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Abstract: The driving range of electric vehicles (EVs) is still an important factor restricting their
development. Although the rising battery energy density has reached a bottleneck, which is a key
constraint, the drive energy management strategy also has a significant effect and can improve
the driving range of EVs, since wheel traction torque control can directly optimize the driving
energy consumption of EVs. In order to comprehensively analyze the current research status of
driving energy management and clarify its development direction, this review focuses on the driving
energy management strategy of EVs and systematically summarizes the configurations and power
distribution strategies of the dual-motor coupling drive system (DCDS), as well as torque vectoring
control strategies of the decentralized drive system. Firstly, driving energy losses are analyzed in
detail, which mainly include electric loss, tire slip energy dissipation, and the power of cornering
resistance. Secondly, typical configurations of the DCDS are introduced, and the power distribution
strategies of the DCDS are comprehensively reviewed. Finally, as an interesting energy-saving
technology, energy-saving torque vectoring, generally applied to decentralized drive systems, is
reviewed in detail in terms of its energy-saving pathways and control strategies, which are classified
as front-and-rear torque vectoring and left-and-right torque vectoring. Research findings indicate
that the driving range of EVs can be effectively increased by applying a driving energy management
strategy based on several novel multi-power source drive systems. The development of a driving
energy management strategy and the required novel drive systems will be a valuable and crucial
direction for further energy conservation in EVs.

Keywords: electric vehicle; energy efficiency; power management; independent drive; torque
distribution control

1. Introduction

Electric vehicles (EVs) are considered to be a significant solution to reduce air pollution
caused by the transportation industry due to their zero-emission characteristics [1–3].
Meanwhile, EVs are also considered to be the best platform for autonomous vehicles
because of their excellent control performance. However, the inadequate driving range of
EVs is still a crucial constraint to their development [4]. The means to improve the driving
range of EVs can be roughly summarized as design means and control means (Figure 1).
The design means mainly refer to the design of the batteries, motors, and body structure
of EVs, which are considered to be the fundamental means to increase the driving range
of EVs. The control means mainly refer to the control of the vehicle subsystems, such as
the braking system, steering system, and active suspension system, which could directly
or indirectly reduce the driving energy, and they are generally quick-acting and effective
means for improving the driving range of EVs.
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Figure 1. The means to improve the driving range of EVs.

In terms of design means, battery design is still the most important means of increasing
the powertrain efficiency and driving range of EVs, but the development of traditional
battery technology seems to have hit a plateau. Whether it is the energy density or power
density of the battery, it is difficult to achieve a massive increase in the short term [5]. Even
now, the maximum energy density of the widely used Lithium-ion battery is generally less
than 300 Wh/kg [6]. The design of the physical structure and electromagnetic parameters
of the motor is considered to be the key means to increase the driving range of EVs because
the efficiency of the motor has a direct impact on the driving efficiency of EVs. However, the
current structural design bottlenecks, such as space limitations and the thermal load of the
motor, make it hard to significantly improve the efficiency of the motor. The body or tire
design of the vehicle is the traditional means to reduce the driving resistance of the vehicle,
but whether reducing the air resistance through the aerodynamic design of the vehicle body
or reducing the driving energy consumption through lightweight design or low-resistance
tire design, other vehicle performance requirements, such as space capacity, passive safety,
maneuverability, and stability, restrict the continued improvement of these design-based
energy-saving approaches; hence, this kind of solution is full of contradictions, and it is
also hard to continuously increase the driving range of EVs in the short term. Therefore,
improving the driving range of EVs through design means is a process that requires long-
term investment and extensive engineering experience, which makes it difficult to achieve
immediate results in a short period of time.

Compared to design means, control means are currently the more effective means
to increase the driving range of EVs, which is expected to achieve results in a short time.
For EVs, the application of the motor provides them with better control performance, more
responsive and flexible torque response, and better dynamic performance, for example,
than traditional vehicles with internal combustion engines. Additionally, the power gener-
ation characteristics of the motor also provide a hardware foundation for braking energy
recovery. Therefore, among the various control means, the control means for the drive
system that maximize the motor performance have a more direct and efficient effect on the
driving range of EVs.

Braking energy recovery through the controlling drive system and braking system
is the most important means to increase the driving range of EVs among various control
means, and there has been extensive research on braking energy management in recent
years [7]. Moreover, braking energy management strategies have already been applied to
mass-produced vehicles over the past few decades [8–10].

