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Abstract 
With the development of intelligent transportation system, intelligent network technology has been studied on a large scale 
in vehicle field. Electrification of vehicles and drive-by-wire chassis provide possibilities for the application of connected 
autonomous electrified vehicles. Regenerative braking control is an important field among drive-by-wire chassis control 
technologies. Regenerative braking control is a multi-objective optimization problem, which has the aim of improving 
regenerative energy efficiency, brake performance, and brake comfort. Therefore, a model predictive control (MPC) is 
proposed to solve the problem with consideration of different brake styles, such as aggressive, moderate and conservative. 
Then, the models of the main components associated with the regenerative braking system are designed and built up in a 
typical deceleration process for simulation and analysis. The simulation results show that the aggressive style mode is the 
best brake performance, which cause issues on brake comfort as well. The conservative style mode makes full use of motor 
braking and has advantage of the brake comfort and regenerative energy efficiency. But, it is not good at rapid braking 
performance of low brake intensity. The moderate style mode is suitable for most drivers, which is balanced of the above 
characteristics. Finally, experimental tests under ECE driving cycle are also carried out to further verify the characteristics 
of proposed three brake modes. 
Keywords: Connected Autonomous Electrified Vehicles, Regenerative braking, Model predictive control, Braking style, 
Experimental test. 

 

1  Introduction 

In recent years, the rise of intelligent transportation system (ITS) and electrification of vehicles brings new opportunities 
and challenges for accelerating the development of environment-friendly transportation system. The Connected Autonomous 
Electrified Vehicles industry continues and expands the interdisciplinary characteristics of the traditional automobile industry, 
and specifically integrates key technologies such as environmental perception system, automatic driving decision system, 
vertical and horizontal control system, network communication system, battery energy management system, etc., with a 
broad space for development. The growing concern about the environmental friendliness and energy-saving requires vehicles 
to be more efficient and cleaner considerably [1-2]. With the rapid development of advanced electric vehicle technology to 
deal with non-renewable fossil fuels consumption and serious environment pollution, regenerative braking system (RBS) 
has been actively studied and applied to improve energy efficiency in various types vehicles, including battery electric 
vehicles (BEVs) and hybrid electric vehicles (HEVs) [3]. In the braking process of energy management, braking style also 
plays a vital role in the energy recovery efficiency and braking safety in addition to the braking distribution strategy [4-5]. 
For instance, high-intensity-deceleration events have particularly negative influences of RBS, because excessive energy 
regenerated may affect braking performance and safety and greatly damage the battery. However, low-intensity-deceleration 
events can greatly enhance energy recovery efficiency while ensuring braking performance in the meantime [6]. Therefore, 
small change of braking styles can result in unnecessary energy waste and decreasing vehicle mobility performance. In order 
to address above challenges, a human-vehicle integrated optimization scheme of braking force distribution is proposed to 
realize a better overall performance of RBS [7-8]. 
In regenerative braking control, many scholars from all over the world have conducted comprehensive and in-depth researches on braking 
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control strategies of various types of electric vehicles from all aspects. A lot of literatures focused on RBS coordinated with anti-lock 
braking system (ABS) of safety–critical driving maneuvers [9-11]. Similarly, various researches had concentrated on electric powertrain 
system [12-15]. For normal braking process, present studies shared the aims of improving the regeneration efficiency and the coordinated 
control effect between the regenerative brake and the frictional brake. Zhang et al. designed a coordinated braking strategy of RBS for a 
fuel cell hybrid electric bus and proposed a modified control strategy of regenerative braking control for rear-driven electrified minivans, 
which improved the regeneration efficiency by 15% compared with the baseline control strategy [16-17]. Lv et al. proposed a novel 
pressure-difference-limiting control method for hydraulic pressure modulation, which polished up the cooperative regenerative braking 
performance of electrified vehicles [18-19]. And a cyber-physical system based framework for co-design optimization of an automated 
EV with different driving styles was proposed to significantly improve overall performances of the vehicle [20]. Li et al. proposed an 
efficient energy recovery control strategy based on the modified nonlinear model predictive control method for regenerative braking 
system of hybrid electric bus, which balanced the vehicle safety and braking energy recovery efficiency [21]. Kumar et al. studied study 
the impact of regenerative braking on vehicle lateral stability and energy regeneration while braking in a turn and a suitable solution is 
proposed to improves lateral stability [22-23] .Wu et al. put forward a novel hierarchical control strategy with the battery aging 
consideration and controller-in-loop tests is designed to verify the real-time calculation performance of the proposed method [24]. Ruan 
et al. proposed three blended braking strategies, which not only achieved comfortable and safe braking during all driving conditions, but 
also significantly reduced cost in both the short and long term [25]. Bravo et al. designed and analyzed a parallel hydraulic-pneumatic 
regenerative braking system for heavy-duty hybrid vehicles and the research results indicated an opportunity for significantly improving 
the overall energy efficiency of delivery trucks and buses [26]. Nevertheless, the braking style/mode effectively cooperated with the 
regenerative braking has rarely been seen in the existing research on regenerative braking control. 
The primary objective of this paper is to develop a forward-looking optimal control framework from the point of view of 
co-design optimization to maximize energy recovery efficiency for an electric truck equipped with RBS under the premise 
of meeting the requirements of braking safety. 
Following original vital contributions are made to further advance CPS methods as well as their applications, which clearly 
distinguish our efforts from the above-mentioned literature: 
1) Three brake force distribution (BFD) schemes with three different optimization objectives are adopted in the electric 
light truck equipped with regenerative braking system for deceleration. 
2) The model predictive control (MPC) algorithm based on prior knowledge of braking style is utilized for BFD. After 
system modeling, a multi-objective optimal energy management strategy considering energy recovery efficiency, braking 
dynamic performance and the battery life can be formulated. 
3) Three different scenarios are tested to verify the performance of the EV equipped with different BFD strategies. 
The rest of this paper proceeds as follows. In Section 2, the structure of case-study EV are developed and illustrated and the 
system modeling is elaborated. The MPC optimal controller synthesis for three braking styles with different BFD strategies 
is formulated in Section 3. Then, the results and analysis of simulation and experimental tests are presented in Section 4. 
Finally, conclusions are ultimately summarized in Section 5. 

