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Abstract: The regenerative braking system of electric vehicles can not only achieve the task of braking
but also recover the braking energy. However, due to the lack of in-depth analysis of the energy
loss mechanism in electric braking, the energy cannot be fully recovered. In this study, the energy
recovery problem of regenerative braking using the independent front axle and rear axle motor drive
system is investigated. The accurate motor model is established, and various losses are analyzed.
Based on the principle of minimum losses, the motor control strategy is designed. Furthermore, the
power flow characteristics in electric braking are analyzed, and the optimal continuously variable
transmission (CVT) speed ratio under different working conditions is obtained through optimization.
To understand the potential of dual-motor energy recovery, a regenerative braking control strategy
is proposed by optimizing the dynamic distribution coefficient of the dual-electric mechanism and
considering the restrictions of regulations and the I curve. The simulation results under typical
operating conditions and the New York City Cycle (NYCC) proposed conditions indicate that the
improved strategy has higher joint efficiency. The energy recovery rate of the proposed strategy is
increased by 1.18% in comparison with the typical braking strategy.

Keywords: electric vehicle; dual-motor energy recovery; regenerative braking system; CVT speed
ratio control; motor minimum loss; energy consumption and efficiency characteristics; braking
force distribution

1. Introduction

Given the limitations of oil resources and the importance of environmental protection, governments
around the world have enacted stringent regulations on fuel consumption and emissions. Electric
vehicles, as environmentally friendly vehicles, have attracted a considerable amount of attention from
researchers and corporations, and regenerative braking technology as one of the key technologies
of energy conservation and emission reduction has been widely studied and applied [1–3]. The
regenerative braking system can use the motor to convert the braking kinetic energy into electric energy
and store it in the battery. This electric energy can be released during the driving process, which can
not only improve the energy utilization rate and extend the driving range but also reduce the driver’s
range anxiety. Therefore, maximization of the braking energy recovery under safe braking conditions
has been the focus and challenge of energy management of electric vehicles.

Zhang et al. proposed an improved regenerative braking control strategy for rear-drive electric
vehicles. In the deceleration braking test, the improved regenerative braking efficiency could reach
47% [4]. Cheng et al. verified a new series control strategy, and the experimental results confirmed that
the steady and dynamic contribution of the strategy to the improvement of energy efficiency reached
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58.56% and 69.74%, respectively [5]. Itani et al. compared flywheels with supercapacitors as the second
energy source of front axle driven electric vehicles, and the results demonstrated that ultra-capacitors
performed better in weight, specific energy and specific power. It was more convenient to reuse the
braking energy and provided a solution to reduce the damage of the large current to batteries during
regenerative braking [6]. For the control of specific components, Yuan et al. proposed a new scheme of
the line control dynamic system considering the functional requirements of regenerative braking in the
structural development stage and adopted the current amplitude modulation control to improve the
accuracy of hydraulic regulation and eliminate vibration noise. The maximum regeneration efficiency
of the bench test was 46.32% of the total recoverable energy [7]. Chen proposed a feedback hierarchical
controller that tracked the desired speed and distributed the braking torque to four wheels to improve
the energy recovery [8]. In terms of overall optimization, Deng et al. analyzed the relationship between
the battery, motor, CVT and comprehensive efficiency, and proposed a regenerative braking control
strategy for the CVT hybrid electric vehicle. In comparison with the typical strategy, the average
power generation efficiency of the motor increased by 2.91% [9]. Shu et al. developed a maximum
energy recovery energy management strategy and used the sequential quadratic programming (SQP)
algorithm to optimize the CVT ratio control strategy, which achieved a good control effect [10]. To
expand the scope of braking energy recovery, Bera et al. used the motor and hydraulic system to
jointly adjust the braking process of an anti-lock braking system (ABS) and obtained a good effect [11].
The above literatures have all conducted relevant studies on the improvement of energy recovery
in the regenerative braking process, which has improved the regenerative braking performance of
vehicles. However, there are a greater number of studies on a single model than on a joint model and
more studies on regenerative braking of a single motor than on regenerative braking of vehicles with a
dual-motor drive system.