Owing to the excellent performance of the motor mentioned above, the direct control
of the drive system also has a crucial role in increasing the driving range of EVs because
the driving efficiency of the drive system would directly impact the energy consumption
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of EVs. Depending on its arrangement, the drive system of EVs can be classified as a
centralized drive system or a decentralized or distributed drive system. The centralized
drive system can change the working points of the motors through a power distribution
strategy among multiple motors based on the multi-motor coupling drive system (MCDS),
so the motors can have a greater chance to work in their high-efficiency area to achieve
energy conservation [11]. The decentralized drive system can directly change the driving
torque of each drive wheel through front-and-rear torque vectoring and left-and-right
torque vectoring, which can effectively optimize the energy losses of EVs, such as the
electric loss, the tire slip energy, and the energy consumption caused by cornering resistance,
to achieve energy conservation [12].

There has been extensive research on driving energy management, but the effectiveness
of driving energy management in improving the driving range of EVs has not received
sufficient attention, and there are not many applications in mass-produced vehicles. To gain
a more systematic understanding of driving energy management and to facilitate the further
application of the driving energy management strategy in mass-produced EVs, this review
systematically summarizes the various technologies that can be used to improve the driving
range of EVs from the perspective of driving energy management; this review focuses
on providing a comprehensive summary of the configurations and power distribution
strategies for the dual-motor coupling drive system (DCDS) and a systematical summary
of energy-saving torque-vectoring control strategies for the decentralized drive system.

The rest of this paper is organized as follows. Section 2 provides a detailed analysis of
the power losses that occur during vehicle driving and summarizes the feasible energy-
saving pathways for different energy-saving means based on the analysis results. Section 3
summarizes the energy-saving means for the DCDS, which is divided into two parts: a
summary of the DCDS configurations and a summary of power distribution strategies for
the DCDS. Section 4 summarizes the energy-saving means with torque vectoring. Both
front-and-rear torque vectoring and left-and-right torque vectoring for energy saving are
systematically analyzed. The overall conclusions are given in Section 5.

2. Driving Energy Loss Analysis

During the driving process of EVs, the energy input from the battery will be consumed
in many processes before it can be utilized to increase the kinetic energy and overcome the
driving resistance of the vehicle. These energy losses, termed driving energy losses, do not
contribute directly to the vehicle’s propulsion, but most of them are affected by the drive
system. Reducing these energy losses by controlling the drive system is a critical aspect of
driving energy management, which deserves significant attention.

Driving energy losses are primarily composed of electric loss, the mechanical loss of
the drivetrain, tire slip energy dissipation, and the power of cornering resistance (Figure 2).
Subsequently, a detailed analysis of each of these energy losses will be analyzed in detail.

Power Input

Driving Resistance

Kinetic Energy

Cornering Resistance

Tire Slip Energy Dissipation

Mechanical Loss of  Drivetrain

Electric Loss

Figure 2. Power losses during vehicle driving.
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Electric loss accounts for the largest proportion of driving energy losses in general and
mainly includes the discharge loss of the battery and the power loss of the electrical system.

The discharge loss of the battery is mainly generated by the internal resistance of
the battery, and its main influencing factors are the circuit current and the state of charge
of the battery [13]. Under normal circumstances, the discharge loss of the battery is not
significantly affected by the control strategy of the drive system.

The power loss of the electrical system is generally caused by motors and inverters,
which are mainly determined by the output torque and the output speed of the motors.
Electrical system efficiency can well reflect the numerical scale of the power loss of the
electrical system, which can be expressed as follows:

ηe(TM1, TM2, . . . , TMn, nM1, nM2, . . . , nMn) =
Pin − Ploss

Pin
(1)

where ηe is the electrical system efficiency; TMi and nMi are the output torque and the
output speed of the motor i, respectively; and Pin and Ploss are the input power and the
power loss of the electrical system, respectively.

Ploss comprises copper loss PCu, iron loss PFe, inverter loss Pinv, mechanical friction
loss Pm, and stray loss Ps from the perspective of the internal structure of the electrical
system [14], which can be expressed as follows:

Ploss = ∑ PCu + ∑ PFe + ∑ Pinv + ∑ Pm + ∑ Ps (2)

For an electrical subsystem that contains only one motor, the electrical system efficiency
can be mapped to the output torque and the output speed of the motor through experiments
on the electrical system. This is because the electrical system efficiency is generally less
affected by factors other than the output torque and the output speed of the motor. Through
an efficiency map, the electrical system efficiency can be directly obtained using the output
torque and the output speed of the motor. However, to accurately calculate electrical system
efficiency, an accurate efficiency model of the electrical system is still necessary.

