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As one of the main working modes, the energy recovered with regenerative braking system provides an
effective approach so as to greatly improve fuel economy of hybrid electric bus. However, it is still a chal-
lenging issue to ensure braking stability while maximizing braking energy recovery. To solve this prob-
lem, an efficient energy recovery control strategy is proposed based on the modified nonlinear model
predictive control method. Firstly, combined with the characteristics of the compound braking process
of single-shaft parallel hybrid electric bus, a 7 degrees of freedom model of the vehicle longitudinal
dynamics is built. Secondly, considering nonlinear characteristic of the vehicle model and the efficiency
of regenerative braking system, the particle swarm optimization algorithm within the modified nonlinear
model predictive control is adopted to optimize the torque distribution between regenerative braking
system and pneumatic braking system at the wheels. So as to reduce the computational time of modified
nonlinear model predictive control, a nearest point method is employed during the braking process.
Finally, the simulation and hardware-in-loop test are carried out on road conditions with different
tire–road adhesion coefficients, and the proposed control strategy is verified by comparing it with the
conventional control method employed in the baseline vehicle controller. The simulation and
hardware-in-loop test results show that the proposed strategy can ensure vehicle safety during emer-
gency braking situation and improve the recovery energy almost 17% compared with the conventional
rule-based strategy in the general braking situation. Therefore, the proposed control strategy might offer
a theoretical reference for the design of the actual braking controller in engineering practice.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The energy depletion and environment pollution have always
been the problems hindering the rapid development of the auto-
motive industry. Hybrid electric vehicle (HEV) technology might
be the primary solution, due to its characteristics of better fuel
economy and lower exhaust emissions in comparison to conven-
tional vehicles [1]. Within the fast expansion of HEV technology,
its application to the area of urban buses has made great progress
[2]. Among various configurations of HEV, single-shaft parallel
powertrain with the automatic mechanical transmission (AMT)
have attracted more and more attention due to its compact struc-
ture and transmission efficiency [3]. Braking energy recovery is an
important working mode for improving fuel consumption and
reduce pollutant emissions in HEV. A research about the potential
of this technique shows that from one third to one half of the driv-
ing energy is dissipated during braking in urban driving circles [4].
Regenerative braking control strategies included series and parallel
types. In the Parallel strategy, the friction braking system is the
same as in conventional vehicles, and the regenerative torque is
added into the friction braking system proportionately. In the ser-
ies strategy, the friction braking torque can be modulated, and the
overall braking torque is controlled to meet the driver demand.

In order to get more efficiency and better capacity of the regen-
erative braking energy, the existing research has focused on the
series strategy. Using this configuration, the regenerated energy
is mainly limited by three constrains [5]. First, the regenerative tor-
que depends on the maximum braking torque provided by the
motor, which is designed for high torque and power density [6].
Second, the regenerative power is limited by the charging power
capability of the battery [7]. To avoid the over-charging or over-
discharging and provide a powerful guarantee for the optimization
of HEV, the battery’s power characteristic should be considered in
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Nomenclature

A vehicle frontal area (m2)
a1 acceleration of vehicle (m=s2)
b longitudinal distance from rear wheel to the center of

gravity of vehicle (m)
CD aerodynamic drag coefficient (–)
ei difference of the desired vehicle speed and the predic-

tive vehicle speed (m=s)
~e difference of vmod and vact (m=s)
Fresist total resist force (N)
Fw wind resist force (N)
Fz1; Fz2 perpendicular force of the front and rear wheels respec-

tively (N)
hc control horizon (–)
hp prediction horizon (–)
~i corresponding output of the set W and Wv (–)
J1; J2 moments of inertia of the front, rear wheels respectively

(kg m2)
Kb1;Kb2 stiffness for the front wheel and rear wheel respectively

(kN=m)
kpb the ratio coefficient between the pneumatic braking tor-

que and the braking pressure (–)
m overall mass of vehicle (kg)
ms sprung mass of vehicle (kg)
p pneumatic pressure in the braking chamber (MPa)
pij optimal position of the particle in its history (–)
R1;R2 radius of the vehicle wheel (m)
r variation factor (–)
si slip ratio of the wheels (–)
Tb1; Tb2 pneumatic braking torque on the front and rear wheel

(N m)
Tpchange;max maximum braking torque change rate of the pneu-

matic braking system (N m)
Trechange;max maximum braking torque change rate of the motor

(N m)
Ts sample time adopted in the model prediction (s)
ucont output of the controller (–)
uhold change rate in the pressure hold phase (MPa=s)
uijðt þ 1Þ position of the particle in new generation (–)
ux change rate of braking pressure (MPa=s)
v vehicle speed (m=s)
vmod modified vehicle speed using the feedback method

(m=s)
vpre vehicle speed based on the predictive model (m=s)
W a compact subset of the domain of the controller inputs

(–)
wa, wb, wc weight factor for the inertia velocity, velocity to go to

the optimal value of the particle in the history, velocity
to go to the optimal combination respectively (–)

~w factors in Wv (–)
X current vehicle states (–)
Z vertical motion of vehicle (m)
a1;a2 angular acceleration of the front and rear wheel (rad=s2)
li friction coefficient (–)
gi efficiency of the set of wheel to battery (–)
xm angular velocity of the motor axle (r=min)
s0 lag time of the pneumatic braking system (s)
sp time lag coefficient (–)

a longitudinal distance from the front wheel to the center
of the gravity of vehicle (m)

B,C,D,E coefficients of the magic formula (–)
C1;C2 damping coefficients of the front suspension and the

rear suspension respectively (kN s/m)
D0 vertical distance between the center of the gravity of

vehicle to the pitching axle (m)
�e difference of vpre and vact (m=s)
Ff roll resist force (N)
Fs1; Fs2 forces of the suspension on the front wheel and rear

wheel (N)
Fx1; Fx2 the braking force provided by the ground on the front

and rear wheels (N)
f 1; f 2 coefficient of roll resist force (–)
hi weight factor of the difference in i time step (–)
Ic battery charging current (A)
J cost function (–)
Jy the moment of inertia of the vehicle in the OY direction