As a key device of the regenerative braking system, the efficiency of the motor directly affects
energy recovery. Hence, improving the efficiency of the motor is conducive to the increase of energy
recovery. Many scholars have conducted relevant studies on improving motor efficiency. Tripathi et al.
conducted a detailed study on the model-based loss minimization algorithm (MLMA), and the results
confirmed that this method could not only effectively improve motor efficiency but also exhibit good
dynamic performance [12]. Uddin et al. used a model-based loss minimization algorithm (LMA) to
compare the efficiency of permanent magnet synchronous motors based on direct torque flux linkage
control (DTFC) and vector control (VC). The simulation results showed that the former had higher
efficiency [13]. Inoue et al. studied the control performance of the permanent magnet synchronous
motor (PMSM) drive system based on current control and direct torque control. Their results showed
that the latter, combined with the control law of the M-T framework, had the advantages of control
stability [14]. Wang et al. introduced the integral balance of the sine value of the torque angle such
that the speed and the electromagnetic torque could be controlled to converge at the same time by
adjusting the speed only once and to obtain the optimal dynamic response of the speed [15]. Vido
and Le Ballois [16] and Lee et al. [17] also conducted relevant studies and improved the efficiency of
the motor to a certain extent. The above literatures have conducted research on the efficiency of the
motor and obtained various results. However, in the process of regenerative braking, it is necessary to
analyze the influencing factors of motor loss to maximize system efficiency.

To minimize the power loss in the process of electric braking, this study analyses the automobile
with an independent motor drive system of the front and rear axles. First, the accurate motor model
is established, and various losses are analyzed. Based on the principle of minimum loss, the motor
control strategy is designed. The characteristics of power flow in the electric braking process are
analyzed, and the combined efficiency model of the front and rear axles is established. The optimal
transmission ratio of CVT under different working conditions is obtained through optimization, and
the input and output characteristics of the front and rear axles are analyzed. Finally, by optimizing the
brake force distribution coefficient of the front and rear motors and considering the ECE regulations
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and I curve as the limit, a new control strategy of dual motor regenerative braking is proposed to
maximize the energy recovery.

2. Hybrid Electric Vehicle System Structure and Parameters

In comparison with pure electric vehicles and fuel cell vehicles, hybrid electric vehicles are widely
used in production and by consumers without the disadvantages of short driving range, long charging
time, high fuel cell price and difficult hydrogen re-filling [18]. The structural schematic diagram of the
hybrid vehicle system studied here is shown in Figure 1, and it should be noted that the schematic
diagram is not the layout of the real vehicle.
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Figure 1. Schematic diagram of dual motor hybrid electric vehicle. ISG—Integrated Starter Generator.

This configuration can be driven by the engine alone or by the motor. During high power demand,
the motor and the engine can work simultaneously to meet the needs of the vehicle. The front axle
and rear axle of this configuration have motors, which can make the vehicle exhibit better dynamic
performance in pure electric mode and can recover more energy when braking. The vehicle controller
is responsible for collecting the speed, brake pedal, brake master cylinder pressure and other signals
and corresponding responses. When the brake pedal signal is detected, the driving state of the car
is quickly determined, and the control signal is sent to the lower controller through the controller
area network (CAN) bus. The lower controller makes correlation identification according to the
control signal and sends signals to the hydraulic control unit and motor control unit according to the
established algorithm to complete the driver’s instructions. The vehicle parameters and component
parameters are shown in Table 1.

Table 1. Vehicle data and main components parameters.

Name Description Value

Vehicle

Curb weight
Windward area
Wheel radius

Wheelbase

1800 kg
2.5 m2

0.335 m
2.7 m

The ISG motor

Peak power
Rated power

Maximum torque
Number of pole pairs
Armature resistance
d/q axis inductance

Magnet flux linkage iron losses resistance

28 kW
14 kW

89.13 N·m
6

0.017 ohm
0.00021 H
0.037 Wb

0.008 w + 1.8 ohm
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Table 1. Cont.

Name Description Value

Rear axle motor

Peak power
Rated power

Maximum torque
Pole of pairs

Armature resistance
d/q axis inductance
Magnet flux linkage
Iron losses resistance

27 kW
13.5 kW

171.9 N·m
8

0.012 ohm
0.00012 H
0.042 Wb

0.011 w + 1.9 ohm

Lithium-ion battery pack Rated capacity 38.43 Ah

CVT Speed ratio range [0.4, 2.5]

