transfer function for a weak signal. Verification is carried
out using a model (non-linear and switchable) in which the characteristics of a non-ideal
electric vehicle are incorporated. Approbation of the approach was carried out on an EV
with a brushless DC motor (PMBLDC). The Indian IDC was used as a driving cycle. The
proposed technique gave good results, there was an improvement in performance, and the
range of travel on a single charge increased.

A rather poorly developed problem is the distribution of traction power for heavy-
duty vehicles with an electric power plant. In [98], such a car makes a two-hour urban
cycle in the vicinity of Goetheborg. For research, an EV with four identical electric motors
was taken. They have a fixed gear ratio. Additionally, each of the engines is connected
through a semi-axle with one wheel. Two methods are used to control torque. The first
method is based on quadratic programming optimization. The second method is based on
an exhaustive offline search. Both of these methods are compared with methods already
developed in other works. The comparison results are shown in Figure 29. The developed
algorithms, in comparison with the other two, allow for reducing energy consumption by
up to 3.9%.

A detailed review of the types of power units was carried out by the authors in [99].
Various EV architectures, advantages, and disadvantages of various types of EVs are shown.
The generalization carried out in the work by the authors shows that this topic is extremely
relevant and is largely aimed at solving the problem of reducing carbon dioxide emissions
into the atmosphere. The work of the authors also shows that achievements in this area are
constantly updated.
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Figure 29. Ratio of forward and total torque distribution for three different engine speeds, comparison
of autonomous optimization and QP: (a) with clutch and (b) without clutch.

The authors also pay attention to legislative initiatives aimed both at developing the
use of electric transport and hindering its spread. This analysis shows that policies and
good infrastructure play a critical role in the expansion of electric transport.

After registering 7.2 million global shares in 2019, electric vehicles are growing in
popularity, as evidenced by a 30% increase in global market share by 2030. Compared
to their internal combustion engine (ICE) counterparts, battery electric vehicles (BEVs)
produce no emissions. Currently, one of the widely used motors is asynchronous. Among
the control systems for such engines, field-oriented technology (FOC) is gradually fading
into the background. Direct Torque Control (DTC) is more common (Figure 30). The aim
of [100] is to study the best methods for controlling induction motors for electric vehicle
applications by evaluating operating parameters such as improving dynamic performance,
reducing torque and flux ripple, and optimizing components. This article highlights some of
the emerging problems in engine management and their possible solutions. The Predictive
Torque Control (MPTC) model is the Note’s electrical circuit, which is most promising for
cars without sensor solutions.
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Figure 30. Sensorless three-level DTC actuator.
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While wheel motor technology has reduced the number of components needed in a
vehicle’s transmission system, it has also led to many additional technical challenges [101].
The laws of kinematics dictate that when a car is turning, the tires must spin fast enough
to provide an instantaneous center of rotation. The speed that provides the instantaneous
center of rotation. The Electronic Differential System (EDS) that controls these speeds is
necessary to ensure the speed of the wheels on the rear axle and always guarantees traction
to drive the car with the least amount of energy. This white paper presents an EDS system
designed, implemented, and tested in a virtual environment using MATLAB™, and then
implemented the proposed development on a test vehicle. Following that, the proposed
development was implemented on experimental machines. Extensive experimental tests
showed that the proposed EMF design significantly improved the longitudinal dynamics
and energy consumption of the test vehicle power consumption. An important contribution
to this work is the development of EDS for all-wheel drive electric vehicles IWMEV) with
a motor directly connected to the rear axle. The design demonstrated efficient energy
management, saving up to 21.4% compared to vehicles without EDS, while improving
longitudinal dynamic performance and the longitudinal dynamic characteristics.

As shown in [99], battery life (RUL) is one of the important factors limiting the spread
of EV. The RUL defines battery management policy and is, in fact, the foundation for
addressing the energy efficiency and performance challenges of electric vehicles (EVs).
Estimating RUL in real time is an extremely important problem that the authors of [102]
tried to solve in their work. To solve this problem, the support vector machine (SVM)
algorithm was applied.

To evaluate the performance of the algorithm, it was compared with the neural network
(NN) method. The developed algorithm showed a higher accuracy of prediction results.
The maximum error obtained using SVM is 5%.

With the rapid proliferation of electric vehicles (EVs), there has been increasing focus in
recent decades on the efficiency of drive motors and the cost of producing them. Ref. [103]
presents a method for optimizing the design of an electric vehicle engine based on road
conditions for more practical design optimization. First, create a motor magnetic circuit
model. This model makes it possible to build a performance map. Comparison of the test
map and the calculated map makes it possible to check the correctness of the created model.
Understanding the road conditions of the New European Driving Cycle (NEDC), the
proportion of time and engine conditions allows you to determine the function of the goal.
The engine design can then be optimized by setting optimization constraints, including
loss limits, volumes, and other geometric possibilities. The two objective functions are
plotted with efficiency as the single objective and efficiency weights as the dual objective
(Figure 31), and the difference between the two objective functions is the same. Finally, the
difference between the two objective functions corresponding to the optimization schemes
is analyzed. The optimization method proposed in this article can be used to optimally
design drive motors for any road conditions. The resulting optimization design not only
takes into account the contradiction between material optimization and thermal design,
but also achieves the best target performance under all road conditions.

