Hindawi

Complexity

Volume 2018, Article ID 4071743, 14 pages
https://doi.org/10.1155/2018/4071743

Research Article

WILEY

Hindawi

Energy Recovery Strategy Numerical Simulation for Dual Axle
Drive Pure Electric Vehicle Based on Motor Loss Model and Big

Data Calculation

Huiyuan Xiong,"” Xionglai Zhu,' and Ronghui Zhang ®"

!School of Intelligent Systems Engineering, Sun Yat-sen University, Guangzhou, Guangdong 510006, China
2Institute of Dongguan, Sun Yat-sen University, Dongguan, Guangdong 523808, China
’Guangdong Key Laboratory of Intelligent Transportation System, Sun Yat-sen University, Guangzhou, Guangdong 510275, China

Correspondence should be addressed to Ronghui Zhang; zrh1981819@126.com

Received 16 May 2018; Revised 25 June 2018; Accepted 28 June 2018; Published 26 August 2018

Academic Editor: Wei Xiang

Copyright © 2018 Huiyuan Xiong et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Aiming at the braking energy feedback control in the optimal energy recovery of the two-motor dual-axis drive electric vehicle
(EV), the efficiency numerical simulation model based on the permanent magnet synchronous motor loss was established. At
the same time, under different speed and braking conditions, based on maximum recovery efficiency and data calculation of
motor system, the optimization motor braking torque distribution model was established. Thus, the distribution rule of the
power optimization for the front and rear electric mechanism was obtained. This paper takes the Economic Commission of
Europe (ECE) braking safety regulation as the constraint condition, and finally, a new regenerative braking torque distribution
strategy numerical simulation was developed. The simulation model of Simulink and CarSim was established based on the
simulation object. The numerical simulation results show that under the proposed strategy, the average utilization efficiency of
the motor system is increased by 3.24% compared with the I based braking force distribution strategy. Moreover, it is 9.95%
higher than the maximum braking energy recovery strategy of the front axle. Finally, through the driving behavior of the driver
obtained from the big data platform, we analyze how the automobile braking force matches with the driver’s driving behavior. It
also analyzes how the automobile braking force matches the energy recovery efficiency. The research results in this paper
provide a reference for the future calculation of braking force feedback control system based on big data of new energy vehicles.

It also provides a reference for the modeling of brake feedback control system.

1. Introduction

1.1. Problem and Motivation. Braking energy recovery is an
important means to improve the energy efficiency of electric
vehicles. Recovery energy is closely related to energy recovery
strategy [1]. At present, there are many researches on the
energy recovery strategy for uniaxially driven electric vehi-
cles. In the coming period, the development of the electric
vehicle industry must be breakthroughs and innovations in
the direction of intellectualization and data. The process of
data analysis mainly includes vehicle traflic data, driving
behavior evaluation data, vehicle modeling data, and battery
modeling data. We can improve the mileage of electric
vehicles by using large data technology, and provide a

reliable basis for the research of the parts and control
strategies of electric vehicles.

The advantages of zero emission and zero pollution for
electric vehicles have increasingly become the key supportive
development direction for major automotive countries [2, 3].
The difference between electric cars and traditional cars is
due to the use of batteries as energy sources. Therefore, if
we want to improve the mileage of electric vehicles, its most
important key lies in the development of battery technology.
However, there is still a big gap between the requirements of
high energy density and low prices [4]. As a unique energy-
saving method for electric vehicles, braking energy recovery
has always been the focus of many scholars. By establishing
a braking energy recovery storage system in an electric
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vehicle, it can meet the two requirements when it recharges
the energy, which is the requirement of large current and
high power [5, 6]. For the problem of short driving range
with pure electric vehicles, braking energy recovery tech-
nology can improve its endurance [7-10]. In the braking
process, the motor is controlled as a generator in the state
of power generation, converts part of the entire vehicle’s
kinetic energy into electrical energy, and ultimately returns
it to be stored in a battery pack or a super capacitor [11, 12].
For a biaxially driven pure electric vehicle, to achieve maxi-
mum recovery of braking energy, its braking energy recovery
capability and efficiency are affected by many factors such as
motor speed, torque, and battery pack state of charge (SOC)
[13]. Therefore, on the premise of ensuring safety and brak-
ing comfort, a reasonable strategy for regenerative braking
must be established to solve the distribution problem of front
and rear axle braking force. Coordinating the relationship
between regenerative braking and mechanical braking on
the front and rear axles to avoid greater deceleration and
deceleration rate change. As a result, the comfort is reduced,
and the maximum energy recovered cannot be guaranteed
[14, 15]. At present, big data are used in the direction of
electric vehicle, mainly concentrated in the battery module.
By analyzing a large number of drivers’ long driving mode,
road conditions, weather conditions, and so on, the influence
of the electric vehicle at different driving speed, acceleration,
and temperature on the energy consumption rate is calcu-
lated. However, in the estimation of electric vehicle mileage,
it does not consider the influence of motor control strategy
[16, 17]. Therefore, it is necessary to study the regenerative
braking strategy of a dual-axis drive electric vehicle [18].