(kg m2)
K1;K2 stiffness of the front suspension and rear suspension

respectively (kN=m)
l longitudinal distance from the front wheel to rear wheel

(m)
m1;m2 mass of the front wheel and rear wheel respectively (kg)
Pbatt lim maximum charging power of battery (W)
pgi position in the optimal combination (–)
pt target braking pressure (MPa)
Rint Initial resistance of battery (X)
Sxrefer desired slip ratio (–)
Tb pneumatic braking torque (N m)
Tchange change rate limits for the particle (N m)
Treb regenerative braking torque (N m)
Tbre;max maximum braking torque the motor can provide (N m)
Uc battery charging voltage (V)
udec change rate of the braking pressure reduction (MPa=s)
uijðtÞ position of the particle in previous generation (–)
uInc: change rate when the braking pressure increasing

(MPa=s)
Voc the battery open-circuit voltage (V)
vact actual vehicle speed (m=s)
v ij velocity of particle (–)
vref desired vehicle speed (m=s)
Wv a set of finite point which is the set, W (–)
wx;wy;wz weight factors that denote the important level of the

vehicle speed tracking performance, the braking energy
recovery efficiency, the vehicle safety performance
respectively (–)

~wNP the nearest point (–)
x longitudinal motion of vehicle (m)
Z1; Z2 vertical motions of the front wheel and rear wheel

respectively (m)
h roll angle of sprung mass (�)
gmotor motor efficiency (–)
gtrans transition system efficiency (–)
xi rotation speed of the wheel (rad=s)
sx time taken to reach the target braking pressure (s)
r tire–road friction adhesion coefficient (–)
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the control strategy [8]. Third, the braking torque is eventually lim-
ited by available tire–road friction. Hence, the available regenera-
tive braking torque might not be always large enough to satisfy
the braking demand. Consequently, the general braking system of
hybrid electric bus (HEB) is composed of both electric regenerative
braking system (RBS) and pneumatic friction braking system. Dur-
ing the braking maneuver, the braking torque would be distributed
between regenerative braking torque, provided by motor at the
rear wheels, and the friction braking torque at the front and rear
wheels provided by pneumatic braking system. Considering highly
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nonlinear characteristics of the vehicle system andmultiple perfor-
mance objectives, it might be a complex problem to fulfill the effi-
cient energy recovery while ensuring the vehicle braking stability.

Several rule-based regenerative braking strategies, which are
commonly used in engineering practice, have been proposed in
recent years. For the rear-driven electrified vehicle, a modified con-
trol strategy is proposed to improve the recovery efficiency by
Zhang [9]. An electronically controlled braking system is proposed
to simultaneously control regenerative and mechanical braking
force developed by Gao [10]. An integrated control strategy coordi-
nating regenerative and pneumatic braking force is designed and
applied in the fuel cell hybrid electric bus [11]. So as to keep small
fluctuation of the total frictional and regenerative braking force
during the braking modes transition, a coordinated controller is
designed for the pneumatic braking system to compensate for
the motor error [12].

Moreover, some other strategies based on control and optimiza-
tion technologies, have also been presented to control the hybrid
braking system. Kang present a coordinated cascade control
method using two sliding-mode controllers, so as to deal with
the unstable situation when the tire slip ratio exceeds a certain
threshold and the vehicle dynamic entered the nonlinear region
on the friction road surfaces [13]. Furthermore, a sliding-mode
controller which decides how to distribute the braking force
between the regenerative braking and the antilock braking in
emergency braking situations is developed to maintain the optimal
slip value in [14]. Kanarachos et al. includes an integrated braking
controller designed using the state-dependent Riccati equation
control technique, for a vehicle driven by an electric motor on
the front axle [5]. To recover more braking energy while satisfying
the vehicle stability, a genetic algorithm-based control strategy to
obtain the optimal brake torque distribution between the regener-
ative braking and the electrohydraulic brake torque is detailed by
Kim in [15]. Fuzzy-logic-based regenerative braking strategies
(RBS) integrated with series regenerative braking are explained
in [16], so as to present a solution easier for in-vehicle applications.
To extend the driving range for electric vehicle, a fuzzy-logic-based
regenerative braking strategy, considering the driver’s braking
force command, vehicle speed, battery SOC and battery tempera-
ture, was designed to determine the distribution between the fric-
tion braking force and regenerative braking force by Xu [17].
Among all the available methodologies, the nonlinear model pre-
dictive method is well-known for its ability to deal with complex
optimal control problems as well as to handle nonlinearities and
constraints. Huang et al. present a nonlinear model predictive con-
troller for regenerative braking control of lightweight electric vehi-
cles equipped with in-wheel motors [18]. An uncertainty model
predictive strategy for the hybrid compound braking control sys-
tem of an EV with double driving motors is proposed by Liu [19].
Predictive control is also used by Wang et al. along with a robust
control law to enhance the robustness with respect to vehicle
parameter uncertainties [20].

As evidenced in the literature survey, an efficient energy recov-
ery strategy based on the NMPC for the vehicle pattern of single-
shaft parallel hybrid electric bus has not been researched. Firstly,
based on the compound braking system of single-shaft parallel
HEB, a set of models, including those of the tire, the 7 degrees of
freedom (DoF) vehicle dynamic, the electric braking system and
the pneumatic braking system, has been built. Then considering
the nonlinear characteristic of vehicle and the efficiency character-
istic of RBS, the NMPC strategy with particle swarm optimization
(PSO) algorithm is adopted to obtain the optimal distribution of
the braking torque. In addition, in order to improve the accuracy
and optimize the efficiency, several modified algorithms based
on the NMPC method with PSO algorithm are considered in the
proposed strategy. The computation effort is reduced using the
nearest point method. The simulation and hardware-in-loop
(HIL) test result show that the proposed control strategy can
greatly improve the regeneration efficiency on the condition of
ensuring the braking safety of vehicle.

The rest of this paper is organized as follows. In Section 2, the
structure of the regenerative braking system of HEB is given and
its model is introduced. Section 3 describes the proposed NMPC-
based regenerative braking control strategy. Simulation and HIL
test results and analyses of the proposed strategy compared with
those of conventional control strategy are given in Section 4. This
is followed by the concluding remarks in the final section.
2. Model descriptions of RBS

2.1. Regenerative braking system configuration

A single-shaft parallel hybrid electric bus driven by rear axle is
used in this paper as platform to design the regenerative braking
control method. The vehicle layout is shown in Fig. 1.

As shown in Fig. 1, there are two parts of braking system. One
part corresponds to the pneumatic braking system, which is com-
posed of the air compressor, tank, braking valve, modulating valve,
pneumatic braking controller, braking pan and pressure sensor
between other components. The second part consists of electric
braking system, which is mainly composed of battery, inverter,
motor and AMT.