3. Motor Loss Model and Control Strategy

3.1. Motor Loss Model

Permanent magnet synchronous motors with the high-power density and high-efficiency
advantages of small volume and light quality have been widely used in new energy vehicles [19]. To
obtain a more accurate model, it must be considered that the iron loss in the model is important. Hence,
the equivalent iron loss resistance is introduced parallel to the magnetizing branch in the circuit [20],
as depicted in Figure 2. Certain idealized conditions are assumed; for example, saturation is ignored,
and the electromotive force is sinusoidal [18]. Motor losses mainly include mechanical losses, copper
losses, iron losses and stray losses. Since stray losses are difficult to measure and control and account
for a small percentage of the total loss [21], they are not considered in this study.
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In steady-state, the voltage balance equation of the d-q axis is as follows:

ud = Rcid −ωψq (1)

uq = Rciq +ωψd (2)
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Here, Rc is the stator winding resistance, uq and ud are the d-q axis components of the stator
voltage, id and iq are the d-axis and q-axis current components, respectively, ω is the angular velocity
of the stator, and ψd and ψq are the d-q axis components of the stator flux, respectively. The permanent
magnet flux ψa has the following relationship:

ψd = Ldiod +ψa (3)

ψq = Lqioq (4)

The electromagnetic torque can be calculated using Equation (5).

Te =
3
2

p
(
ψdioq −ψqiod

)
=

3
2

p
[
ψaioq +

(
Ld − Lq

)
ioqiod

]
(5)

where p is the number of pole pairs, iod and ioq are the d-q axis magnetization current components,
respectively, and Ld and Lq are the d-q axis inductance components, respectively. For surface-mounted
permanent magnet synchronous motors, Ld = Lq.

Then, copper loss and iron loss can be calculated by the Equations (6) and (7), respectively.

Pcu =
3
2

Rc

(iod −
ωLqioq

R f

)2

+

[
ioq +

ω(ψa + Ldiod)

R f

]2 (6)

PFe =
3
2

R f
(
i2cd + i2cq

)
=

3
2

R f

(−wLqioq

R f

)2

+

(
ω(ψa + iodLd)

R f

)2 (7)

When the motor is working, the load and power factor are the key factors influencing the size
of the copper loss. Therefore, when the current speed and torque are given, the current optimal iod
(minimum loss) can be obtained:

iod = −
ψaLdω

2
(
Rc + R f

)
RcR2

f +ω2L2
d

(
Rc + R f

) (8)

Mechanical loss has an approximately linear relationship with motor speed [22]. By setting
the value of K as constant, the mechanical loss model of permanent magnet synchronous motor can
be obtained:

PM = Kn (9)

3.2. Motor Control Strategy

The motor control method has an important influence on motor performance. Hence, it is
necessary to improve it to get higher motor efficiency. In comparison with most conventional
proportional-integral-derivative (PID) control method, to obtain better performance and reduce energy
losses here, the motor speed loop adopts the sliding mode control and the current loop uses the
minimum loss control method (LMA). The total efficiency of the former motor for ηisg is set as

ηisg
(
ioq

)
=

Teω
Teω+ Pcu + PFe + PM

=
3
2 pψaioqω

3
2 pψaioqω+ Pcu

(
ioq

)
+ PFe

(
ioq

)
+ PM

(10)

It can be observed that the total efficiency is a quadratic function of the stator q-axis excitation
current. By using the mathematical method, it is observed that there is always a value of ioq, which can
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minimize the total loss under different torque and electric angular speed. When the motor loss is set to
be the lowest, it is as follows:

γ =
∂Pisg_loss

∂ioq

∂T
∂iod
−
∂Pisgloss

∂iod

∂T
∂ioq

= 0 (11)

The constraints are  w1 = T = 3
2 p

[
ψaioq +

(
Ld − Lq

)
ioqiod

]
w2 = γ =

∂Pisg_loss
∂ioq

∂T
∂iod
−
∂Pisgloss
∂iod

∂T
∂ioq

(12)

The voltage state equation of the d-q axis can be obtained by calculating the time derivative of
each side of the loss constraint as follows:( .

w1
.

w2

)
=

(
X11 X12

X21 X22

)(
Ud
Uq

)
+

(
Y1

Y2

)
(13)

The elements X11, X12, X21, X22, Y1 and Y2 are, respectively:

X11 =
3PRc

(
Ld − Lq

)
ioq

2Ld(Rs −Rc)
(14)

X12 =
3pRc

[
ψaioq +

(
Ld − Lq

)
ioqiod

]
2Ld(Rs + Rc)

(15)

X21 =
9P

2LdRc

2 R f R2
c

R f + Rc
+ L2

qω
2

(Ld − Lq
)
iod +

R f R2
c

R f + Rc
ψa + Ld

(
2Ld − Lq

)
ψaω

2

 (16)

X22 =
9P

(
Ld − Lq

)
2LdRc

 R f R2
c

R f + Rc
+ L2

qω
2

ioq (17)