1.2. Related Works. Literature [19-21] proposed a regenera-
tive braking control method based on maximizing the energy
recovery of ripple correlation control (RCC). The braking
energy recovered by this method is increased by 20% com-
pared with the traditional regenerative braking control
method. In [22-25], to recover the braking energy as much
as possible and appropriately reduce the braking stability,
the front and rear axle actual brake force distribution lines
are paralleled to the I curve outside. Literature [26-28] uses
a new type of energy recovery system on electric buses.
Simulation analysis and experimental studies have shown
that braking energy can be more effective. The main purpose
of the above research is to allocate excessive braking force to
the electric drive shaft, so as to improve the energy recovery.
It is not applicable to the dual-axis driving pure electric vehi-
cle. Compared to single-drive electric vehicles, two-axis drive
electric vehicles can output electric braking force on each
axis, which can better ensure braking stability, effectively
reduce the impact of antilock dead brake system (ABS) on
energy recovery [29, 30], and have higher energy recovery
potential. Currently, there are relatively few researches on
the energy recovery strategy for dual-axis driving pure elec-
tric vehicles. The literature [31-33] studies the characteristics
of mechanical braking and electric braking, and it proposes
that in the process of regenerative braking feedback, single
motor control can be used or multimotor coordinated con-
trol. Literature [34-36] analyzed the vehicle control strategy
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and energy-saving potential of an electric vehicle dual-
motor drive system, and it used the dynamic and static
functions to optimize the motor operating mode. In [37],
taking into account the safety of braking, both taking into
account the maximum recovery of regenerative braking
energy, an improved dual-motor electric vehicle regenerative
braking control strategy was designed by adjusting the regen-
erative braking force and the mechanical braking force. Most
of the existing dual-drive braking strategies are based on the
distribution between the regenerative braking force and the
mechanical braking force on each axis. With regard to the
application of big data in electric vehicles, the scheduling
capacity prediction method of multitimescale electric vehicle
cluster based on large data is proposed in [38], solves the
problem of large capacity data storage, and analyzes the
dispatching capability of electric vehicle cluster. Literature
[39] uses unsupervised learning algorithm to train a large
number of operational data, which was collected by the actual
electric vehicle system to form driver behavior habits. The
proposed framework can be applied to the new EV design,
intelligent transportation system (ITS), and large data analy-
sis in the field of automobile and urban computing. With the
vigorous development of the new energy vehicle industry, the
new energy automotive industry will enter the era of big data
in the future. New energy vehicles have been moving towards
comprehensive data and intelligence in the process of contin-
uous changes. More and more experts and scholars are also
using their efforts to develop new energy vehicles with
artificial intelligence and big data. This new energy vehicle
will have longer mileage and safer operation.

1.3. Contribution. The dual drive of the braking strategy based
on each axis distribution between the regeneration braking
force and mechanical braking force did not fully consider the
front and rear axle regenerative braking force distribution
has important influence on energy recovery, leading to poor
recovery efficiency. So, this paper fully considers the impor-
tant distribution influence of front and rear axle regenerative
braking force on energy recovery. Based on the loss model of
the frontand rear motors, the distribution law of front and rear
motor regenerative braking torques with the optimal system
efficiency at the same speed was analyzed. The safety factors
such as ECE regulations and ideal braking force distribution
were used as constraints to study the motor efficiency. Finally,
based on the big data platform, the driver’s driving behavior
is calculated. The motor driving force can be better matched
with the driver’s driving behavior, energy recovery efliciency,
and battery parameters. Thus, more motor braking force dis-
tribution curve will fall into the high efficiency area, which
ensures the maximum recovery efliciency of the motor. It
provides a new way to prolong the driving mileage.