The mechanical loss of the drivetrain mainly refers to the additional energy consump-
tion caused by the rotation of mechanical components, such as mechanical friction loss,
oil stirring loss, and other energy losses. Similar to electrical system efficiency, drivetrain
efficiency can well reflect the numerical scale of the mechanical loss of the drivetrain as
well, which is commonly assumed to be constant when calculating driving energy in EVs.

Due to the physical properties of pneumatic tires, a tire will inevitably slip during
its force-generating process, which results in additional energy consumption. This energy
consumption, termed tire slip energy dissipation, can be classified as longitudinal tire slip
energy dissipation and lateral tire slip energy dissipation according to the slip direction of
the tire. In [15], an estimation formula for tire slip energy dissipation based on the brush
tire model was proposed as follows:

Ps = Fxsivxi + Fysivyi (3)

where Fxsi and Fysi are the longitudinal and lateral slip forces of the tire, respectively; vxi
and vyi are the longitudinal and lateral slip speeds of the tire, respectively.

Furthermore, longitudinal tire slip energy dissipation can subsequently be precisely
calculated and expressed as the slip ratio.

Under driving conditions, the dynamic equation of tire rotation (Figure 3) can be
expressed as follows:

Tt − FxRw = Jwω̇w (4)

where Tt is the traction torque of the wheel; Fx is the longitudinal tire force; ωw is the
angular velocity of the wheel; Rw is the rolling radius of the wheel; and Jw is the wheel
rotational inertia.
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Figure 3. Schematic of tire rotation.

Longitudinal tire slip energy dissipation is the difference between the input power and
output power of the wheel in the longitudinal direction, which can be expressed as follows:

Psl = Ttωw − FxVw (5)

where Vw is the longitudinal velocity of the wheel center.
The slip ratio s is an important parameter for characterizing tire slip, which can

generally be calculated by the following expression under driving conditions:

s =
ωwRw − Vw

ωwRw
(6)

Substituting Equations (4) and (6) into Equation (5), the expression of longitudinal tire
slip energy dissipation can be derived as follows:

Psl = Ttωws + Jwωwω̇w(1 − s) (7)

In the steady state, Equation (7) can be simplified to the following expression:

Psl = Ttωws (8)

During the cornering process of the vehicle, even if the total traction force of the vehicle
remains unchanged before and after entering the corner, the speed of the vehicle will decrease
slightly during the process of cornering, which is called the phenomenon of cornering speed
reduction. The main reason for this phenomenon is that during the process of cornering,
the lateral tire force generated by the steering wheel has a component that is opposite the
vehicle’s direction of motion, which results in additional energy consumption. This component
is called cornering resistance [16]. It is influenced by various factors, including the steering
wheel angle, the additional yaw moment generated by traction torque distribution, and the
vehicle’s motion states. Due to the complexity of these factors, it is challenging to calculate
cornering resistance with a high degree of precision. However, the expression of cornering
resistance in steady-state cornering can be roughly derived based on the linear 2-degree-of-
freedom (2-DOF) single-track vehicle model (Figure 4) [17,18].

In Figure 4, assuming that the front wheel angle and the sideslip angle at the center of
gravity (COG) are small, the dynamic equation of the vehicle during steady-state cornering
can be expressed as follows:

−mωrVβ = Fx f − Fy f δ + Fxr − Fdr

mωrV = Fx f δ + Fy f + Fyr

0 =
(

Fx f δ + Fy f

)
L f − FyrLr + Mz

(9)

where m is the mass of the vehicle; L f and Lr are the length from the COG to the front
and rear wheel axles, respectively; V is the resultant velocity of longitudinal and lateral
velocities; δ is the steering angle of the front wheels; β is the sideslip angle at the COG; ωr
is the yaw rate of the vehicle; Fx f and Fxr are the total longitudinal tire forces of the front
and rear axles; Fy f and Fyr are the total lateral tire forces of the front and rear axles; Fdr is
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the driving resistance; and Mz is the additional yaw moment generated by the distribution
of traction torque.

Figure 4. Linear 2-DOF single-track model.

In the first term of Equation (9), the total longitudinal tire forces have an extra com-
ponent in addition to overcoming driving resistance, which is the cornering resistance Fcr:

Fcr =
(

Fx f + Fxr

)
− Fdr = −mωrVβ + Fy f δ (10)

Substituting the other terms of Equation (9) into Equation (10) and ignoring the small
terms, the expression of cornering resistance can be derived as follows [18]:

Fcr = mωrV
(

Lr

L
δ − β

)
− δ

L
Mz (11)

where L = L f + Lr is the wheelbase of the vehicle.
Thus, the power of cornering resistance Pcr can be derived as follows:

Pcr = FcrV = mωrV2
(

Lr

L
δ − β

)
− δ

L
VMz (12)