The system is divided into three levels gathering each part men-
tioned above. The vehicle controller is put in the highest level,
which contains the integrated braking control strategy. The second
level contains the pneumatic braking controller, the electric con-
troller and the AMT controller in the electric braking system,
whose main task is to coordinate regenerative and pneumatic
braking torque. Electric and pneumatic braking system without
controller are included in the third level, whose task is to realize
the braking process under the controller’s supervision. In the pneu-
matic braking system, the pressure adjustment at the wheel mas-
ter cylinder can be achieved by modulating valves and Fig. 1 shows
that every wheel is equipped with the modulating valves, so that
each wheel can be controlled by the pneumatic braking controller
independently.
2.2. RBS model

Vehicle dynamics model, tire model, electric braking system
model, pneumatic braking system model et al. are detailed in this
section by taking authorized articles as references. These are used
to verify the performance of regenerative braking control strategy
through model simulation.

2.2.1. Vehicle dynamics model
The 7 DoF model of vehicle dynamics is built considering load

transfer, as shown in Fig. 2.
The OXYZ coordinate system is static relative to the vehicle. OX

represents the longitudinal direction of the vehicle, which points
forwards, and OZ is perpendicular to the ground, OY is perpendic-
ular to the OXZ plane. The 7 DoF of the vehicle model are as fol-
lows: longitudinal motion freedom represented by X, vertical
motion freedom represented by Z, roll angle of the sprung mass
denoted by h, vertical motion of the front wheel denoted by Z1,
rotation speed of the front wheels represented by the rotational
speed x1, vertical motion of the rear wheel denoted by Z2, and
rotation speed of the rear wheels represented by the rotational
speed x2.

According the vehicle dynamics equations, the longitudinal
force equations are given by:
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1
2
m€xþ 1

2
msD0

€h ¼ Fx1 þ Fx2 � Fresist ð1Þ

Fresist ¼ Ff þ Fw ð2Þ
Ff ¼ mgðf 1 þ f 2 _xÞ ð3Þ

Fw ¼ CDA _x2

21:15
ð4Þ

The sprung mass motion is described by:

ms
€Z þ Fs1 þ Fs2 ¼ 0 ð5Þ

1
2
Jy€h�

1
2
msD0€x� Fs1aþ Fs2b ¼ 0 ð6Þ

The perpendicular wheel forces by:

m1
€Z1 � Fs1 þ Kb1Z1 ¼ 0 ð7Þ

m2
€Z2 � Fs2 þ Kb2Z2 ¼ 0 ð8Þ
The wheel rotation motion by:

J1 €x1 ¼ Fx1R1 � Tb1 ð9Þ
J2 €x2 ¼ Fx2R2 � Tb2 � Treb ð10Þ

The wheel perpendicular force by:

Fz1 ¼ msgb=2lþm1g � Kb1Z1 ð11Þ
Fz2 ¼ msga=2lþm2g � Kb2Z2 ð12Þ

The suspension forces are given by:

Fs1 ¼ K1ðZ � Z1 � ahÞ þ C1ð _Z � _Z1 � a _hÞ ð13Þ
Fs2 ¼ K2ðZ � Z2 þ bhÞ þ C2ð _Z � _Z2 þ b _hÞ ð14Þ
where m is the overall mass of vehicle, ms is the sprung mass of
vehicle. Z1; Z2 are the vertical motions of the front wheel and the
rear wheel respectively. m1;m2 are the mass of the front wheel
and the rear wheel respectively. Fs1 denotes the force of the suspen-
sion on the front wheel. Fs2 denotes the force of the suspension on
the rear wheel. FZ1; FZ2 are the perpendicular force of the front and
rear wheels respectively. Fx1; Fx2 are the braking force provided by
the ground on the front and rear wheels. Jy is the moment of inertia
of the vehicle in the OY direction.J1; J2 are the moments of inertia of
the front, rear wheels respectively. R1;R2 are the radius of the front,
rear wheels respectively. a is the longitudinal distance from the
front wheel to the center of gravity of the vehicle. b is the longitu-
dinal distance from the rear wheel to the center of gravity of the
vehicle. l is the longitudinal distance from the front wheel to the
rear wheel. D0 is the vertical distance between the center of gravity
of the vehicle to the pitching axle. Kb1;Kb2 are the stiffness for the
front wheel and rear wheel respectively. K1;K2 are the stiffness of
the front suspension and the rear suspension respectively. C1;C2

are the damping coefficients of the front suspension and the rear
suspension respectively. Fresist; Ff ; Fw are the total resist force, the
roll resist force, and the wind resist force respectively. And the road
is assumed to be plane, thus the gradient resist force is assumed to
be zero. f 1; f 2 denote the coefficient of the roll resist force. CD is the
aerodynamic drag coefficient. A is the vehicle frontal area. Tb1; Tb2

are the pneumatic braking torque on the front and rear wheel
respectively. Treb is regenerative braking torque.

2.2.2. Tire model
In the RBS, the tire model serves as the bridge connecting the

system inputs (front pneumatic braking torque, rear pneumatic
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braking torque and regenerative braking torque) with the system
states, including longitudinal and vertical motion. Several candi-
date tire models can be selected for this problem, including empir-
ical and analytical options [21]. In this paper, the empirical model
‘magic formula’ is selected given its suitability for tire behavior
simulation, and the fact that it does not increase the system num-
ber of states. The equations of the magic formula tire model are
shown as follows:

li ¼ rD sinðC tan�1fBSxi � E½BSxi � tan�1ðBSxiÞ�gÞ ð15Þ

Sxi ¼ xiRi � v
v ð16Þ

Fxi ¼ liFZi i 2 f1;2g ð17Þ
where l is the friction coefficient, which is dependent on the

longitudinal slip radio s and the tire–road friction adhesion coeffi-
cient r.

The meanings of parameters B;C, D and E can be found in [22],
which are mostly related to the tire properties, assumed to be
known. The braking force generated at the ground is strongly influ-
enced by the different tire–road friction adhesion coefficients. The
tire–road friction adhesion coefficient can be as low as 0.1–0.3 on
the icy roads and as high as 0.6–0.8 on the dry asphalt roads. The
tire–road friction adhesion coefficient recognition method can be
found in [13]. The relationship between friction adhesion coeffi-
cient, longitudinal slip ratio and tire–road friction adhesion coeffi-
cient is shown in Fig. 3. When the slip ratio is 0.2, the ratio between
Fx and Fz reaches its top, and when the slip ratio in the region of
�0.1 to 0.1, the relation between slip ratio and ratio between Fx

and Fz is approximately linear. In case the slip ratio is out of the
region, the relation shows high nonlinear characteristic.