1.4. Structure of Text. This text was structured as follows:
after mechanism analysis and model establishment of
braking energy feedback in Section 2, Section 3 analyzes
regenerative braking strategy of dual axle drive pure electric
vehicle. Section 4 deals with simulation variation. Section 5
provides an example for the application of big data in energy
recovery system. Section 6 proposes a conclusion.
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2. Mechanism Analysis and Complex System The size of energy recovery is
Model Establishment of Braking
Energy Feedback to
E- J Pt (4)
This paper fully considers the efficiency of the power gen- 0
eration system for the dual motor system. Moreover, the
effect of regenerative .brakmg force dlStl‘lbuthI.l on energy The input brake energy on the wheel is
recovery is fully considered. Finally, by analyzing the loss
characteristics of the single motor, a loss model of dual ]
motors is established. AE, = 3 m(vé - v%) (5)
2.1. Principle of Braking Energy Recovery. In the process of
electric vehicle driving, the energy recovery model based on Th fFic )
motor loss model and big data is shown in Figure 1. € energy recovery eliciency 1s
As shown above, the whole control structure chart of
. . . to
large data computing Platfprm corpbmed w1th motor loss _ M (6)
model can be seen. Driving information and vehicle informa- n AE,

tion collected are analyzed by using the big data platform.
The driving behavior characteristics are then sent to the
vehicle controller. Vehicle controller also has the motor loss
model to calculate the regenerative braking torque of the
front and rear motors under the maximum loss energy recov-
ery efficiency and calculate the compensation braking torque
according to the driving behavior characteristics.

In the course of braking energy recovery, the braking
force on the wheel was combined as

T.,i
+ﬁ+bel+be2+Fw+Ff. (1)
rlmech

Fb _ Tel il

nmecl r

The efficiency of dual motor is

(Tey + Tey)n = 9500(Py, + Ppy)

s = Ten @

Regenerative braking power is

(Tel + TeZ)n

P . =——— ) 3
reg 9550 nsysrlb ( )

where v, is initial speed of braking; v, is the end of the
braking speed; m is curb weight; r is wheel radius; i, and i,
are the front and rear shaft ratios; Fy ¢, and Fg, are mechan-
ical braking force of front wheel and rear wheel, respectively;
Fj is rolling resistance; F,, is wind-resistance; 17,,,,., and 77,,,..,

are front and rear shaft drive system efficiency; T, is regener-
ative braking torque at the shaft end of motor; Py, is the
regenerative braking power; and P;, and P;, are the power
losses in the energy feedback process of the front and rear
motors, respectively. #, is battery charging efficiency; ¢, is
the end time of the regenerative braking; and 7, is a dual

motor efficiency.

2.2. Optimal Braking Energy Recovery Model with Dual-Axis
Drive. According to the above, improving the dual motor
efficiency can realize the optimal energy recovery of dual axle
drive pure electric vehicle for feedback braking. The effi-
ciency of motor power generation is a function of motor tor-
que and speed. According to the formula (6), the utilization
efficiency of dual motors is related to the distribution of brak-
ing torque between the front and rear motors. In order to
make the dual motors work as efficiently as possible in the



high efficiency area, the optimal braking energy recovery
model was established as follows:

W Toy/py + 0, Tey /Py = [Pry (@1, Tey) + Pra (@, Tey )]

max 4, =

s Wy Ty +w0, Ty,
a=Tg,IT,,
ot To=01-a)T,,
0<Tey Ty max(1), 0 Tey < Ty 1o (1)
0<ac<l,

(7)

where w,; and w, are the electrical angular velocities of the
front and rear motors; p, and p, are the poles of the front
and rear motors, respectively; T, and T', are braking torque
of front and rear axle motor, respectively; a is the torque
distribution factor of the front axle motor; Te; yax (1) is the
maximum torque that the front motor can output at a speed
of 1133 Tep max (n2) 18 the maximum torque that the rear motor
can output at a speed of n,; and P;, and P|, are the losses of
front and rear motors, respectively, which is a function of
motor speed and torque.