2  System modeling 

The overall configuration of the electric vehicle with regenerative braking system in this case study is shown in Figure 1. 
The regenerative braking system is realized on the basis of this electronic-pneumatic braking system of the adopted truck, 
in which the brake pedal is decoupled from the braking actuator and the wheel cylinders is all controlled by wire. The motor 
and transmission are set at the rear axle and the car is a rear-drive light truck. On each axle of the vehicle, an axle valve, 
which integrates two on-off valves (normally closed), is set between the wheel cylinder and the braking controller to 
modulate braking pressure. When the brake pedal is pushed down and the vehicle is on the deceleration process, the 
regenerative braking controller controls front and rear axle valves respectively according to braking force distribution rules 
and communicates with the motor controller through the controller area network (CAN) bus to complete the whole braking 
process collaboratively. Therefore, in this way, the regenerative braking is realized on the basis of combining pneumatic 
braking torque and motor regenerative braking torque so as to maintain the high efficiency of normal braking. 
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Figure 1  Configuration of the electric truck with regenerative braking system. 

2.1 Vehicle dynamic model 

A seven degree of freedom (DOF) vehicle model is adopted to illustrate the vehicle dynamics, including the longitudinal 
motion and four front/rear wheels’ rotations, as shown in Fig. 2. 
The equations of the motions are as follows. 
The longitudinal motion of the vehicle is expressed as: 

 
2

1 2 1 2 3 4( ) ( )cos ( )sin (3.6 )
21.15

d
x y x x y y x x

C A
m v v F F F F F F u&            (1) 

The transverse motion of the vehicle is expressed as: 

 1 2 1 2 3 4( ) ( )sin ( )cosx x x x y y y ym v v F F F F F F&           (2) 

The yaw of the vehicle is expressed as: 
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The motion of the tires of a drive wheel can be expressed as: 

 
.