Y1 =
3P

2LdRc


−

R f Rc(L2
d−L2

q)
LdLq(R f Rc)

ioqiod −
R f Rc

R f +Rc
ψaioq

+
(LdLq)(L2

di2oq−L2
q i2od)ω

idiq −
ψaω(ψa+2Ldioq−Ldiod)

Lq

 (18)

Y2 = X21

[
−R f iod +

Lqωioq(R f +Rc)
Rc

]
+ X11

[
−R f iod −

Ldωioq(R f +Rc)
Rc

−
ωψa(R f +Rc)

Rc

] (19)

If all the above influential elements depend on the motor parameters and state, assuming that
the X and Y elements meet the braking requirements, the output equation of the controller can be
expressed as follows:

(
Ud
Uq

)
=

(
X22 −X12

−X21 X11

)( .
w1−Y1.
w2−Y2

)
∣∣∣∣∣∣ X11 X12

X21 X22

∣∣∣∣∣∣
(20)

To obtain the stable torque closed-loop output, the PI (Proportional-Integral) algorithm is used
as follows: ( .

w1
.

w2

)
=

(
KPt∆T + KIt

∫
∆Tdt

−KPγ∆γ+ KIγ
∫

∆γdt

)
(21)
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where ∆T = T∗ − T and ∆γ = γ∗ − γ can be brought into the above equation to get

Ud =

(
KPt∆T + KIt

∫
∆Tdt−Y1

)
X22 +

(
KPγ∆γ+ KIγ

∫
∆γdt−Y2

)
X12

X11X22 −X12X21
(22)

Uq =
−

(
−KPγ∆γ+ KIγ

∫
∆γdt−Y1

)
X21 +

(
−KPt∆T −KIt

∫
∆Tdt−Y2

)
X11

X11X22 −X12X21
(23)

The optimal PI parameters can be obtained after multiple debugging. The overall control model
of the motor is shown in Figure 3.
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Figure 3. Minimum loss control model of motor.

The analysis shows that when the motor runs without load, the copper loss accounts for a small
proportion, and the iron loss increases linearly with the increase of the speed. When the motor is
loaded, the copper loss of the motor increases in square shape relative to the load torque, while the iron
loss increases slowly. The efficiency of the former PMSM can be simulated in Simulink, as depicted in
Figure 4.
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4. Optimization of the Electric Braking Power Flow Efficiency and the Braking Force Distribution

4.1. Optimization of the Electric Braking Power Flow Efficiency

4.1.1. Power Flow Analysis of Electric Braking

To improve the recovery of braking energy, it is necessary to analyze the loss of power flow in the
process of electric braking. Here, the electric braking system is mainly composed of a front and rear
motor, battery pack, CVT transmission, clutch and other vehicle parameters. The parameters of each
component are shown in Table 1. Furthermore, as both front and rear motors can participate in the
process, it means that more energy can be recovered, and the driving range can be effectively increased.
The power flow of the vehicle’s electric braking loss is shown in Figure 5.Energies 2020, 13, x FOR PEER REVIEW 8 of 21 
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The overall efficiency of the vehicle’s electric brake energy recovery can be calculated using
Equation (24):

η =

(
P f + Pr

)
− P f t − Prt − Pisg_loss − Ppmsm_loss − Pcvt_loss − Pbattery_loss

P f + Pr
(24)

Among them, η is the total efficiency of the electric brake of the whole vehicle, P f and Pr are
the front and rear axle braking input powers, respectively; P f t and Prt are the front and rear axle
transmission power losses, respectively; Pisq_loss and Ppmsm_loss are the power loss of the front and rear
motors, respectively; Pcvt_loss is the CVT transmission loss; Pbattery_loss is the battery charging power loss.

As the power loss of the driving system is primarily related to the speed, whereas the loss of the
motor and the inverter is a function of the electric angular speed and torque and the CVT loss is related
to the input torque and the speed ratio, the equation can be rewritten as Equation (25).