2.2.3. Electric braking system
The electric braking system model includes battery model and

motor model.

2.2.3.1. Battery model. The battery model is based on the Li-Ion bat-
tery of a General Motors electric vehicle in ADVISOR. As shown in
Fig. 4, the battery model is simplified as an internal resistance
model, which was described in [23]. Voc is the open-circuit voltage,
Rint is the internal resistance, Uc; Ic denote the battery charging
voltage and current respectively in Fig. 4. And the battery actual
capacity, whose maximum is 80 A h, is related to the previous
SOC and the temperature data. And the internal resistance of the
battery, is related to the previous SOC and the temperature data
too.

2.2.3.2. Motor model. The permanent magnet motor is selected in
this paper, the parameters of motor is shown as follows: the max
torque is 750 N m; the nominal power is 94 kW; the peak power
is 121 kW.
-1 0 1
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Fig. 3. The relationship of slip ratio and friction adhesion coefficient.
The motor efficiency in the RBS has been taken into considera-
tion, which can be denoted by the following equation:

gmotor ¼
UcIc

Trebxm
ð18Þ

where xm is the angular velocity of the motor axle. gmotor is the
motor efficiency.

The motor efficiency map is used to calculate the optimal regen-
erative braking torque by the controller. As depicted in Fig. 5, the
blue thick lines denotes the maximum torque that the motor can
provide, the contours of different colors are denote the efficiency
of motor in the special working area. Provided that the wheel
speed is given, the optimal regenerative braking torque which
can recapture the most braking energy, can be obtained. Besides,
the motor is only active when its rotational speed is higher than
200 r/min, which is the internal logic in the motor controller for
the safety consideration.

2.2.4. Pneumatic braking system model
The pneumatic braking system construction has been shown in

Fig. 1. The pressure provided by the air compressor and the braking
pressure in the braking chamber can be controlled by the modulat-
ing valve, which is operated by the braking controller command
[13]. In practice, the relationship between the time and the active
braking pressure might be simplified as shown in Fig. 6. The per-
centage values (20%, 60%, 100%) are denote the opening degree of
modulating solenoid valve. When the target pressure pt is
demanded, the real braking pressure does not increase at the
beginning and then raises linearly, due to the response time of
the pneumatic system. The change rate is different depending on
the modulating valve characteristics. The time response to reach
the target braking pressure might be expressed as follows:

sx ¼ pt

ux
þ s0 ð19Þ

where pt is the target brake pressure and ux is the change rate of
braking pressure, s0 is the lag time of the pneumatic braking sys-
tem. The pneumatic brake model may be simplified as a first-
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Table 1
Parameters in the simulation model.

Parameters Unit Value Parameters Unit Value

A m2 8.46 B – 8.98
C – 1.62 C1;C2 kN s/m 30
CD N s2/m2 0.51 D – 1
D0 m 0.1545 E – 0.5
J1; J2 kg m2 14 Jy kgm2 70,875
K1;K2 kN/m 700 Kb1;Kb2 kN/m 980
R1;R2 m 0.48 Ts ms 10
a m 3.06 b m 2.04
f 1 – 0.0076 f 2 – 5.6 � 10�5

g m/s2 9.81 h m 1
l m 5.1 m kg 14,000
ms kg 13,180 m1;m2 kg 67
uInc: MPa/s 5 udec MPa/s 5
sp – 0.01 kpb – 20,000
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order integration model as shown in Fig. 7 [17], where uInc: is the
change rate when the braking pressure increase, udec is the rate
of the braking pressure reduction and uhold is zero in the pressure
hold phase. sp is the time lag coefficient.

The relationship between the braking pressure and the braking
torque might be expressed as follows:

Tb ¼ kpbp ð20Þ
As mentioned above, Tb is the pneumatic braking torque applied

on the wheel and p is the pneumatic pressure in the braking cham-
ber. The ratio kpb can be calibrated according to the value obtained
by repeated braking test of the HEB.

The parameters in the simulation model are shown in Table 1.
3. Regenerative braking control strategy

Considering the nonlinear characteristic of the RBS system and
the multi-objective characteristic of the braking process, NMPC
method might be adopted to improve the recovery energy whilst
ensuring the vehicle braking safety. The proposed NMPC regenera-
tive braking strategy can accommodate the forecasting errors by
combining real-time observation and short-term prediction. NMPC
determines the series of optimal control sequences over a receding
finite horizon. The PSO is well known for its ability to solve multi-
factor and nonlinear optimization problem [24]. Due to the meta-
heuristic nature and simple implementation characteristic, PSO
method have found a wide range of application in many domains
of computer, science and applied mathematics [25]. For the high
nonlinear and multifactor characteristic of the vehicle dynamic
system, the PSO algorithm is adopted in this paper. At each time
step, a deterministic optimization problem is solved by the modi-
fied PSO method, based on the look-ahead finite-horizon predic-
tion and the updated current state/measurement. However, only
the first step of the optimal control sequences is performed, dis-
carding the rest. At each time step, the initial condition over the
prediction horizon is determined by the real-time measurement
of the actual system. The online optimization process repeats until
the braking operation is over.

The desired profile of the vehicle velocity was recognized by
several algorithms, as mentioned in [26]. The prediction method
of the vehicle velocity can be divided into two groups: one is based
on the driving history information; the other is based on the vehi-
cle telemetry such as the Global Positioning System (GPS), the
Pressure Increasing

Braking
controller

Pressure reduction

u

tP

Pressure Hold

Fig. 7. The model of pneum
Intelligent Transportation System (ITS) [27]. It is also assumed that
the current vehicle states, including vehicle and wheel speed, can
be measured by the on-board sensors or evaluated by the mathe-
matical recognition algorithms. The PSO method is employed to
calculate the optimal control sequences given its advantage to deal
with the nonlinear problem. So as to improve the accuracy and
optimal efficiency, several modified algorithms based on the NMPC
method combined with PSO algorithm are taken in the proposed
strategy. Furthermore, with the aim to reduce the computational
effort of the proposed strategy, a nearest point method is employed
for the designed control strategy in the braking process.

As shown in Fig. 8, the process of the modified nonlinear model
predictive control (MNMPC) strategy includes 5 steps. The detailed
process of MNMPC is shown in Table 2.