, , ,w i di xi biI T F r T i fl fr rl rrw = - - =  (4) 

In the equations above, m is the overall mass of the vehicle,
x

v is the velocity along OX and
yv is the velocity along OY. 

1x
F , 2x

F , 3x
F and 4x

F are the longitudinal tire force of the front left wheel, front right wheel, rear left wheel and rear right 
wheel respectively. a  is the longitudinal distance from the center of gravity of the vehicle to the front axle, b  is the 
longitudinal distance from the center of gravity of the vehicle to the rear axle and L is the wheelbase. 1c and 2c are the widths 
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of the front track and the rear track respectively.
w

I is the rotational inertia of wheel.
i

w is the rotational speed of the wheel. 
r is the nominal radius of the tire and

di
T and

bi
T are the driving and braking torques respectively exerted on the wheel. 

  

Figure 2  Diagram of vehicle dynamic model in OXYZ coordinate system. 

2.2 Tire model 

In research on vehicle braking, the tire model is of great significance to simulate the real adhesion and sliding of tires. There 
are different theories developed for estimating tire-road force and this paper adopts the Dugoff tire model.  

For a single wheel, the longitudinal and lateral forces of the tire can be expressed by the following equations in the tire 
coordinate system. 
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This tire model requires fewer identification parameters. is the adhesion coefficient of tire pavement.C
s

andC
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the longitudinal and lateral stiffness of the tire respectively.
v
 is the velocity impact factor. 

i
l is the tire nonlinear factor. 

2.3 Motor model 

The motor model is built up according to the measured motor parameters of the case-study vehicle. In regenerative braking 
mode, the motor has almost the same rotational speed in the driving mode, which has symmetry characteristics. And the 
transfer function of electric motor can be written in the form of a first order transfer function: 

 
1

( )
0.05 1

G s
s




 (8) 

As is shown in Fig. 3, different lines represent the different efficiency of electric motor in a certain working zone. When the 
speed and torque are given, the efficiency of the electric motor can be obtained from this map. 
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Figure 3  The efficiency map of the electric motor. 

2.4 Pneumatic Braking System Model 

The pneumatic braking system model established in this paper is a theoretical model based on the braking principle of the 
test vehicle, which has been introduced in section 2. The input of the model is the brake air chamber pressure, and the output 
is the brake torque of the wheels. The equation is expressed as follows: 

 0( ) , , ,bi efi iT K P P r i fl fr rl rr= - =  (9) 

where
efiK is the braking efficiency factor, 

i
P is the braking pressure of wheel cylinder, 0P is the atmospheric pressure and 

r is the radius of the vehicle wheel. 

2.5 Battery Model 

The lithium battery is used to provide electric power for the whole vehicle. The battery model is simplified as the PNGV 
equivalent circuit model and the SOC estimation module adopts the Ampere-Hour integration method. The model’s input is 
the power required by the electric motor. Its output includes the SOC, the voltage at the output port of battery and the current 
of the battery. 

 

3  Controller design 

3.1 Control framework of the system 

This novel regenerative braking control system is aimed to output a suitable deceleration, satisfying different braking styles 
and finishing the goals of energy recovery, great brake comfort and safety. As is shown in Fig. 4, in this study, the whole 
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control algorithm is developed based on different braking styles. 
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Figure 4  Hierarchical control schematic graph for different driving styles. 