η =

[
βTω f + (1− β)Tωr

]
−Q f _loss

(
β,ω f , i

)
−Qr_loss(β,ωr) −Qt_loss(v) −Qb_loss(SOC)

βTω f + (1− β)Tωr
(25)

where T is the braking torque of the vehicle; β is the distribution coefficient of forward and backward
torque; ω f and ωr are the front and rear motor angular velocity, respectively; i is the CVT transmission

speed ratio; v is the speed; Q f _loss
(
β,ω f , i

)
is the CVT-ISG combined loss; Qr_loss(β,ωr) is the loss of the

rear motor; Qt(v) is the loss of the transmission system; and Qb(SOC) is the loss of the battery.
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4.1.2. Establishment of the Joint Efficiency Model and Optimization of the CVT Speed Ratio

The combined front axle model is mainly composed of CVT and front motor and hence, its loss is
calculated as Equation (26):

P f _loss = Pcvt_loss(Tcvt_in,ωcvt_in) + Pisg_loss(ωcvt_out, Tcvt_out) (26)

P f _loss is the total power loss of the front axle. Tcvt_out is the input torque of the front motor. ωcvt_in
and ωcvt_out are CVT input and output speed, respectively. The torque loss of the CVT mainly includes
the slip loss of the steel belt, the loss caused by the deformation of the belt wheel and the slip loss of
the metal sheet [23]. When the speed is fixed at 2000 rpm, its efficiency changes, as shown in Figure 6.
It can be observed that the efficiency of CVT is mainly related to the speed ratio. When the speed ratio
is approximately 1, the efficiency reaches a maximum, but when it is less than 1, there is a significant
decline in the efficiency.
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Through the established CVT-ISG joint efficiency model, the CVT speed ratio with the highest
joint efficiency can be determined. When the number ratio is 1.5, the joint efficiency changes are shown
in Figure 7.
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Figure 7. CVT–ISG motor combined efficiency at a speed ratio of 1.5.

It can be found that the efficiency of the combined model in the region with high speed and low
torque is lower than that of the single motor model. Since the CVT has lower efficiency in the region
with low torque, it results in lower overall efficiency. Further, under different torques and rotating
speeds, the combined efficiency changes with the CVT speed ratio. By seeking the CVT speed ratio



Energies 2020, 13, 711 10 of 21

that makes the combined efficiency reach maximum, the system efficiency can be maximized. The
results are shown in Figure 8.Energies 2020, 13, x FOR PEER REVIEW 10 of 21 

 

 
Figure 8. Optimal CVT ratio under different working conditions. 

Therefore, by calculating the braking power of the motor through the pedal’s opening degree, 
the optimal CVT speed ratio under this braking torque can be obtained under the combined efficiency 
model. However, it should be noted that when the vehicle starts, the motor speed should be set 
greater than 500 rpm, and the speed ratio should be adjusted to the maximum to protect the motor 
from irreversible damage. When the vehicle is in an emergency braking state (z > 0.7), the CVT speed 
ratio should be adjusted to the minimum to ensure the safety and stability of the vehicle. 

The rear axle joint model is mainly composed of a motor, which is relatively simple and similar 
to the front axle motor model. Therefore, it is not to be introduced separately. 

4.1.3. Input and Output Characteristics of the Front and Rear Axis Joint Models 

According to the joint model established above, the input and output characteristics of the front 
and rear axles are analyzed to provide a basis for formulating the braking force distribution strategy. 

The braking strength allocated by the front axle during simulation is set to 0.3, and the energy 
recovery and energy consumption rate of the front axle braking system at different initial velocities 
are depicted in Figure 9. 

  
(a) (b) 

Figure 9. (a) Energy recovery rate and (b) energy loss rate of front axle braking system at different 
vehicle speeds. 

It can be found that the higher the initial braking speed, the higher the energy recovery rate. This 
is because when the vehicle is at a higher speed, the motor is in an efficient working area, and the 
energy recovered is more than when it is at a lower speed. With the increase of the initial braking 
speed, the energy loss rate of the motor, CVT and battery decreases slowly, and the biggest loss is the 
motor loss. This indicates that the loss of the front axle is relatively small at higher speeds. 

Under the same conditions, the characteristics of the rear axle joint model are depicted in Figure 
10. 

Figure 8. Optimal CVT ratio under different working conditions.

Therefore, by calculating the braking power of the motor through the pedal’s opening degree, the
optimal CVT speed ratio under this braking torque can be obtained under the combined efficiency
model. However, it should be noted that when the vehicle starts, the motor speed should be set greater
than 500 rpm, and the speed ratio should be adjusted to the maximum to protect the motor from
irreversible damage. When the vehicle is in an emergency braking state (z > 0.7), the CVT speed ratio
should be adjusted to the minimum to ensure the safety and stability of the vehicle.

The rear axle joint model is mainly composed of a motor, which is relatively simple and similar to
the front axle motor model. Therefore, it is not to be introduced separately.