From Equation (12), the power of cornering resistance is directly related to the vehicle
state parameters δ, V, and β. Moreover, a conclusion can be derived that the additional
yaw moment Mz has a direct effect on reducing the power of cornering resistance during
steady-state cornering. Through simulation investigations, Refs. [19,20] pointed out that
during the cornering process, whether the vehicle is front-wheel drive, rear-wheel drive,
or four-wheel drive, distributing all traction torque to the outer wheels could minimize the
power of cornering resistance, which is consistent with the conclusion above. Furthermore,
this conclusion was further verified by conducting experiments on actual vehicles in [17].
Therefore, an effective energy-saving means for decentralized drive EVs is to use the
additional yaw moment generated through traction torque distribution to reduce the power
of cornering resistance, which can be achieved by torque vectoring.

Among the driving energy losses analyzed above, electric loss, tire slip energy dissipa-
tion, and the power of cornering resistance can be directly affected by driving energy man-
agement. Correspondingly, the energy-saving pathways of driving energy management
mainly include improving the electrical system efficiency, reducing tire slip, and reducing
cornering resistance. As shown in Figure 5, for the MCDS, the main energy-saving path-
way is to improve the electrical system efficiency through a power distribution strategy;
for a decentralized drive system, the main energy-saving pathways are improving the
electrical system efficiency, reducing tire slip, and reducing cornering resistance through
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front-and-rear torque vectoring and left-and-right torque vectoring. It should be noted that
the power distribution strategy in the MCDS and torque vectoring in the distributed drive
system are both methods of driving energy management. They both aim to reduce energy
consumption by controlling the drive system. Despite having different implementation
methods, they share high similarity in principle. A detailed review of them will be covered
in the following chapters.

Energy-Saving Pathways

Improving  Electrical System
Efficiency

Reducing Tire Slip

Reducing Cornering Resistance

Energy-Saving Means

Multi-motor Coupling Drive
System (MCDS)

Distributed Drive System

Power Distribution Strategy

Front-and-rear Torque Vectoring

Left-and-right Torque Vectoring

Driving Energy Management 

Methods

Figure 5. Energy-saving pathways and means of driving energy management.

3. Dual-Motor Coupling Drive System

The MCDS is an electrical drive system that incorporates multiple motors coupled
through a mechanical structure. This kind of drive system can optimize the working points
of each motor by distributing power, torque, and speed among multiple motors to achieve
energy conservation. Over the years, the MCDS has received widespread attention due
to its energy conservation potential. Since two motors can almost fully release the energy
conservation potential of the MCDS and more motors would not significantly improve the
energy-saving effect due to possible increases in mass and cost, most of the research on
MCDSs in recent years has focused on the DCDS. Therefore, this chapter mainly focuses on
the DCDS.

3.1. Configuration of DCDS

There are three types of DCDSs based on their power coupling patterns: the dual-
motor torque-coupling drive system (DTCDS), the dual-motor speed-coupling drive system
(DSCDS), and the variable dual-motor coupling drive system (VDCDS). Each type has
distinct configurations.

A characteristic of the DTCDS is that its output torque is the linear summation of
the output torque of the two motors, and its output speed is proportional to the output
speed of the two motors. Based on this characteristic, the efficiency of the DTCDS can be
improved by distributing the output torque of the two motors to optimize the working
points of each motor [21,22]. For a typical DTCDS, the output ends of the two motors are
connected through a specially designed coupler or directly connected to the same element
(Figure 6) so that the output torque of the drive system can be transferred freely between
the two motors. Moreover, the DTCDS can switch between single-motor driving mode and
dual-motor torque-coupling driving mode to reduce the transmission loss caused by the
idle rotation of the non-driving motor, which can further improve the energy conservation
potential of the DTCDS. This can be achieved through the utilization of clutches and the
matching design of mechanical structures such as the reducer and coupler [23]. In addition,
since torque coupling is the simplest power coupling pattern, the configuration of the
DTCDS can be diverse. Broadly speaking, in addition to the typical DTCDS introduced
above, the front-and-rear-independent-drive axle is also a kind of DTCDS.