2.3. Numerical Simulation and Loss Model of Dual Motor
System. In this paper, the relationship between the regenera-
tive braking moment distribution and the regenerative
braking recovery efficiency is mainly considered, but the
transmission ratio is not the same. Therefore, (7) can be
simplified as

wT,/p-P
ﬂsys = ew—TL’ (8)

where w is the electrical angular speed of the motor; for the
given speed and regenerative braking moment, the dual
motor efficiency is only related to P;.The maximum value
is obtained for the 7, - motor loss minimum value of P;. If
the minimum P; of the motor is desired, the input and out-
put characteristics of the permanent magnet synchronous
motor (PMSM) will be analyzed first. The input and output
characteristics are usually described by the ratio # of net

output power P, to total input power P, , namely,
P u (T ut? w)
’7: O t(TO tw) . (9)
n’

In practical application, the input-output system of con-
vexity is widely used in PMSM. For this reason, this paper
mainly studies convex systems, and nonconvex systems are
not in the scope of study [40, 41].

Loss of permanent magnet synchronous motor mainly
includes copper consumption, iron loss, friction loss, and
stray loss. The stray loss is difficult to measure and control.
However, because it usually occupies a smaller proportion
of total loss, so it can generally be ignored. Friction loss
power is generated by friction and winding losses. It is
approximately linear with the speed of the motor [42, 43].
Therefore, only iron consumption and copper consumption
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are considered in this paper. The loss model of permanent
magnet synchronous motor can be referred to [44, 45].
The voltage balance equation in steady state is

“d = Raid - (Ul//q,

(10)

U, =Ryiy + wy,.
¥, and v, are the magnetic flux linkage of the stator d

axis and the g axis, respectively,

Va=Laiya t ¥y

, (11)
Vg = Lotug

The flux torque equation is

3 . ..
EP [V/flwq + (Ld - Lq)lwdlwq] >
(12)

To= 2 p(Vian = o) =

where u, and u, are stator d axis and q axis voltage; i,
and i, are stator d axis and q axis current; iy; and i, are
stator equivalent d and q shaft loss currents; i,,; and i,,
are stator equivalent d and g shaft torque currents; v, is
the flux generated by the permanent magnets; R, is stator
winding phase resistance; w is the angular speed of the
rotor; p is the pole count of the motor; T, is the motor
electromagnetic torque; and L, and L, are inductance of
d axis and q axis, respectively.

In this paper, an example of an implicit PMSM is that
the d is generally the same as the g axis (nonsalient pole).
Therefore, the electromagnetic torque can be simplified as

3.
Te= S PYjiug: (13)

The copper loss power, the iron loss power, and the
friction loss power of PMSM are, respectively,

3 3 . L \2
P, = ER zd+1 ER“ [(zdi+zwd)2+ (igi + iug) ]
2
szwq 2 w(szd + ‘/’f) .
L e e R T B
C

PFe:ER ld+z )

(14)

There K is the coefficient of the motor frictional
resistance and can be obtained by bench test.
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Therefore, we can draw the total loss of single motor:

2
s | Tar, w(yliw)] [ 2arr. 17
P =3R, * tlipd 5
2 3Pl//f Rc 3RrPWflwd
2

+ 3ot | (21 + +Liy,) |+ K

—— w.

2R | \3py; (Wf "””’) n

(15)

Similarly, according to the formula (13) and (14), the loss
power of dual motors can be obtained as follows:

3
pp = ERm [(“A1 + B1>2 +(C, - Dl)z]

3w? B,R >
@ 0c2E12+71 cl +Kpw
2R, w?