3.2 Braking Mode Selection 

This novel regenerative braking controller is synthesized by considering different braking styles. So the requested output 
braking torque distribution is not only determined by the driver’s operation, but also distinguished by the braking modes. In 
the actual implementation stage, the regenerative braking mode of electric vehicles can be selected through the human-
machine interface (HMI) or use machine learning to perceive a driver's intentions or preferences through smart sensors, 
which is prepared for highly automated vehicles within a few years. In this paper, the switching of braking style selection is 
assumed to be realized via HMI of braking modes. 
Oriented by the braking-mode-aware regenerative braking control described above, three braking modes are considered in 
this work and defined as follows. 
(1) Aggressive: The aggressive braking mode exhibits sharp and abrupt deceleration, aiming at vehicle dynamic 
performance. This mode results in more pneumatic braking torque and less electric braking torque because of braking 
distance is short and regenerated current is overshoot. 
(2) Conservative: The braking mode of conservative driver often exhibit mild operational braking behaviors and they pay 
more attention to the energy efficiency and ride comfort, in which electric braking torque can intervene to recover more 
energy to avoid abrupt variations of vehicle state. 
(3) Moderate: The moderate braking mode is in between of above two. This kind driver may value the balance of vehicle 
performance, energy efficiency and ride comfort. 
Through a large number of literatures and practical road test of a light truck with different drivers, the human-like 
deceleration behavior profiles are developed for each braking mode, as illustrated in Fig. 5. 
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Figure 5  The profiles of relationship of brake pedal opening and reference torque 

3.3 MPC controller 
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The regenerative braking is a multi-objective and multi-constraints nonlinear control problem, which should ensure recover 
more energy, high-effective braking performance and better braking comfort. As we know, the most important characteristic 
of MPC is that it can integrate multiple control objectives of a complex system into one equation for coordination, and the 
control parameters are easy to be adjusted. In this paper, the MPC is finally introduced to solve the control problem in the 
regenerative braking system of electric vehicles. 

3.3.1 Predictive model 

The rotational direction of a single wheel is modeled dynamically and the model is discretized and the equation of state of 
the system is expressed as: 

 

,

( 1) 2 ( ) ( ) ( )
2

( 1) 2 ( ) ( ) ( ) ( )
2

s
fi xfi pf fi

w

s
ri xri pr m reg ri

w

T
k r F k T k k

I

T
k r F k T k T k k

I

w w

w w

ìï é ùï + = × × - +ê úï ë ûïïíïï é ù+ = × × - - +ï ê úë ûïïî

 (10) 

where k represents the time step,
s

T is the sampling time,
pfT and

prT are pneumatic braking torque of front and rear axle 
respectively and ,m regT is the motor regenerative braking torque. Hence, we select angular velocity of the front and rear 
wheels as the state variable and front and rear axle pneumatic brake torque and motor torque as the control variable. 
Definitions are as follows: 

 

1 2
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The state-space model equations of MPC can be written as: 
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The coefficients matrixes are given as follows: 
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3.3.2 Dynamic constraints 

Through setting the dynamic constraints of MPC, the motor and battery can be effectively protected and the deceleration 
performance can be more stable during the regenerative braking process. The constraints include maximum motor torque, 
maximum battery charging current, limited SOC and maximum change rate of pneumatic braking torque. 



Novel 6-DOF Wearable Exoskeleton Arm with Pneumatic Force-Feedback for Bilateral Teleoperation 

 

·9· 

 

max ,

max

max

max

( ) 0

( )

( ) ( )

( 1) ( ) ( )

0 ( )

m m reg

c reg

reg reg

p p p

p p

T T

I I

SOC SOC

T k T k T

T T

ìï £ £ïïï £ïïïï £íïïï + - £ Dïïïï £ £ïî

 (15) 

The first constraint is the maximum of electric motor torque, which is relevant to the motor angular speed 
m

w and can be 
obtained from the motor map of Fig. 3. The second one is the charge current of battery. Too much current will burn the 
battery and it is should be limited by the experimental test data of 280A in this work. The third one is SOC. When the SOC 
of the charged state of the battery is higher than the upper limit value of 90%, the battery is not able to continue charging. 
The last two constraints are about of pneumatic pressure. Considering actual pneumatic braking system has the large 
hysteresis and maximum pressure limitation, the maximum change rate of pneumatic torque is 10000 N/m/s and the 
maximum pressure is set at the 3000N/m by measured data. 