A characteristic of the DSCDS is that its output speed is the linear summation of
the output speed of the two motors, and its output torque is proportional to the out-
put torque of the two motors. Based on this characteristic, the DSCDS can flexibly op-
timize the working points of each motor by distributing the output speed of the two
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motors so that the efficiency of the DSCDS can be effectively improved. Since a plane-
tary gear system is characterized by multiple degrees of freedom and a linear relation-
ship between the speeds of each component, which fits the coupling requirements of the
DSCDS quite well, it becomes the preferred coupler for the DSCDS. In a typical DSCDS,
each of the two motors is connected to one of the input ends of a planetary gear sys-
tem so that the output end of the planetary gear system can deliver the coupled power
(Figure 7) [24–27]. Furthermore, the DSCDS can also switch between single-motor driving
mode and dual-motor speed-coupling driving mode to provide more options for transmis-
sion ratio selection. This can be achieved through the utilization of brakes and the matching
design of mechanical structures [28].

Motor 1 Reducer 1

Clutch 1

Clutch 2

Motor 2 Reducer 2

Figure 6. Schematic of typical DTCDS.

Motor 1 Reducer 1

Brake 1

Motor 2 Reducer 2

Brake 2

Figure 7. Schematic of typical DSCDS.

Table 1 shows the comparison of the DTCDS and DSCDS. Due to the different trans-
mission system characteristics of the DTCDS and DSCDS, their coupling output torque and
coupling output speed are different. Therefore, there are different optimization methods for
the working point of the motors. Generally, the DTCDS can effectively improve the driving
efficiency of EVs in the medium-speed low-torque and medium-speed medium-torque
working states by optimizing the working points of the motors, while the DSCDS can
effectively improve the driving efficiency of EVs in the low-speed medium-torque and
high-speed medium-torque working states by optimizing the working points of the motors.

Table 1. Comparison of DTCDS and DSCDS.

DCDS Configuration Coupling Output Torque Coupling Output Speed Feasible Driving Modes

DTCDS Linear summation of the output
torque of the two motors

Proportional to the output speed
of the two motors

Single-motor drive mode and
dual-motor torque-coupling

driving mode

DSCDS Proportional to the output torque
of the two motors

Linear summation of the output
speed of the two motors

Single-motor drive mode and
dual-motor speed-coupling

driving mode
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In order to simultaneously achieve the beneficial effects of both the DTCDS and DSCDS,
the VDCDS was designed. The VDCDS is capable of switching among various driving
modes: single-motor drive, dual-motor torque-coupling drive, and dual-motor speed-
coupling drive; this can be achieved through the implementation of complex mechanical
structure with clutches, brakes, or some other actuators [29]. In some kinds of VDCDSs,
hollow shaft motors are needed to achieve a more compact structure of the drive system
and a better arrangement of mechanical components [30]. Figure 8 shows a novel VDCDS
configuration proposed in [31], where the output shaft of motor 1 passes through the
inner hole of the output shaft of motor 2 to achieve a coaxial arrangement. This VDCDS
configuration can achieve four driving modes: motor 1 driving mode, motor 2 driving
mode, dual-motor torque-coupling driving mode, and dual-motor speed-coupling driving
mode; these can be switched by controlling three clutches and one brake. Through the
study of parameter matching and the power distribution strategy, the energy conservation
potential of this VDCDS configuration could reach about 10% compared to traditional
single-motor drive systems.

Motor 1

Clutch 1

Motor 2

Motor 2

Brake

Clutch 2

Clutch 3

Figure 8. Schematic of a novel VDCDS.

3.2. Power Distribution Strategy of DCDS

To tap into the energy-saving potential of the MCDS, a power distribution strategy
is essential. The primary objective of a power distribution strategy is to optimize the
distribution of output power from each motor, which aims to enhance the efficiency of the
drive system without compromising its performance. As shown in Figure 9, for the DCDS,
the main effect of a power distribution strategy is the optimization of the working points of
two motors, resulting in an effective improvement in the load of the motors. This ensures
that the working points of the motors can operate more within the high-efficiency area of
the motors, thereby improving the driving efficiency of the DCDS.
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Figure 9. Working point optimization schematic of motors with power distribution strategy in DCDS.
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As shown in Figure 10, the main function of the power distribution strategy in the
DCDS is to determine the optimal driving mode and the optimal power distribution ratio
of the two motors under different working conditions based on the required traction torque
Ttd and the vehicle speed ua; a driving mode switching signal can then be to the clutches or
brakes, and an output torque or output speed control signal can be sent to the two motors.