4.1.3. Input and Output Characteristics of the Front and Rear Axis Joint Models

According to the joint model established above, the input and output characteristics of the front
and rear axles are analyzed to provide a basis for formulating the braking force distribution strategy.

The braking strength allocated by the front axle during simulation is set to 0.3, and the energy
recovery and energy consumption rate of the front axle braking system at different initial velocities are
depicted in Figure 9.
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Figure 9. (a) Energy recovery rate and (b) energy loss rate of front axle braking system at different
vehicle speeds.

It can be found that the higher the initial braking speed, the higher the energy recovery rate. This
is because when the vehicle is at a higher speed, the motor is in an efficient working area, and the
energy recovered is more than when it is at a lower speed. With the increase of the initial braking
speed, the energy loss rate of the motor, CVT and battery decreases slowly, and the biggest loss is the
motor loss. This indicates that the loss of the front axle is relatively small at higher speeds.

Under the same conditions, the characteristics of the rear axle joint model are depicted in Figure 10.
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vehicle speeds.

In comparison with the combined loss model of the front shaft, the recovery rate of the rear shaft
is relatively higher, because there is no CVT to affect the efficiency of the motor, so the recovery rate is
higher. Further, the loss rate of the rear shaft is lower than that of the front shaft, but the larger torque
will cause the larger charging current of the battery, larger battery loss and lower charging efficiency.

4.2. The Braking Force Distribution Strategy with the Maximum Joint Efficiency

4.2.1. Front and Rear Motors Braking Force Distribution

Since the front and rear motors are different, it implies that the optimal operating range of the
motor is different during the braking process. It is necessary to adjust the braking force of the front
and rear motors to achieve a higher recovery rate. The utilization efficiency of regenerative braking of
front and rear shafts is defined as follows:

ηsys =
Pin fηin f + Pinrηinr

Pin f + Pinr
(27)

where Pin f and Pinr are the braking power of the front and rear shafts, respectively. ηin f and ηinr are the
combined braking efficiency of front and rear axles, respectively. A biaxial regenerative braking model
was established.

Max ηsys =
Pin fηin f + Pinrηinr

Pin f + Pinr
=

Tin fηin f + Tinrηinr

Tin f + Tinr
(28)

s.t



0 ≤ Pin f ≤ Pin f _max
0 ≤ Pinr ≤ Pinr_max
0 ≤ Tin f ≤ Tin f _max
0 ≤ Tinr ≤ Tinr_max

q = Tinr
Treg

Pinr = (1− q) × Preg

nin f = f
(
Tin f , n f

)
ninr = f (Tinr, nr)

(29)

where q is the braking force distribution coefficient of the rear axle; Pin f _max and Pinr_max are, respectively,
the maximum braking power that the front and rear axles can provide. Preg is the total regenerative
braking power. The distribution coefficient of the optimal posterior axis is calculated as shown in
Figure 11.
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Figure 11. Optimal rear axle distribution coefficient.

It can be observed that the surrounding dark blue part is the separate working area of the front
motor during regenerative braking, the middle bright yellow part is the separate working area of the
rear motor during regenerative braking and the remaining part is the joint working area of the front
and rear axle joint model.

4.2.2. Vehicle Braking Force Distribution Strategy

Based on the above analysis, the mode switching point of regenerative braking of the front and
rear axles can be obtained by fitting the boundary of the separate working area of the rear axles. Thus,
the relationship between braking torque and speed is

Tq(v) = 19.06· cos
(
v× 1.052× 10−3

)
− 13.15 sin

(
v× 1.052× 10−3

)
− 41.29 (30)

As illustrated in Figure 12, when the regenerative braking torque of the vehicle is located in the
envelope region of the curve and the coordinate axis, i.e., when

∣∣∣Tq(v)
∣∣∣ > |Tb|, the rear axis is used for

braking alone. When the braking torque is outside the curve, that is,
∣∣∣Tq(v)

∣∣∣ < |Tb|, the braking force
is allocated according to the p-value, and the peak power peak torque of the front and rear motors
should be limited by the threshold value to prevent overload of the front and rear motors. Considering
the braking stability and regulatory restrictions, the braking force distribution strategy is as follows:
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(1) When z < 0.2, the braking force is distributed by the distribution coefficient of the rear shaft.
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1O Braking torque |Tb| ≤
∣∣∣Tq(v)

∣∣∣ 
Fr =

Tb
r

F f = 0
Fµ f = 0
Fµr = 0

(31)

Fr is the rear axle braking force; F f is the braking force of the front axle; Fµ f is the hydraulic
braking force of the rear shaft; Fµr is the hydraulic braking force of the front shaft; r is the vehicle
radius; v is the speed of the vehicle. At this point, the braking force will be provided by the rear motor
alone. The front motor and the hydraulic braking system of the front and rear shafts do not participate
in the braking.