3.3.3 Cost function of MPC 

Energy recovery, vehicle braking stability and braking comfort are the main concerns in regenerative braking controller 
design. These three objective functions 1J  , 2J  and 3J  are designed according to the characteristics of the whole control 
system. 
First of all, in order to meet the braking demand, the optimized braking torque should be able to track the total braking 
deceleration well. This target is realized through the target function 1J and the specific expression is as follows: 

 2
1 ,

1

[ ( | ) ( | ) ( | ) ( | )]
ph

pf pr m reg ref

i

J T k i k T k i k T k i k T k i k
=

= + + + + + - +å  (16) 

where
refT the reference vehicle deceleration. 

Secondly, the braking energy recovery efficiency is an important index to evaluate the quality of the designed control system. 
Under the premise of braking demand, objective function 2J  is added to ensure energy recovery efficiency, which is 
expressed as: 

 

1
2

2
1

[ ( | )]
ch

reg

i

J E k i k
-

=

= +å  (17) 

 ,reg gen m reg m
E T dth w= ò  (18) 

where regE is the regenerated braking energy, regh is the braking efficiency of the motor at the current moment, which both 
can be checked from the motor efficiency map . 
If the control operation of the vehicle changes a lot, it will have a great impact on the comfort. The comfort level of a vehicle, 
also known as drivability, can be assessed by vehicle’s jerk j . So the objective function 3J is added to ensure the driving 
comfort of the electric vehicle, which is expressed as: 

 

1
2

3
1

[ ( + | )]
ch

i

J j k i k
-

=

= å  (19) 

 j v= && (20) 

While aggressive drivers may enjoy intense vehicle’s jerk, the ride comfort are important features for those who prefer 
conservative or moderate driving style. In this article, the jerk is used to capture the comfort level of the vehicle. 
The model predictive control algorithm can integrate all the control objectives in one equation, and the control parameters 
are easy to adjust. The overall objective function of the system designed in this paper is expressed as follows 
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where 
T

w , wh
and

jw are the weight coefficients of each control objective, which can be adjusted to a satisfactory control 
effect according to the different braking styles or HMI operation. 
As described before, the braking modes are differentiated as three kinds, which are aggressive mode, moderate mode and 
conservative mode, and in different modes, the cost function has different weights. When making weight selection, a much 
great weight is given for every featured cost function and a much lower weight on the other unrelated functions is set to 1 
under different driving styles. The detailed setting of weights for three braking modes is presented in Table 1.  

Table 1  Weight selection for different styles 

Braking 
Mode 

Weight 

T
w  wh

 
jw  

Aggressive 10 1 1 

Moderate 1 1 1 

Conservative 1 10 10 

 

3.3.4 MPC implementation 

The online computing speed of MPC is a key problem, which has been blocking the application further. In order to improve 
computational efficiency, a simplified optimization method is implemented to solve the problem. In the meantime, the 
predictive time horizon is set at 8 and control time horizon is set at 4. 
In view of the total requested braking torque is given by driver operation and obtained by the lookup tables of different 
braking styles, as long as two variables are given in the control variable ( )u k the third one will be confirmed. Hence, if we 
give a rule of front and rear wheel torque distribution, the computing burden of MPC will be greatly reduced. 
In order to prevent the dangerous sideslip of rear axle, it is required that the actual BFD curve ( b curve) of the vehicle 
braking system should be more and more close to the ideal braking curve ( I curve) to improve the adhesion efficiency of 
the wheels. Integrated the ECE regulations and regenerative energy requirements, the implemented BFD of front and rear 
wheels can be shown in Fig. 6. 
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Figure 6  Diagram of braking torque distribution. 

3.4 Pneumatic pressure controller 

In order to realize the cooperative control of motor and pneumatic brake system, wheel cylinders should be controlled to 
track the desired pressure. Thus, a proportional-integral-differential (PID) controller with Pulse Width Modulation (PWM) 
is designed to implement the process, which has fast calculation and satisfied dynamic performance. Take front axle valve 
system for example, the control logic diagram is shown in Fig. 7. 
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Figure 7  Pneumatic pressure control logic. 