Power Distribution
Strategy

Driver Intention
Recognition

Accelerator

Pedal Signal

Vehicle

Clutches / Brakes

Motor 1

Motor 2

DCDS
Driving Mode

Switching Signal 

Figure 10. Typical power distribution control system of DCDS

The simplest power distribution strategy for the DCDS is the rule-based strategy. This
identifies the driving modes of the DCDS and the power distribution between motors using
rules based on offline optimization, which takes the optimal electrical system efficiency
as the optimization objective. This strategy does not rely on complex algorithms, so its
computation cost is low, and it is suitable for implementation. However, the energy-saving
effect of this strategy is not as good as expected when there are many control objectives
in complex conditions. Some researchers improved this strategy and achieved better
energy-saving effects. Ref. [32] improved the rule-based strategy by combining the two-
parameter-based mode-switching control strategy and the power-split control strategy,
which resulted in some energy-saving rate improvements. Ref. [33] designed a dual fuzzy
controller to achieve optimal power distribution, in which the control rules of the system
were optimized using a genetic algorithm to improve the control accuracy and optimization
effect with multiple objectives.

Although the rule-based power distribution strategy already has a decent effect on
energy conservation, there is still a certain gap between its control effect and the global
optimal result. In order to further tap into the energy-saving potential of the DCDS,
researchers have also conducted extensive research on power distribution strategies based
on global optimization algorithms.

Among the global optimization algorithms, the dynamic programming (DP) algorithm
has been extensively studied due to its simplicity and effectiveness [34,35]. However, DP
has the disadvantage of excessive computation, and the real-time executability of the power
distribution strategy based on DP tends to be poor when the control object model is complex.
Moreover, the calculation process of DP requires the accurate vehicle motion states of the
entire future driving process, which are difficult to accurately predict. This further affects
the vehicle application of DP. Therefore, some researchers have focused on the optimization
of the parameter update process, the improvement of the calculation efficiency, and the
enhancement of the prediction accuracy of future vehicle motion states and combined DP
with other optimization algorithms to improve its performance in the power distribution
strategy. It should be noted that while some studies focused on optimizing DP for hybrid
drive systems, these optimization approaches are also applicable to the DCDS.

Ref. [36] proposed an iterative DP approach that converges to the optimal control
strategy within an adaptive multidimensional search space to reduce the computing time.
Ref. [37] derived an analytic solution for the optimal torque-split decision at each point in
time and the state grid by utilizing a local approximation of the gridded cost-to-go, which
significantly reduced the computation time by orders of magnitude. Ref. [38] proposed a
piecewise Markov-based velocity prediction method, which utilizes the acceleration sign
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to enhance the performance of the vehicle motion state prediction. Ref. [39] trained a
radial basis function neural network based on the optimization results of DP, leading to a
significant improvement in the real-time executability of the power distribution strategy.

4. Energy Conservation Control Strategy of Torque Vectoring

Torque vectoring is a chassis technology in the vehicle that directly controls the traction
torque of each drive wheel, and it can be classified as front-and-rear torque vectoring and
left-and-right torque vectoring according to the direction of the torque flow distribution.
Torque vectoring can directly affect the powertrain efficiency since it can directly control
the output torque of the corresponding motor of each drive wheel; hence, there has been
extensive research on the energy conservation potential of torque vectoring (Figure 11).
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Figure 11. Control concept of torque vectoring

4.1. Front-and-Rear Torque Vectoring

Front-and-rear torque vectoring can directly control the traction torque distribution
ratio of the front and rear drive axles, which is one of the most effective means of driving
energy management. The main energy-saving pathways of front-and-rear torque vectoring
are improving the electrical system efficiency and reducing tire slip. Front-and-rear torque
vectoring has the most potential as driving energy management technology for vehicle
application, because it can be realized in vehicles where the traction torque of the front and
rear drive axles can be controlled independently, and thus, there is no need to rely on the
drive system containing a complex mechanical structure or the four-wheel-independent-
drive system. Moreover, various automobile enterprises have developed many EVs with
dual-motor front-and-rear-independent-drive axles, and these vehicles can all apply front-
and-rear torque vectoring, which further promotes the development of front-and-rear
torque-vectoring technology.

In the driving energy management strategy by means of front-and-rear torque vector-
ing, the analysis of electrical system efficiency is an important part, and there are generally
two methods, as mentioned in Chapter 2. The first method is to create an efficiency map
through experiments on the electrical system so that the electrical system efficiency can be
directly derived by referring to the map based on the output torque and the output speed
of the motor. The second method is to build an accurate efficiency model of the electrical
system, which enables the electrical system efficiency to be derived through the output of
the model.

A simple and effective driving energy management strategy is to derive the electrical
system efficiency by efficiency mapping and develop the front-and-rear torque-vectoring
control strategy based on this [40–44]. Ref. [45] took the minimum total input power of all
the motors as the optimization objective based on the efficiency map of the motors and
then developed an online front-and-rear torque-vectoring control algorithm based on the
optimized results, which effectively improved the electrical system efficiency, especially in
low-torque region. Ref. [46] processed the offline optimization results into a map related
to the total output torque of the drive system and the vehicle’s velocity, which further
improved the real-time performance of the driving energy management strategy. Based on
the offline optimization results, Ref. [47] reached the conclusion that adopting single-axle
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drive in the low-torque region while adopting evenly distributed drive in the high-torque
region could maximize the driving efficiency, and a similar conclusion was derived by
analyzing the loss characteristics of motors in [48,49].