2O Braking torque |Tb| >
∣∣∣Tq(v)

∣∣∣ 
Fregr = q× Tb

r
Freg f = (1− q) × Tb

r
Fµ f = 0
Fµr = 0

(32)

The braking force is distributed through the distribution coefficient q of the rear shaft. At this
point, the front motor starts to participate in the regenerative braking, while the hydraulic braking
system still does not participate in the braking.

When the braking strength is between 0.15 and 0.8, the Economic Commission of Europe (ECE)
regulations stipulate that the curve of the rear axle using the adhesion coefficient should not be above
the front axle. Hence, if the set distribution is reasonable, it should be considered here. According to
the braking force distribution strategy in this study,

β = 1− q (33)

The relationship between the braking value and ECE braking regulations can be obtained [22],
and the relation curve between the braking force distribution coefficient and the braking intensity z
can be illustrated as shown in Figure 13. When the speed is 30 km/h and 100 km/h, it can be seen that
the curve changes within the range permitted by regulations.
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Figure 13. The relationship of the β and z when no-load.

The upper limit curve A is to ensure that the adhesion coefficient of the front axis meets the
requirements. Curve B is to limit the locking order of the front and rear wheels of the car. When the
β value appears above curve B, the front wheels can always be locked to the rear wheels in braking.
However, when the β value is lower than the curve C, the adhesion coefficient of the rear axis will be
insufficient and hence, the contact value should be kept above the curve C at all times.
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(2) 0.2 < z ≤ 0.5
At this point, the braking force will be distributed according to the I curve. If the braking torque

provided by the front and rear motors is insufficient to meet the braking task, the remaining braking
power required will be supplemented by the hydraulic braking system.

Fr =
Tb·i

r
F f = mgz− Fr

Fµr = Fr − Fregr

Fµ f = F f − Freg f

(34)

where i represents the braking force distribution coefficient under the I curve.
(3) z > 0.5
When the braking strength is greater than 0.5, the braking stability is most important. Therefore,

reducing the braking force of the motor at a constant speed gradually withdraws the motor from the
braking work. Simultaneously, the missing braking force is supplemented by the hydraulic pressing
force to ensure that when z = 0.7, the motor completely exits the braking, without affecting the hydraulic
pressure to provide the full braking force in case of emergency braking. The specific allocation strategy
is shown in Figure 14.
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5. Vehicle Performance Simulation and Analysis

Based on the joint loss model, the simulation model of the whole system was established in
Simulink/MATLAB, as shown in Figure 15. The simulation analysis was conducted under typical
working conditions and cyclic working conditions, respectively, to verify the effectiveness of the strategy.
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5.1. Simulation of Typical Braking Conditions

The initial condition of the vehicle speed is 100 km/h and the SOC (State of charge) value of the
power battery is 0.7. In addition, the influence of other resistances other than braking force, such as
wind resistance, is not considered temporarily in the braking process. According to the analysis of
power flow on the above analysis, the loss of each component in the braking process is made into an
energy consumption diagram as shown in Figure 16.
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5.1.1. Braking Strength z = 0.2

When the braking strength is 0.2, the change in SOC and the overall efficiency during the entire
process from the beginning of braking to the end are depicted in Figure 17a and the loss of key
components is depicted in Figure 17b.
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loss of the key components.

It can be found that at the initial time, the joint efficiency decreases slowly, the efficiency is higher,
and the energy can be fully recovered. According to the data in the figure, at this time, the loss of
braking energy mainly comes from the motor. Since the front motor has a short working time, the
focus is on the rear motor, which is the same as the CVT loss. It can be seen that 298.745 kJ energy has
been recovered from the driver stepping on the brake pedal to the vehicle parking, 395.71 kJ energy
has been lost and the recovery rate has reached 43.02%.

5.1.2. Braking Strength z = 0.4

When the braking strength is 0.4, the change in SOC and the overall efficiency during the entire
process from the beginning of braking to the end are depicted in Figure 18a and the loss of key
components is depicted in Figure 18b.
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Figure 18. Simulation results when the z = 0.4 (a) Change in the SOC and joint efficiency (b) Energy
loss of the key components.