3
+ ERaz [(“Az + Bz)z +(C, - Dz)z]

+

(16)

3w? B,R,?
i oPE) + 2 +Kpa,
2R, w?
where
2T
A= c,
3py
w(v]fl + Lliwd1>
B= —————,
cl
Ci =iy
. 2wLT,
! 3RAPY iy ’
2T.L,
E =<
3pys
(17)
2T,
A, = ,
3pvg,
w(‘/’fz + L2iwd2>
By=
2
Cy =iy
_ 2wL,T,
’ B3RPV ,
g, 2k
3Py,

Then, by adjusting the flux setting value in real time, the
PMSM is operated under the minimum loss control mode. At
this point, the active component i, ; of the d axis current can
be calculated by dP, /di,; =0, then

@’Ly (R, +R.)
w?L*(R, +R.) +R,R?’

lyd =

(18)

In the formula, the R, is the motor equivalent iron
resistance.

3. Regenerative Braking Strategy and
Calculation of Dual Axle Drive Pure
Electric Vehicle

The proportion of the front and rear braking force of a dual
axle drive electric vehicle is the key factor affecting the brak-
ing safety. At the same time, the ratio of regenerative braking
of front and rear motors is the key factor affecting the recov-
ery of braking energy [46-48]. According to the relationship
between the distribution ratio of the regenerative braking
force and the motor efficiency, the braking force distribution
strategy is optimized by using the ECE regulation and ideal
braking force distribution as the constraints.

3.1. Regenerative Braking Torque Distribution Model
Calculation of Dual Motor. Since the input and output of a
single motor are convex, the input and output of the dual
motor system must be convex, so there is a value that mini-
mizes the system loss. For (15), the derivative is calculated.
We can make dp;/da=0, and then get the regenerative
moment distribution coefficient of the whole system with
the least loss. Then,

R, (C,D, —A,B)) + Ry, (D3 - A2 - A,B, — C,D,) + w*E3/RC,
R, (A1+D})+ (E}/Ry) + Ry (A3 +D3) + (w?E3/R,,)

(19)

3.2. Restraint Condition of Braking Force Distribution. First,
we can refer to the brake safety regulations and the ideal
braking force distribution curve, and then solve the safety
area of vehicle braking force distribution. The braking safety
region can be coupled with the maximum torque distribution
model of motor efficiency. Finally, we can get a new regener-
ative braking control strategy.

3.2.1. Ideal Braking Force Distribution. The braking force dis-
tribution along the I curve, can well use the ground friction
condition and guarantee vehicle braking direction stability
[49]. Therefore, the distribution curve of the front and rear
braking force is closer to the I curve, and the braking stability
is better. At this time, the front wheel braking force and rear
wheel braking force meet the following relations:

G ah L Gb
—\/b*+ —2"F,, - ( +2Fxhl>], (20)
h, G hy

1
xb2 = E

where F,;, is front wheel power; F,, is rear wheel power; L is
wheelbase; h, is the height of center of mass; b is center of

mass to rear axle; and G is the gravity of vehicle.

3.2.2. ECE Braking Regulations. The ECE braking regulations
provide for the car to ensure the stability of the braking direc-
tion and the braking efficiency [50-53]. For z=0.2~0.8, the
adhesion factor should be satisfied with ¢ < (z +0.07)/0.85
and close to the ideal ¢ =z curve. In order to ensure the
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braking efliciency, the equation of front and rear braking
force is

b
(Fypy + Fyp)’ +G (0-07 + h) (Fxp1 + Fypo)
g

0.85GL G*b
- Fo, +o.o7h— =0.

g g

(21)

The regulations do not provide z < 0.2, front and rear
wheel lock sequence, to sum up, the braking safety control
curve as shown in Figure 2.

3.3. Braking Force Distribution Strategy Based on
Optimization of Motor Efficiency. The braking force dis-
tribution satisfies the safety brake area constraint of
Figure 2. When the motor speed is low (usually less than
500r/min) or the battery SOC is higher (SOC>0.9), the
regenerative braking system is switched off. When the
braking force distribution point is in the OAF area, the
braking force of the front and rear motor is optimally
allocated according to the motor utilization efficiency. When
the power distribution point is in the BCDE area, the power
of the front and rear axles is distributed along the I curve;
in the process of vehicle regenerative braking, if the braking
force can not meet the braking force demand of the vehicle,
the insufficient part is supplied by the hydraulic pressing
power. The specific distribution process is as follows:

(1) When z<0.2, the power distribution relationship
between the front and rear wheels follows:

2i% T
Fregl =« * min (Gz, M) ,
rlﬂ’lEC

2% T
Fregz =(1-a) * min (Gz, 1*64““"())

nmec

belzGZ_Fel_FeZ’

(2) When 0.2 <z<0.5, brake force is distributed along
the I line, and the power distribution is as follows:

Te max(n) . i)
re nmec ’

Toml)D)

nmec

Fregl =min <FF1>

regZ =min (FRI’
bel - FFI F
Fyp=Fp = Fpy

where Fy; is the front axle power allocated by the
I curve, the Fy; is the force of the rear axle which
is allocated by the I curve, and the i is the trans-
mission ratio.

(3) When the brake strength z > 0.5, the vehicle is prone
to the wheel lock. At this time, the main objective is
to ensure the braking effect, and the braking system
should be realized separately by the hydraulic braking
system. Then, the wheel braking force is allocated
along the ideal braking force distribution curve. At
this time, the power distribution on the wheel is

as follows:
(b +2zh,)
F =G N "9 R
bf1 z I
a-zh
Fregl = 0’
Frer =0.

4, Verified through Numerical Simulation

We built a simulation model with MATLAB/Simulink and
CarSim. The evaluation criteria of braking energy recovery
mentioned above are adopted, and then the effectiveness of
the proposed regenerative braking energy recovery strategy
is evaluated. This paper takes a certain type of dual drive pure
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electric vehicle as an example. The strategy of this paper is
compared with the braking force distribution strategy based
on I line under cyclic condition. At the same time, it com-

TasLE 1: Example vehicle model parameters.

pares with the maximum braking energy recovery strategy ~ _arameters Value
of the front axle under cyclic condition. The initial SOC value ~ Full load quality/kg 2570
of the battery is 50%. Therefore, the effect of battery SOC on Tire rolling radius/m 0.358
energy recovery efficiency can be ignored. In order to verify Wheelbase/m 2.69
the cpntrolhstrategy, a vehicle dynamicg model wzs built iri Height of mass center/m 0619
CarSim. T ;Ii’. Wse, Sfﬁ, ul]<? 1_3 nho tor,. 'atte.ry, ulan' contéol The distance between the center of mass and the 1.287/1.403
strategy mo el in .1m .1n - nally, e?]omt simulation mg e front and rear axle/m . .
of CarSim and Simulink is established. The mechanism

. . . s . . Peak power of front and rear motor/kw 45
diagram of CarSim and Simulink’s simulation control is ] .
shown in Figure 3. The specific joint simulation model is Pole-pair .number of the motor/pair 4
shown in Figure 4, and the simulation parameters are shown Stator resistance/() 2.875
in Table 1. Because the time required for simulation in this Equivalent iron loss resistance/( 108.23
paper is 1200s, at the same time, we want to ensure the Inductance in d axis/mH 8.5
efﬁci.ency and accuracy of the sim'ulatiog results.. Through Inductance in g axis/mH 8.5
contsl.nuoui1 fexperlmentls, t;e final s1r}r11ulat10n step is 0.1 ; . Permanent magnet flux linkage/Wb 0.048

ince this paper only discusses the §ame situation of the Rated torque of front and rear motor/Nm 64

front and rear motors, we can consider that the actual h . the f d
characteristics of the two motors are the same for the sake ¢ peak torque of the front and rear motors/Nm 180
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of simple and convenient test. According to (8) and (19),
the efficiency characteristics of the motor can be calculated.
Figure 5 is the map curve obtained from dynamometer
bench test. Figure 6 is the map curve obtained from theo-
retical calculation. By comparing the two diagrams, it can
be seen that the coincidence degree between the two is
better, and it can be concluded that the deduced dual motor
loss model is accurate, and the model of the best distribu-
tion coeflicient of the front and rear moment obtained by
the derivative is correct.

We chose 5 different working points, and the distribu-
tion coefficient gradient was 0.01. Then, the electrical
parameters of the front and rear motors are applied to 19.
We can get the relationship between the distribution coeffi-
cient and the efficiency of the dual motor system, as shown
in Figures 7 and 8. Figure 7 is the relationship between the
braking torque distribution coefficient of the front and rear
motors and the efficiency of the dual motor system when
1450 rpm is used. Figure 8 is the relationship between the
braking torque distribution coeflicient of the front and rear
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motors and the efficiency of the dual motor system when
3450 rpm is used.