For EVs directly driven by permanent-magnet in-wheel motors, during the driving
process, because of the existence of permanent magnets inside the motors, when the non-
working motors are towing, towing losses, including iron loss and mechanical friction
loss, are inevitable [50]. These energy losses are normally ignored in the analysis of
electrical system efficiency based on efficiency mapping. In this circumstance, an accurate
efficiency model of the electrical system could reflect the energy losses more accurately [51].
Ref. [52,53] developed an efficiency model for a four-wheel-independent-drive EV that
considered the copper loss, iron loss, and mechanical friction loss of the permanent-magnet
synchronous motor. Then, the efficiency model was used to minimize the summation
of the output power and energy loss of the motors. Ref. [54] tested the influences of the
motor temperature and proposed a correction model based on the temperature difference.
Through vehicle tests, Ref. [14] concluded that in order to maximize the energy efficiency
of the drive system and avoid towing losses, the total traction torque requirement should
be evenly distributed among all motors.

The analysis of tire slip energy dissipation is also an important part of driving energy
management by means of front-and-rear torque vectoring. When the slip ratio exceeds
the critical value and the tire experiences excessive slip, the slip of the tire can lead to a
significant increase in energy dissipation [55]. This situation should be avoided by the
control of the drive system. Therefore, some researchers took tire slip energy dissipation into
account in driving energy management to achieve a better drive energy conservation effect.
Ref. [56] proposed a hierarchical front-and-rear torque-vectoring algorithm (Figure 12),
which is composed of three layers. The first layer applies a fixed torque distribution ratio.
When the tire slips excessively, the second layer is activated and employs sliding mode
control to adjust the slip ratio to the optimal value. If the motor efficiency drops sharply and
the vehicle remains within the safety boundary, the third layer is triggered, and the particle
swarm optimization algorithm is utilized to search for the optimal torque distribution ratio
and maximize the drive system efficiency. Ref. [57] took the variations in road adhesion
into account and developed a multi-objective optimal front-and-rear torque-vectoring
energy-saving strategy, which combines with anti-slip regulation (ASR) to achieve a better
energy conservation effect and eliminate excessive tire slip.

Tire Slip Detection


Fixed Fron-and-rear 

Torque Distribution Ratio


Optimal Slip Ratio


Ensure High-efficiency
Whether the wheel speed difference is large enough

Whether the motor efficiency decrease sharply
Y

N

N

Y

Second Layer

Third Layer

First Layer

Figure 12. Schematic of a hierarchical front-and-rear torque-vectoring algorithm.

4.2. Left-and-Right Torque Vectoring

Left-and-right torque vectoring can directly control the traction torque distribution
ratio of the left and right drive wheels. In the last few decades, researchers have exten-
sively studied the impact of this technology on enhancing the active safety and stability
of vehicles [58–61]. With in-depth research on left-and-right torque vectoring, its energy-
saving effect on vehicles has been gradually noticed [62–64]. The main energy-saving
pathways of left-and-right torque vectoring include improving the electrical system ef-
ficiency [18,65], reducing tire slip energy dissipation [66], and reducing the power of
cornering resistance [18,67], which can comprehensively improve the powertrain efficiency.
It is worth noting that left-and-right torque vectoring will generate an additional yaw
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moment, which might make the vehicle unstable if it is not properly controlled. Therefore,
in the driving energy management strategy by means of left-and-right torque vectoring,
taking the stability of the vehicle into account is necessary, and hence, complex control
strategies are normally needed. In addition, left-and-right torque vectoring is generally
applied to four-wheel-independent-drive EVs, in which front-and-rear torque vectoring is
also needed.