When the braking starts, the regenerative braking efficiency of the dual motors has a short period
of platform area, and the efficiency is relatively high. As the speed decreases, the electric braking
efficiency decreases, while the mechanical braking proportion increases. According to the data in
the figure, due to the addition of hydraulic braking, the energy loss of most regenerative braking is
hydraulic braking loss accounting for 69.06%. Both the front and rear motors are in the peak operating
state. The loss of the front motor is higher than that of the rear motor due to the CVT, and the loss
of the front and rear motors is smaller than that of the rear motor when the braking strength is 0.2
because the motor has a shorter working state.

5.1.3. Braking Strength z = 0.6

When the braking strength is 0.6, the change in SOC and the overall efficiency during the entire
process from the beginning of braking to the end are depicted in Figure 19a and the loss of key
components is depicted in Figure 19b.
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Figure 19. Simulation results when the z = 0.6. (a) Change in the SOC and joint efficiency; (b) energy
loss of the key components.

It can be observed that at this point, due to the gradual withdrawal of the motor braking, the
increase in SOC is not large. According to the data in the figure, the hydraulic braking loss accounts
for a larger proportion, accounting for 85.64%. Furthermore, due to the short braking time, the overall
loss of the front and rear motors decreases in comparison with the braking strength, and the CVT loss
also decreases.

From the simulation of typical working conditions, it can be observed that despite the braking
strength of 0.2, 0.4 or 0.6, the SOC increases to different degrees during the braking process, and the
lower the braking strength and the longer the braking time under the same speed, the more energy
will be recovered.

5.2. Cycle Simulation

To verify the distribution strategy in this study, NYCC was selected for cycle simulation, and the
ideal braking force distribution method of motor first braking was compared. The braking torque,
power, total system efficiency and SOC of the front and rear motors are analyzed. NYCC has the
characteristics of low speed, high acceleration and frequent braking, and its braking environment and
braking strength can be obtained as shown in Figure 20 [24].
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Figure 20. NYCC (a) operating speed and (b) braking strength.

The braking torque changes of the front and rear motors are depicted in Figure 21. To recover
energy more efficiently, the rear motors often work in the state of peak torque, whereas the front motors
often work in the state below the rated torque, so as to not be involved in braking as frequently as the
rear motor.
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Figure 21. The torque of (a) the front and (b) rear motors.

The braking power changes of the front and rear motors are shown in Figure 22. It can be seen
that the maximum power of the front motor is approximately 6.7 kW and that of the rear motor is
approximately 14.8 kW. The braking frequency of the rear motor is relatively large. In comparison
with the ideal braking strategy, the front motor did not participate in the braking in the early stage and
the rear motor braking power increased.
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Figure 22. The power of (a) the front and (b) rear motors.

The efficiency and SOC changes are depicted in Figure 23. The overall efficiency of the rear motor
can reach approximately 0.8 when it works alone. As the selection of the CVT speed ratio can adjust
the efficiency of the front motor, the overall efficiency of the front and rear motors is higher when they
work together to effectively recover energy. After the complete working condition, the SOC rises by
approximately 0.003.
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From the changes in efficiency and SOC, it can be observed that under the condition of low
braking strength, the braking force distribution method discussed here has a high recovery efficiency
and can recover maximum energy. Additionally, the motor loss minimization algorithm was adopted
to maximize the use of the front and rear motors, system efficiency and SOC were improved, and the
energy recovery of NYCC increased by 1.18% in comparison with the typical braking strategy.

6. Conclusions

(1) In this study, the front axle and rear axle independent motor drive system vehicle was
considered as the research objective, the accurate motor model was established, various losses were
analyzed and a new motor control method was proposed based on the principle of minimum loss.

(2) The characteristics of power flow in the process of electric braking were analyzed in detail, the
combined efficiency model of the front axle (CVT–ISG) and rear axle (PMSM) was established, the
braking force distribution of the front and rear motors was optimized based on the input and output
characteristics of the front and rear axles. It was found that the optimal braking force distribution
coefficient of the front and rear axles will change with the change of the working conditions. According
to this change rule, a dual-motor regenerative braking force distribution strategy based on the optimal
braking energy recovery was designed.

(3) In the MATLAB/Simulink simulation platform, the double motor regenerative braking system
model was developed, and the simulation analyze was carried out under three typical braking
conditions and NYCC conditions, respectively. It was observed that when the braking strength was
0.2, the braking energy recovery rate could reach 43.02%, and the energy recovery rate of the improved
strategy was 1.18% higher than that of the typical braking strategy under NYCC conditions, which
verify the effectiveness of the strategy proposed in this study.
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