3.1. The conventional braking control strategy

Recently, many regenerative braking control strategies have
been used in engineering practice. One of those has been widely
adopted in conventional braking systems and its descriptions is
as follows. The desired braking torque is obtained mapping braking
pedal position using a look-up table. This torque is distributed
between front and rear wheels by a predefined ratio. The regener-
ative braking torque, provided by the motor, is applied at the rear
wheels. In case the regenerative braking torque can satisfy the
braking toque demand, all braking torque would be regenerative.
However, if the regenerative braking torque cannot satisfied the
full torque demand, the motor would provide its max regenerative
torque, and the remaining torque would be compensated by the
pneumatic braking system.

3.2. MNMPC strategy

3.2.1. Predictive model
In the NMPC strategy, a three DOF vehicle dynamics model is

selected to predict the future vehicle states. The three DoF include:
vehicle speed v , front wheel rotational speed x1 and rear wheel
rotational speed x2. The load transfer is taken into consideration,
but the influence of the sprung system is simplified in this model.
incu u=

Σ1
1psτ +

decu u=

holdu=

P

atic braking system.
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Fig. 8. The NMPC strategy of RBS.

Table 2
Detailed process of NMPC.

Step I Generate initial population of the control variables with the average
initial method. Initialize the PSO parameters, i.e., c1, c2;w, and Vmax

Step II Take permutation and combination for particles of different control
variables, and predict the vehicle states in the prediction horizon for
every combination

Step III Select the optimal combination and select the optimal value of
every particle in its history based on the cost function of every
combination

Step IV Judge whether the ending condition is meet, if the answer is yes, the
calculation is ended and output the first factor of the optimal
sequence of every control variables., if the answer is no, Renew
population for the control variables based on the normal renewal
method and variation method

Step V Judge whether the restraint for every particle is meet, if so, jump
into step II. In addition, if the value is over the range of the restraint,
Renew the value of the particle randomly in the boundary of the
restraint
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Thus, the discrete-time form of the predictive model can be
derived as follows:

ma1ðkÞ ¼ Fx1ðkÞ þ Fx2ðkÞ � FresistðkÞ ð21Þ
vðkþ 1Þ ¼ vðkÞ þ a1ðkÞTs ð22Þ
a1ðkÞ ¼ ðTb1ðkÞ � R1Fx1ðkÞÞ=J1 ð23Þ
x1ðkþ 1Þ ¼ x1ðkÞ þ a1ðkÞTs ð24Þ
a2ðkÞ ¼ ðTb2ðkÞ þ Treb � R2Fx2ðkÞÞ=J2 ð25Þ
x2ðkþ 1Þ ¼ x2ðkÞ þ a2ðkÞTs ð26Þ
The variables used in the above equations can be obtained
through the following equations:
FresistðkÞ ¼ Ff ðkÞ þ Fw ð27Þ
Ff ðkÞ ¼ mgðf 1 þ f 2vðkÞÞ ð28Þ

FwðkÞ ¼ CDAvðkÞ2
21:15

ð29Þ
S1ðkÞ ¼ ðx1ðkÞR1 � vðkÞÞ=vðkÞ ð30Þ
S2ðkÞ ¼ ðx2ðkÞR2 � vðkÞÞ=vðkÞ ð31Þ
l1ðkÞ ¼ rD sin½C tan�1ðBS1ðkÞ � EfBS1ðkÞ � tan�1½BS1ðkÞ�gÞ� ð32Þ
l2ðkÞ ¼ rD sin½C tan�1ðBS2ðkÞ � EfBS2ðkÞ � tan�1½BS2ðkÞ�gÞ� ð33Þ

FZ1ðkÞ ¼ mg
L

bþ a1ðk� 1Þh
g

� �
ð34Þ

FZ2ðkÞ ¼ mg
L

a� a1ðk� 1Þh
g

� �
ð35Þ

Fx1ðkÞ ¼ Fz1ðkÞl1ðkÞ ð36Þ
Fx2ðkÞ ¼ Fz2ðkÞl2ðkÞ ð37Þ
where k represents the time step. Ts is the sample time adopted in
the model prediction. a1;a1;a2 are the acceleration of the vehicle,
the angular acceleration of the front wheel and the angular acceler-
ation of the rear wheel respectively. The other variables are men-
tioned in the second section. The values of the parameters are
included in Table 1.
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3.2.2. Constraints
Regenerative braking torque in the NMPC is mainly limited by

three constraints. The first constraint is the motor physical torque
limit, which can be obtained using a look-up table dependent on
the motor rotational speed. The second one is the maximum bat-
tery charging power. The third constraint corresponds to the
charging rate limits imposed by the electric braking system. The
pneumatic braking torque in the NMPC is mainly limited by the
maximum change rate limits provided by the pneumatic pressure
response. The constrains mentioned above can be derived through
the following equations:

Trebxmgmotor 6 Pbatt lim ð38Þ
Treb;max 6 Treb 6 0

Trebðkþ 1Þ � TrebðkÞ 6 Trechange;max � Ts
�

ð39Þ

Tb2ðkþ 1Þ � Tb2ðkÞ 6 Tpchange;max � Ts ð40Þ
Tb1ðkþ 1Þ � Tb1ðkÞ 6 Tpchange;max � Ts ð41Þ
where Pbatt lim is the maximum charging power of battery. Treb;max is
the maximum braking torque that the motor can provide.
Tbrechange;max is the maximum braking torque change rate of the
motor. Tbpchange;max is the maximum braking torque change rate of
the pneumatic braking system.

3.2.3. Cost function
The vehicle speed tracking performance, energy recovery effi-

ciency and vehicle safety should be considered in the cost function.
These objectives are included in a single objective function through
weights, which are adapted in different situation. The cost function
includes two modes based on the slip ratio of the wheels.