Controlling the electro-mechanical connection for EV can have a good energy-saving
effect. This is shown by both previous studies and the work of the authors [104]. The
authors propose a sliding mode control (SMC) algorithm. This algorithm, as shown by
the study of the authors, gives good results for electric vehicles with a distributed drive
(DDEV). It is used in the Traction Control System (TCS). During the operation of a standard
TCS, conditions may arise in certain critical cases leading to a loss of traction. SMC allows
you to solve this problem. SMC is based on determining the optimal sliding speed. In
this case, the transmission of torque occurs at a higher speed. Simulations using the
dSPACE software product have demonstrated that SMC improves handling and dynamic
performance for DDEVs.
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Figure 31. Comparison of motor efficiency of the optimized scheme.

Improving the dynamics and power consumption of EVs, and especially heavily
loaded EVs, is possible by changing the transmission. Through the use of multi-speed
gearboxes, more efficient use of power can be obtained. In [105], various options for
gearboxes used in EVs are considered. Additionally, an analysis was made not only of the
current state of industry and research, but promising approaches were also identified. The
driving cycle, as shown by the authors’ studies, can be from a few percent to thirty percent
less energy-intensive when using a multi-stage transmission configuration. Of course, the
degree of energy saving will depend on the type of vehicle and traffic parameters. Since
changing a simple transmission to a multi-speed one is quite expensive, it is necessary to
determine the cases when such an improvement will be economically justified.

Algorithms and optimization models were considered in [106] for a single-engine EV.
The authors used a convex loss model. This model was built considering the required
traction power and EV speed. The purpose of building the model was to develop an
algorithm for effective control, considering the design of an electric vehicle. The algorithm
was designed to minimize energy consumption in the vehicle motion cycle. Minimization
of costs occurs by determining the optimal gear ratio for different transmissions:

e fixed transmission (FGT)
e  continuously variable transmission (CVT)
e  multi-stage transmission (MGT)

To demonstrate the operation of the algorithm and compare the operation of various
types of transmission, a simulation experiment was carried out. A family car was chosen for
the experiment. The numerical results showed that the use of MGT (two-stage) reduces the
energy consumption of an electric vehicle by 3% (compared to FGT) and 2.5% (compared
to CVT) (Figure 32). A further increase in the number of MGT transmissions may lead to
an increase in weight, which will reduce the effect of its implementation. In general, an
increase in the number of transmissions can even lead to an increase in energy consumption.

For traction drives, the following energy efficiency measures have been applied: using
a cooperative control system in electro-hydraulic hybrid vehicles (improve regeneration
efficiency by 22.76%), introducing wheel motor technology into electric vehicles (energy
saving) up to 21.4%, and increasing the sustainability of electric vehicles (reducing energy
consumption by 21.84-22.68%).
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Figure 32. Power consumption for FGT, MGT, and CVT transmissions for fractional and quadratic
models and their respective simulations.

4. Conclusions

The main methods and technologies to increase the efficiency of electric transport were
developed back in the middle of the 20th century. However, researchers and scientists were
limited by the technology of their time. The physical processes that occur when a train
moves have not changed. Their description, boundaries of application, and possibilities of
achieving the ultimate goal, namely increasing the energy efficiency of electric transport,
increasing the range, etc., were clarified.

Analysis of the majority of authors” works in the field of energy efficiency of elec-
tric transport vehicles showed that a great role is played by construction of the vehicle
model. At the heart of vehicle development are physical laws, about which researchers
often do not know the full picture of the physical and chemical nature of things and
phenomena. Each model has its own field of application, and what is suitable for one
object may not correspond to another. There is no one-size-fits-all way to improve energy
efficiency. It is necessary to make a choice after a thorough feasibility study among several
proposed models.

Thus, this paper considers the main methods and technologies currently used to
improve the energy efficiency of electric transport. As can be seen from the presented
review, there are different methods for different types of vehicles.

The most effective among general methods of energy efficiency increase are application
of electro-mechanical storage (increase of brake energy recovery coefficient by 40.61%),
use of quasi-optimal cycle based on dynamic planning (decrease of battery degradation
by 15.5% and total cost by 11.4%), and usage of optimal construction and management of
traction and heating systems (energy consumption decrease by 7% and increase of battery
life by 15%).

Effective methods of regenerative braking, in terms of returning part of the energy to
the electric battery, are the model of braking without impairment of rolling stock stability
(energy savings of 29.5-30.3%) and application of the braking control strategy (increase in
the operating range up to 136.64).

Modern effective methods with regard to energy storage are optimization of power dis-
tribution between the supercapacitor and the battery (energy consumption reduction by 5%),
automation of vehicle processes (energy efficiency increase by 10-15%), and application of the
master—slave electro-hydraulic power unit (15% reduction of battery charge consumption).

From the energy-saving technologies for electric car driving considered in this article,
the most effective ones are transmission optimization (3-8% energy saving) and the model
of energy management on the basis of electric car on solar battery (450-900 watt output of
energy per one vehicle).

The most effective methods of energy storage efficiency increase are application of
PHEV energy management policy (operating costs decrease by 48%) and optimization of
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parameters and energy management strategy of the flywheel device (efficiency increase by
4.1-6.7%).

For the traction drive, the following energy efficiency measures have been applied:
use of a coordinated control system for the electric hybrid vehicle (22.76% increase in
recovery efficiency), implementation of in-wheel motor technology on electric vehicles
(energy savings up to 21.4%), and improved stability of the electric vehicle (21.84-22.68%
reduction in energy consumption).
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