A typical torque-vectoring control strategy is shown in Figure 13 [65,68,69]. Firstly,
the total demanded traction torque Td is determined based on driver intention recogni-
tion. Secondly, the demanded yaw rate ωrd and demanded sideslip angle of the COG
βd of the vehicle are determined based on a coordinated control algorithm of economy
and stability, which is normally based on a reference vehicle model and an optimization
algorithm for energy conservation. Then, the demanded additional yaw moment ∆Mzd is
determined based on a controller. Lastly, the traction torque of each drive motor Tti can be
derived based on the torque distribution module. This strategy can effectively enhance the
efficiency of the drive system while maintaining the vehicle stability within a reasonable
range. Many researchers have proposed better strategies for energy conservation based
on this strategy by utilizing advanced control algorithms. Ref. [70] proposed an energy-
saving torque-vectoring strategy based on a nonlinear model predictive controller, which
concurrently optimizes the reference yaw rate and the torque allocation of each wheel to
achieve stable cornering performance with low energy consumption. Ref. [71] developed
an energy-efficient torque-vectoring algorithm by combining the experimentally measured
efficiency map of the electrical system, the optimization results from a nonlinear quasi-
static vehicle model, and drivability requirements for a comfortable and safe cornering
response. Simulation results showed that the algorithm achieved over 5% average input
power saving in steady-state cornering with lateral acceleration over 3.5 m/s2. Ref. [72]
proposed a phase-plane-based controller for driving energy management by means of
torque vectoring, which adapts to driving situations by optimizing the weights for vehicle
maneuverability and stability performance. The controller could effectively balance the
handling and stability performance of the vehicle and the energy conservation effect of the
drive system. Ref. [73] proposed a deep-reinforcement-learning-based torque distribution
strategy in which the torque distribution task is explicitly formulated as a Markov decision
process so that the vehicle dynamic characteristics can be approximated, which significantly
enhances the real-time executability of the driving energy management strategy.

Driver Intention
Recognition

Coordinated Control
Algorithm of 


Economy and Stability
Controller Torque

Distribution

Vehicle

Steering

Wheel Angle

Torque Vectoring Control Strategy

Vehicle Status Parameters

Accelerator

Pedal Signal

Figure 13. Typical torque-vectoring control strategy.

Developing a coordinated control strategy by combining torque vectoring with other
vehicle dynamic control methods could further improve the effect of the driving energy
management strategy. Ref. [74] combined driving energy management with braking energy
management and optimized the drive energy and the braking energy, respectively, which
improved the overall efficiency of the vehicle. The combination of torque vectoring with
active steering could also improve the performance of EVs [75,76]. Ref. [77] studied
how active steering and torque vectoring affect the cornering efficiency of four-wheel-
independent-drive EVs. In this study, for the specific studied vehicle, the addition of rear
active steering could reduce 10% of energy consumption of the vehicle.
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5. Conclusions

Driving energy management is a crucial means of increasing the driving range of EVs
because the energy efficiency of EVs can be directly optimized by the control of the drive
system. For a centralized drive system, the main energy-saving means is to optimize the
output power of each motor in the drive system so as to improve the electrical system
efficiency based on the DCDS. For a decentralized drive system, the main energy-saving
means is to directly optimize the output power of each drive wheel so as to reduce the
electric loss, tire slip energy dissipation, and the power of cornering resistance through
torque vectoring.

The DCDS is a typical configuration of an MCDS, which has been the subject of
widespread studies in recent years. A DCDS can be classified as a DTCDS, DSCDS, or
VDCDS according to the power coupling pattern of the drive system. The simplest power
distribution strategy for the DCDS is the rule-based strategy, which is effective in improv-
ing the powertrain efficiency and has a low computation cost, and thus, it is suitable for
implementation. The optimization results of a power distribution strategy based on DP
could nearly approach the global optimal results, which shows its high energy conserva-
tion potential.

Torque vectoring is another interesting and effective way to reduce the driving en-
ergy losses of EVs. The energy-saving pathways of front-and-rear torque vectoring are
improving the electrical system efficiency and reducing tire slip energy dissipation. Hence,
the analysis of electrical system efficiency and tire slip energy dissipation is an important
part of the driving energy management strategy. The comprehensive energy conserva-
tion effect of left-and-right torque vectoring has been studied and verified in recent years,
and many advanced control algorithms are utilized to improve the effect of the driving
energy management strategy by means of torque vectoring.

It can be determined that whether through power distribution strategies based on the
DCDS or through torque vectoring based on a decentralized drive system, driving energy
management can significantly improve the efficiency of the drive system and thus increase
the driving range of EVs. In the current situation, where the increase in the battery energy
density has reached a bottleneck, driving energy management will be an effective means to
further improve the driving range of EVs, and it will also be a valuable and crucial direction
for further energy conservation in EVs.

However, most of the driving energy management strategies are still in the simulation
verification stage, which means that their robustness and real-time executability lack
verification. This is mainly because EVs with novel multi-power drive systems such as
the MCDS and decentralized drive system are still in the early stage of development.
If advanced drive technologies for EVs are further developed, high-efficiency driving
energy management strategies could also be further implemented so that the driving range
of EVs could be further improved.
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