3.2.3.1. General control mode. The general regenerative braking
control mode turns on when both slip ratio are lower than a prede-
fined threshold. The main objective in this mode is recovering as
much braking energy as possible under the condition that the rear
wheel slip ratio is controlled in a reasonable area so as to prevent
ABS control intervention. The cost function in this mode is defined
as follows:

JðkÞ ¼ JðuðkjkÞ; . . . ;uðkþ hc � 1 kj ÞÞ

¼ wx

Xhp
i¼1

keiðkÞk2 þwy

Xhc
i¼1

ðTrex2giÞ2 þwz

Xhp
i¼1

ðS21 þ S22Þ ð42Þ

where

wz / maxðS1; S2Þ ð43Þ
eiðkÞ ¼ v ref ðkþ i kj Þ � vðkþ i kj Þ i ¼ 1; . . . ;hp ð44Þ
gi ¼ gtransgmotor i ¼ 1; . . . ;hp ð45Þ
where k � k is the Euclidean norm. v ref denotes the reference vehicle
speed. ei is difference of the desired vehicle speed and the predictive
vehicle speed. hc is the control horizon. hp is the prediction horizon.
gi is the efficiency of wheel to battery set. gtrans is the transmission
system. J is the cost function. wx;wy;wz are weight factors that
denote the important level of the vehicle speed tracking perfor-
mance, the braking energy recovery efficiency, the vehicle safety
performance respectively. wz is a self-adaption factor which value
is dependent on the slip ratio. In order to prevent the wheel slip
ratio beyond the boundary and turn the ABS control mode on, wz

should be set larger as the slip ratio rise.

3.2.3.2. ABS control mode. The ABS control mode is turned on when
any of the front or rear wheels is going to be locked. During ABS
control mode, the most important objective is the vehicle safety,
which is controlled by keeping the wheel slip ratio within the same
range. The cost function is defined as follow:
JðkÞ ¼ JðuðkjkÞ; . . . ;uðkþ hc � 1 kj ÞÞ

¼ wx

Xhp
i¼1

keiðkÞk2 þwy

Xhc
i¼1

ðTrex2giÞ2

þwz

Xhp
i¼1

ððS1 � SxreferÞ2 þ ðS2 � SxreferÞ2Þ ð46Þ

where Sxrefer is the desired slip ratio in the ABS control mode.

3.3. Modified NMPC strategy

Based on the current vehicle state variables and the previous
input variables, the PSO algorithm is adopted in the NMPC strategy
to look for the optimal control laws at every time step. The modi-
fied part of NMPC and PSO strategy mainly include four points,
which are shown as follows:

Firstly, to prevent the PSO from reaching a local minimum, the
available sets of the control variables have been divided into sev-
eral even parts. The points of the boundary in every part have been
selected in the initial group. For example, if the previous value of
the regenerative braking torque is �1000 N m, the change rate is
limited by 200 N m every time step. The control horizon is limited
to 5 time steps, and the membership of the generation is 5. The ini-
tial group of the particles in the PSO for this particular case is
shown as Fig. 9. The first particle is on the up boundary of the con-
straint, the last particle is on the down boundary of the restraint,
and the other particles are distributed in the rational area
averagely.

Secondly, a variation method in the generation renewal process
is used. When a particle is in its renewal process, a statistic value
between 0 and 1 is generated at the same time. If this value is
smaller than 0.8, the particle is generated by the normal renewal
equation. And if this value is greater than 0.8, this particle is ran-
domly generated in the available range under the restraint. The
equations can be written as follows:

r¼ rand ð47Þ
v ijðtþ1Þ¼wav ijðtÞþwbr1ðtÞðpijðtÞ�uijðtÞÞþwcr2ðtÞðpgiðtÞ�uijðtÞÞ ð48Þ
uijðtþ1Þ¼uijðtÞþv ijðtþ1Þ r<¼0:8
uijðtþ1Þ¼uijðtÞþTchange�2rand �Tchange r>0:8

�
ð49Þ

where rand is the function that statistic generate a value in the
range of 0–1. v ij is the velocity of particle. w; c1; c2 are denote the
weight factor for the inertia velocity, velocity to go to the optimal
value of the particle in the history, velocity to go to the optimal
combination respectively. pijðtÞ;pgiðtÞ are the optimal value of the
particle in its history and optimal combination respectively. uijðtÞ
is the position of the particle in previous generation and the
uijðt þ 1Þ is the position of the particle in new generation. Tchange is
the change rate limits for the particle.
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Thirdly, disturbances surrounding the control variables set a
challenge for the PSO algorithm optimization in a limited iteration
process. For example, when HEB is running under emergency brak-
ing process, the most important performance index is the slip rate,
which should be controlled in a certain range to ensure the vehicle
safety. All the control variables are included in an integrated parti-
cle, generated and renewed as a whole following the traditional
PSO method. The optimal particle should be able to control the
wheel slip rate at the front wheels, though pneumatic pressure,
and rear wheels using pneumatic and regenerative torque control.
In order to solve this optimization problem, three control variables
are included in different set of particles, which are generated and
renewed respectively.

Finally, the RBS controlled with the NMPC strategy becomes a
closed-loop system where the control output is based on the cur-
rent vehicle states. In this paper, another feedback method to mod-
ify the predictive vehicle speed is proposed. The equations are
detailed as follows:

ucont ¼ gðXÞ ð50Þ
vmodðkþ iÞ ¼ vpreðkþ iÞ þ hi � �eðkÞ ð51Þ

�eðkÞ ¼ vactðkÞ � vpreðkÞ
~eðkÞ ¼ vactðkÞ � vmodðkÞ

�
ð52Þ

h1 ¼
h1 ~eðkÞ ¼ 0

h1 � 0:1 signð~eðkÞÞ–signð~eðk� 1ÞÞ
h1 þ 0:1 signð~eðkÞÞ ¼ signð~eðk� 1ÞÞ

8><
>: ð53Þ

hi ¼ 0:5hi�1 i ¼ ð1;2 . . . ; hpÞ ð54Þ
where X denotes the current vehicle states. ucont is the output of the
controller. vact denotes the real vehicle speed. vpre is the vehicle
speed based on the predictive model. vmod is the modified vehicle
speed using the feedback method. �e is the difference of vpre and
vact . ~e is the difference of vmod and vact . hi is the weight factor of
the difference. The weight factor h1 increases if the sign of the cur-
rent difference is the same as the previous difference sign. In case
the signs differ, the weight factor decreases. In addition, the value
of h1 is constraint within 0–1. It should be noted that this feedback
method is more effective under constant disturbances.

3.4. Fast implementation of NMPC

The low computation efficiency of NMPC limits its application
in real-time control. This problem might be solved using an
approximated control function [28]. In particular, the computa-
tional burden can be reduced applying the ‘‘nearest point” (NP)
approach, which is used by Massimo Canale et al. to realize the fast
NMPC strategy in [29], approach used in this paper. It should to be
noted that using the NP technique for function equivalent is well-
assessed in different applications [30].