Since the front and rear motor configurations are the
same, the regenerative braking torque distribution factor «
of the front and rear axles are valued between 0.5 and 1.
Calculate the optimum distribution coefficients of the front
and rear motors corresponding to each operating point, as
shown in Figure 9.

As shown in Figure 9, the optimal allocation coefficient
for most of the working points is 0.5. Only a small number
of working points correspond to the best distribution coeffi-
cients between 0.5 and 0.545, so they can be ignored. There-
fore, the regenerative braking torque distribution coefficient
of the front and rear motors is 0.5. The best allocation coeffi-
cient we have determined is 0.5, because when the motor is in
a high torque state, the copper loss will be relatively large,
resulting in low efficiency. When the motor is at low torque,
if only one motor is working, the torque output of the other
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F1Gure 9: Optimal distribution coefficient of regenerative braking
torque.
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FiGUure 10: Speed diagram of NEDC condition based on data
computation.

motor is 0, but there will be no load loss. Therefore, the total
loss of the system is still higher than the equal braking torque
distribution. The torque distribution based on the map
characteristic is neglecting the loss of the motor’s no load.
According to Figure 3, we can see that the value of « in 21
is 0.5. Different energy recovery strategies are verified by
selecting New European Driving Cycle (NEDC) cycle condi-
tions. In order to simplify the description, strategy 1 is used
to represent the braking force allocation strategy based on
the optimization of the efficiency of motor utilization.
Strategy 2 is used to represent the maximum regenerative
dynamic strategy of the front axle, and strategy 3 is used to
represent the braking force allocation strategy based on the
I line. The speed of NEDC varies with time under cyclic
condition, as shown in Figure 10.

The braking condition in the braking cycle is analyzed,
and the deceleration distribution is obtained, as shown
in Figure 11.

The motor loss energy of the three strategies under cyclic
conditions is shown in Figure 12.

Under cyclic conditions, the motor efficiency of the three
strategies is shown in Figure 13.
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Under cyclic conditions, the energy recovery of the 3
strategies is shown in Table 2.

From Figures 12 and 13, the loss of the two-motor system
under the regenerative braking control strategy is 208 k], the
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TaBLE 2: Energy recovery under cyclic verification.

Recovery strategy AEK/K] E/KJ nl%
Strategy 1 3152.61 1885.27 79.06
Strategy 2 3152.61 1675.90 70.28
Strategy 3 3152.61 1817.31 76.21

loss under the I line braking force distribution strategy is
313k]J, and the loss under the front axle maximum braking
energy recovery strategy is 394kJ. The energy efficiency of
the dual motor system is improved by 9.95% compared with
the energy recovery strategy of the front axle. At the same
time, the average utilization efficiency of the dual motor
system is increased by 3.24% compared with the braking
force distribution strategy based on the I line.

Table 2 shows how much energy the regenerative braking
system can recover by adopting different control strategies in
the NEDC cycle.

By adopting the braking strategy in this paper, the
recovery energy reaches 1885.27k]J, and the energy recovery
efficiency is 79.06%. Compared with the other two strategies,
the recovery efficiency is 8.78% and 2.85%, respectively.

5. Case: Braking Characteristics Based on Big
Data Analysis

For data obtained by a large number of statistical results, data
processing must be done before the accuracy of subsequent
modeling can be improved. In this paper, the following data
indicators are used to deal with the driver’s characteristic
behavior data, typical are three kinds: “very small,” “interme-
diate type,” and “interval type.”

Very small: for a very small data index x, the x' =
1/x(x>0), or x' =M —x.

Intermediate type: for an intermediate type index x, the

2(x—m 1
( ),meS—(M+m),

' M-m 2 (25)
2(M-x) 1
——, - (M+m)<x<M
M-m 2

Interval type: for an interval type index x, the
a-x
1-—,x<a,
c
x'={ l,a<x<b, (26)

x—b
1-——,x>0,
c

in which [a, b] is the best stable interval, ¢=max {a—m,
M - b}, M, and m are the maximum and minimum values
of x, respectively.