4  Simulation Results and Analysis 

Based on the data of a real truck shown in Fig. 8, a similar electric model and controller is built up in MATLAB/Simulink 
and some parameters of simulation are given in Table 2. 

 

Figure 8  Electric light truck for simulation. 

In this simulation, to simplify the problem within a reasonable complexity, the following assumptions are made. 
(1) The vehicle is assumed to run in normal braking conditions, excluding the emergency braking condition. 
(2) The slope of the road is assumed to be zero and only longitudinal motion control of vehicle is considered. 
(3) It is also assumed that parameters of electric powertrain system are fixed and current vehicle states can be measured 
by actual sensors and obtained by simple calculation. 
On the basis of above developed control method, three braking style modes are simulated to compare with each other and 
the performance exploration is carried out. The detailed results with different driving styles are shown as follows and the 
parameters of vehicle adopted in the numerical simulation are shown in Table 2. 

Table 2. Parameters of simulation. 
Parameters Value 

Total vehicle mass m  4550 kg 

Wheelbase L  3.3 mm 

Height of center of gravity 
gh of the vehicle 0.8 m 

Transmission ratio 
gi  1.5 

Final drive ratio 
0i

 6.2 

Nominal radius R of the wheel 0.3831 m 

Moment of inertia of a wheel 
w

I  20 2
kg m×  

Distance from the front axis to the center of mass a  1.52 m 

Distance from the rear axis to the center of mass b  1.78 m 

4.1 Simulation of three braking modes 
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By simulating the driver braking process, some curves of different regenerative braking process are obtained. 
From the simulation results of the aggressive mode shown in Fig. 9, the vehicle is braking within 5s by the driver’s normal 
braking command, causing wild fluctuations of jerk values, which seriously affect the brake comfort. Meanwhile, because 
of giving priority to braking performance, less regenerative torque participate in the braking and the less energy is 
regenerated as well. In addition the front axle pneumatic torque is excessively changed, which is disadvantage for the life of 
braking valves. 
The simulation results of the moderate mode are shown in Fig. 10, the vehicle is stopped within 6s and the jerk is kept 
relatively stable. The motor regenerative torque increases to its maximum extent gradually in following 3s of the deceleration. 
In the meantime, the pneumatic torques of rear axles compensate for the remaining request braking torque. Once the request 
torque reaches a high value at 1.5s, the pneumatic torque of front axle starts to be exerted to ensure the brake safety. After 
the regenerative braking torque stabilizes at its maximum, the front torque is maintained at a low value of 2kNm. When the 
regenerative torque decreases in about 5.2s, which is restricted by controller restrictions and its working characteristics, the 
pneumatic torque of rear axle is supplemented to keep vehicle stable. 
The simulation results of the conservative are shown in Fig. 11, at the beginning of the braking procedure of 2s, the 
regenerative torque takes responsible for most of the braking request, which is relatively small enough to be exerted by 
electric motor. Then, after reaching a certain threshold, the pneumatic torque also starts to coordinate with the regenerative 
torque to provide the lacking overall torque in the following 2s. Afterwards, when the vehicle speed decrease to a low value 
in 6.3s, the regenerative torque begins to evacuate and the pneumatic torque of front and rear axle remain a relative low level 
to make vehicle stopped. Therefore, because the requirement of brake intensity in the most time is guaranteed in low stage 
and the brake torque changes steadily, the small jerk and high regeneration efficiency are both obtained naturally. 
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Figure 9  Simulation of the aggressive mode. 
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Figure 10  Simulation of the moderate mode. 
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Figure 11  Simulation of the conservative mode. 

4.2 Comparisons of the three brake modes in simulation 

Comparisons of above results are given in Table 3.The aggressive style, which is in favor of vehicle dynamic performance, 
achieves the best performance of brake time in the same brake intensity of less than 5s.The conservative style, which prefers 
to the ride jerk and regenerated energy efficiency, dominates in vibration reduction and regenerated energy. The maximum 
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jerk of this style is under 20 3/m s and regenerated energy is top of all. Last of all, the moderate style, which is in the middle 
of three styles, has a balanced performance in all aspects of dynamic performance, ride comfort, and regenerated energy 
efficiency. 