3.4.1. NP approach
The equivalent function jNP is computed over a compact subset

W � Rn of the domain of the exact function j. It is assumed that
the function j is continuous in W in the NP equivalent, but the
optimization result of the PSO method may be not continuous.
The function j can be regarded as a continuous when the PSO
results are accurate enough, as the theoretical optimal results are
continuous. Inside W , a finite number v of point ~wh;h ¼ 1; . . . ;v
is suitably chosen, giving rise to the set:

Wv ¼ f ~wh 2 W; h ¼ 1; . . . ; vg ð55Þ
For each point, the corresponding output ~i ¼ jð~wÞ is off-line

computed by the NMPC with PSO method. Then the values of ~i; ~w
are stored to be used for the on-line computation of NP method.
~i ¼ jð ~wÞ; 8~w 2 Wv ð56Þ
The set Wv is supposed to be chosen such that the following

property holds:

lim
v!1

dHðW;WvÞ ¼ 0 ð57Þ
dHðW;WvÞ ¼ sup

w2W
inf
~w2Wv

ðkw� ~wk2Þ ð58Þ

If the function is continuous, the Lipschitz continuous condition
should be satisfied, which is denoted as follows:

kjðw1Þ � jðw2Þk2 6 ckw1 �w2k2; 8w1;w2 2 W ð59Þ
The equivalent function of NP method is denoted as follows:

~wNP ¼ arg min
~w2Wv

k~w�wk2 ð60Þ

jNPðwÞ ¼ jð ~wNPÞ ð61Þ
where ~wNP is the nearest point of the real input w. The optimal con-
trol variables of w is considered to be the optimal control variables
of ~wNP , which has been calculated off-line.

Noted that, the nearest point method set amount of working
points, the more the working point set, the more accuracy might
be achieved in theory. But the working points need to be burned
in the controller, so the number of the points is limited by the
memory space of the controller [29]. Therefore, there is a tradeoff
between accuracy and the memory space of the controller.

As referred in [28], the following properties are contained in the
NP approach:

(1) The restraints of the control variables are always satisfied.
(2) For a given v , a bound nNP of the approximated function error

can be calculated as follows:
kjðwÞ � jNPðwÞk2 6 nNP ¼ cdHðW;WvÞ; 8w 2 W ð62Þ

(3) nNP is convergent to zero:
lim
v!1

nNP ¼ 0 ð63Þ
It is stated that if the Eqs. (62) and (63) hold, there exists a finite
value of v such that the desired performance can be achieved also
using the equivalent function. Unfortunately, at present there is no
technique to find out a prior number and values of the vector ~w
considered in the off-line computations to guarantee the controller
performance. However, it can be realized to estimate the perfor-
mance of the controller for a given points ~wh. Thus, in the design
of the equivalent controller, an iterative procedure can be
employed [28], where the value of v is gradually increased until
the desired control objective is achieved.

The procedure of the fast NMPC implementation:

(1) Design the nominal NMPC controller according to the
method mentioned above.

(2) Choose the set Wv , and calculate the corresponding output
set using the nominal NMPC controller.

(3) Implement the NP control method on-line using the Eqs.
(60) and (61).

(4) If needed, tune the set Wv in order to find a satisfactory
tradeoff between computational time, memory usage and
performance.

3.4.2. Equivalent control strategy for real-time NMPC application
The nominal off-line control strategy used to generate the

equivalent control strategy [29] has been performed using a
MNMPC algorithm. Considering the memory usage of the actual
braking controller, the nominal control law should be simplified.



Table 3
The desired vehicle speed in the equivalent control strategy.

Time step in the prediction
horizon

The desired vehicle speed in the equivalent
control strategy

1 ðvnow þ vdesiredÞ=2
2 vdesired
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As shown in Fig. 10, the constraints of the change rate of the pneu-
matic braking torque are neglected in the NMPC process. The set
Wv is composed of five input variables in the simplified NMPC
strategy, which are: vehicle speed, front wheel rotation speed, rear
wheel rotation speed, desired vehicle speed, and coefficient of the
ground, respectively. The vehicle speed set is designed first, defin-
ing the other variables based on the vehicle speed.

W ¼ ½v ;x1;x2;v ref ;z�T 2R5 ð64Þ
Wv ¼ ½0;vdefine�10;vdefine�10;vdefine�10Ts;0:1�T 6w6 ½90;vdefine

þ1;vdefineþ1;vdefineþTs;0:9�T ð65Þ
Dw¼ ½1;1;1;Ts;0:1�T ð66Þ

The control horizon and the prediction horizon are both set to 2.
The desired vehicle speed in the equivalent control strategy is set
as shown in Table 3. vnow;vdesired are the input variables for the
equivalent control strategy, which are denoted as present vehicle
speed and desired vehicle speed two time step later.

4. Results and discussion

Simulation and HIL tests are carried out so as to evaluate the
safety performance and the energy recovery capability of RBS with
the proposed NMPC strategy. This section contains three parts: (1)
verification of the vehicle safety performance; (2) verification of
the braking energy recovery capability; and (3) HIL test. The
detailed results and discussions are given as follows.

4.1. Verification of the vehicle safety performance

The simulation scenario used to verify the vehicle safety perfor-
mance is set with initial speed equals to 80 km/h, and desired
acceleration of �0.6 g. The simulation is carried out on the follow-
ing surface cases.

Case 1: On the gravel road with a peak equivalent friction
parameter of 0.604 and a sliding equivalent friction parameter
of 0.557.
Case 2: On the ice road with a peak equivalent friction param-
eter of 0.306 and a sliding equivalent friction parameter of
0.236.
Case 3: On the l-jumped road with forward road is the gravel
road and rear road is the ice road), ensuring that at least the
wheels of one axle may be locked.