Based on the above three data processing methods, this
paper selects a large number of driver behavior data to derive
statistical rules.

The main purpose of this paper is to use big data platform
to maximize energy recovery. The main purpose is to
improve the endurance of electric vehicles. At present, the
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energy recovery of electric vehicles is usually carried out in
the process of braking or sliding, but there are also problems
such as low energy recovery efficiency, vehicle comfort, and
battery safety. The existing braking energy recovery system
does not take into account the driver’s driving behavior and
driving habits. This text mainly analyzes how to calculate
the optimal efficiency of energy recovery by big data calcula-
tion. Figures 14, 15, and 16 are collected by a large number of
drivers who have been driving for a long time. This paper
mainly considers the braking characteristics of drivers during
long-term driving.

Figures 14 and 15 are the results of the analysis of drivers’
driving behavior obtained by statistics of thousands or higher
orders. It is mainly the driver who gets the common charac-
teristics of the depth and speed of the pedaling pedal under
normal driving conditions. Figure 14 shows that the driver’s
daily brake pedal opening is below 50%, accounting for 90%
of the braking condition. Figure 15 shows that the brake
pedal change rate of 25%/s is less than 71%. Therefore, from
the above two big data statistics, the result is that when the
pedal opening is above 50%, or the brake pedal change rate

160
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= area of energy
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FIGURE 16: Maximum area distribution map of energy recovery
efficiency.

is 25%/s, the above is the beginning of energy recovery. This
conclusion can complement the above model of motor loss
energy recovery.
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Figure 16 is based on the test data obtained from the
permanent magnet synchronous motor used in this paper
for many times on the dynamometer bench. Then draw the
maximum area diagram of the energy recovery of the
motor under braking condition. The optimal efficiency
interval analyzed by a large number of data can be used for
motor regenerative braking. By controlling it in the most
efficient recovery area, the maximum energy recovery of
electric vehicles can be achieved.

5.1. Summary. The driver’s driving behavior based on the big
data platform can better match the motor braking force to
the driver’s driving behavior, the energy recovery efficiency,
and the battery parameters. Therefore, it makes more motor
braking force distribution curve fall in the high efficiency
area, so as to ensure the maximum recovery efliciency. At
the same time, it also takes into account battery safety and
driver’s driving experience to ensure the safety and comfort
of vehicle braking process.

6. Conclusions

This paper focuses on the optimization of motor power
generation efficiency in the dual axle drive pure electric
vehicle during the feedback braking process. Based on the
loss model of the front and rear motors, we propose an
analytical method to obtain the optimal braking torque
distribution for dual motors. On the basis of this method,
the safety factors such as ECE regulations and ideal braking
force distribution are taken as constraints. We have devel-
oped a new energy recovery strategy for dual drive pure
electric vehicles. Finally, a regenerative braking model is
established and verified under cyclic condition.

Compared with the strategy based on the I line brake
force distribution and the maximum brake force distribution
strategy on the front axle, the strategy developed in this paper
significantly reduces the total loss of the motor. It can be
recovered even under the requirements of braking safety
and stability. Through the driver’s driving behavior obtained
by the big data platform, this paper analyzes how the motor
braking force matches the driver’s driving behavior charac-
teristics and energy recovery efficiency and provides a
reference for the follow-up system of electric vehicle braking
energy recovery based on big data calculation. The results of
this paper provide a reference to the braking capacity feed-
back intelligent control for future new energy vehicles based
on big data analysis [54-57].

With the development of information technology, the
future big data will be more widely applied to the development
of electric vehicles. According to the data generated by vehi-
cles on the road, the data generated by vehicles are collected
and analyzed by big data technology. This will provide a reli-
able basis for the development of electric vehicle energy recov-
ery control strategy and power battery management system.

On the basis of large data analysis, the braking torque dis-
tribution model based on motor loss model is established in
this paper. The simulation is used to verify the effectiveness
of the proposed strategy. Next step is to embed the strategy
into real vehicles for testing. Real vehicle verification mainly

Complexity

verifies the same condition of the motor before and after. At
the same time, it is also necessary to verify whether the
strategy is valid if the two axis motors are different.
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