Table 3  Results comparison of three brake mode. 

Brake style 
Performance 

Brake time (s) Maximum jerk ( 3/m s ) Regenerated energy (kJ) 

Aggressive 4.8 28 142.8 

Moderate 5.9 21 151.2 

Conservative 7.1 17 172.5 

4.3 Experimental Tests 
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Figure 12  Overall configuration of the experimental test platform. 

 

To further the study of influence on vehicle’s energy efficiency enhancement by the regenerative braking, tests based on 
MircoAutoBox 1401/1501 from dSPACE are carried out. As is shown in Fig. 12, the entire control platform setup for the 
regenerative braking system, which consists of four parts: host computer and software, real-time workshop, drive and 
feedback units and physical actuators. The proposed MPC controller and vehicle model in MATLAB are downloaded in 
MircoAutoBox by Real-Time Interface (RTI) to run the actuators. 
Thanks to the average speed of ECE driving cycle is close to the urban driving condition of China, the ECE driving cycle is 
extracted to compare the energy efficiency of the vehicle improved by a regenerative braking system under three different 
styles respectively, which has the practical significance. Fig. 13 depicts the test results of ECE driving cycle. 
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Figure 13  Test result of the ECE driving cycle. 

In order to quantitatively measure and evaluate energy efficiency of vehicle with regenerative braking system, the 
contribution rate regh is proposed as an evaluation parameter, which can be expressed as follows: 

arg
0

0

100% reg

drive

battery reg ch e
Preg

reg

drive drive
P

U I dt
E

E P dt

h

h
<

>

= ´ =
ò

ò
 

where
regE is the regenerated energy of the whole driving cycle,

drive
E is the whole consumed energy of the driving cycle,

regP is the charging power,
batteryU is the battery voltage,

regI is the charging current, argch eh is the charge efficiency of the 
battery and

drive
P is the consumed power of the vehicle. 

The comparison of the ECE driving cycle results are shown in Table 4. Based on equation (x), the fuel economy contribution 
rate of the aggressive style mode is below 22%. However，the fuel economy contribution rate of the moderate style mode 
is nearly 24%. Particularly, for the conservative style mode, the contribution rate is above 26%, which is at a relatively high 
level. 

Table 4  Comparison of for the ECE driving cycle test results. 

Braking style Consumed energy (kJ) Regenerated energy (kJ) Contribution rate (%) 

Aggressive 2273.1 481.9 21.2% 

Moderate 2091.2 497.7 23.8% 

Conservative 1932.5 512.1 26.5% 

5  Conclusions 

In this paper, a novel MPC controller of regenerative braking system considering the braking styles is proposed to optimize 
different targets. A new regenerative braking system is designed and simulation model is built based on experimental data. 
The results of simulation and experimental tests strongly demonstrate that the proposed controller coordinated with different 
braking styles ensures the request characteristics with respect to brake performance, brake comfort and regenerative energy 
efficiency. 
In future research, studies will be carried out in some areas such as the following: road tests of the real case-study vehicle in 
different driving cycles; the influence of the motor overheating and battery aging on the regenerative braking control; life 
and stability tests of the regenerative braking system. 
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Figures

Figure 1

Con�guration of the electric truck with regenerative braking system.



Figure 2

Diagram of vehicle dynamic model in OXYZ coordinate system.



Figure 3

The e�ciency map of the electric motor.

Figure 4

Hierarchical control schematic graph for different driving styles.



Figure 5

The pro�les of relationship of brake pedal opening and reference torque

Figure 6

Diagram of braking torque distribution.

Figure 7

Pneumatic pressure control logic.



Figure 8

Electric light truck for simulation.

Figure 9

Simulation of the aggressive mode.

Figure 10

Simulation of the moderate mode.



Figure 11

Simulation of the conservative mode.

Figure 12

Overall con�guration of the experimental test platform.



Figure 13

Test result of the ECE driving cycle.