4.1.1. The simulation on the gravel road
Vehicle safety is first verified on the gravel road. The simulation

results are shown in Fig. 11. It can be seen that there is some dif-
ference between the desired speed and the real speed in Fig. 11
(a). There are two main reasons. First, due to the safety objective
weight, the desired braking torque cannot be maintained. Second
RBS has a response time which introduces certain time delay. In
order to maintain the slip ratio within the designed limits and
meet both objectives, braking performance and safety, there has
Simplified NMPC Strategy

Nearest Point Approach
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Corresponding Con

Vehicle State

Input Set

Fig. 10. The structure of the eq
to be maintained a difference between vehicle and wheel speed
as shown in Fig. 11(b). Fig. 11(c) depicts the wheel split ratio,
which is maintained in both cases close to the predefined value
0.15 during the complete braking process. The braking force gener-
ated at the ground is shown in Fig. 11(d). Fig. 11(e) shows a small
wave response during the last second of the braking event. Pro-
vided that no gear-shifting is allowed during ABS control mode,
and the motor quit time during emergency braking is faster than
that in the general braking situation, this can only be explained
due to the difference in quitting time when the motor braking tor-
que is replaced by the pneumatic braking torque. Fig. 11(f) shows
the transition between motor driving mode, where the energy
recovered is positive and therefore is consumed by the motor,
and motor braking mode, when the energy recovery is negative.
In Fig. 11(f) the energy recovery is first positive prior to the start
of the braking event.
4.1.2. The simulation on the ice road
The results of the emergency braking simulation on the ice road

are shown in Fig. 12. There is a large difference between the
desired speed and the real speed in Fig. 12(a). The main reason
of this phenomenon is that the braking torque provided by the
ice ground is too small to satisfy the desired braking torque. As
shown in Fig. 12(b), the vehicle speed and the wheel speed curve
are similar to the simulation on the gravel road, as well as the slip
ratio depicted in Fig. 12(c). The braking force provided by the ice
ground is almost half of the braking force provided by the gravel
road in Fig. 12(d). Compared with that on gravel road, the propor-
tion of the regenerative braking torque is larger in Fig. 12(e). And
the recovery energy on the ice road is merely twice larger than it
on the gravel road, as shown in Figs. 12(f) and 11(f). The main rea-
son is that the regenerative braking torque provided by the motor
in the simulation on the gravel road and the ice road are almost the
same, but the time of regenerative braking on the ice road is much
larger than it on the gravel road. As shown in Fig. 12(c), the slip
ratios of both the front wheel and the rear wheel are in the desired
area, and the vehicle safety performance is ensured.
4.1.3. The simulation on the l-jumped road
The simulation result on the l-jumped road is shown as Fig. 13.

The road condition is jumped from the grave road to the ice road
after 2 s. As depicted in Fig. 13(a), the real speed is close with
the desired speed before the jump time, and there is large differ-
ence between the desired speed and the real speed after the
change instant. The rear wheel speed drops quickly at the jump
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Fig. 11. The simulation result on the gravel road.
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Fig. 12. The simulation result on the ice road.
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time in Fig. 13(b). The slip ratio is dropped sharply at the jump
time, but none of the wheels are locked and the slip ratio regains
its designed range very soon in Fig. 13(c). It shows that the braking
force provided by the road fall about half after 2 s in Fig. 13(d). As
shown in Fig. 13(e), the regenerative braking torque is reduced to
prevent the vehicle from locking the rear wheel at the jump time
and retain the maximum braking torque to regenerate more brak-
ing energy as the slip ratio is return to the designed range. As it is
known, the model predictive method is highly dependent on the
accuracy of predictive model, if the parameters in the predictive
model do not match, the performance of the control strategy
may be difficultly ensured. In the l-jumped road, the tire–road
friction adhesion coefficient changed from 0.6 to 0.3, and the pre-
dictive model in the control strategy mismatches with the real
world, but the simulation result is acceptable. The main reasons
are as follows: first, for the parameters which are crucial and
changeful such as the tire–road friction adhesion coefficient, some
recognized method may be applied and the parameter in the pre-
dictive model may be changed follow with the real world. Second,
the proposed NMPC strategy is a closed-loop control method, and
the feedback method is employed to ensure the stability perfor-
mance of the controller. Third, for the parameters which are
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Fig. 13. The simulation result on the l-jumped road.
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Fig. 14. The simulation result on general condition based on conventional strategy.
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changeless, the difference of parameters in the predictive model
and the real world would be limited. Therefore, though the perfor-
mance might be influenced, the stability can also be ensured. It is
verified that the proposed regenerative braking NMPC strategy is
robust and has the ability to deal with the emergency disturb such
as running on the l –jumped road.
4.2. Verification of the braking energy recovery capability

The scenario of second simulation to evaluate the braking
energy recovery capability is designed with initial speed equals
to 80 km/h and desired acceleration of �0.1 g, which the vehicle
can realized easily. The simulation is taken on the gravel road,
the proposed NMPC strategy and the conventional control strategy
are employed to control the braking process respectively.
4.2.1. The simulation on the general condition by conventional
strategy

The simulation result about conventional regenerative braking
strategy is shown as Fig. 14. The actual vehicle speed curve over-
laps with the desired vehicle speed in Fig. 14(a). The difference
between the vehicle speed and the wheel speed is small in
Fig. 14(b), and the slip ratio is smaller than 0.05 in Fig. 14(c). The
reason is the desired braking torque is small in the simulation sce-
nario, and the slip ratio is in the line area. As depicted in Fig. 14(d),
the desired braking torque is distributed to the front and rear
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Fig. 15. The simulation result on general condition based on NMPC strategy.
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wheel by a certain ratio, and the braking torque on the rear wheel
is mainly provided by the motor. Gear-shifting operations are
allowed in the general braking situation and the braking torque
provided by the motor has a sharp corner in the gear-shifting pro-
cess as shown in Fig. 14(e). The recovery energy is larger than that
in the emergency braking situation as shown in Fig. 14(f).
Target PC ECU

Communication 
wires

CAN monitor

Fig. 16. The HIL platform.
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load

Fig. 17. The HIL system.
4.2.2. The simulation on the general condition by modified NMPC
strategy

The simulation result in the general braking process controlled
by NMPC strategy is shown in Fig. 15. The actual vehicle speed
curve also overlaps with the desired vehicle speed in Fig. 15(a),
which denotes that the desired acceleration can be easily satisfied.
The slip ratio is also in the linear area in Fig. 15(c). The slip ratio is
so small that the wheel speed overlaps with the vehicle speed in
Fig. 15(b). As shown in Fig. 15(d), the braking force on the front
wheel is reducing and the braking force on the rear wheel is
increasing after the gear-shifting process. As depicted in Fig. 15
(e), the regenerative braking torque in the earlier stage is the max-
imum regenerative braking torque that the motor can provide.
With the gear reducing in the later stage, the regenerative braking
torque that the motor can provide is increases and therefore the
braking torque provided by the pneumatic braking system can be
reduced. When the maximum regenerative braking torque that
the motor can provide can satisfy the desired braking torque, the
regenerative braking torque is equal to the desired braking torque.
It is clear that the general braking process controlled by the pro-
posed regenerative braking NMPC strategy can recover more brak-
ing energy in Fig. 15(f).
4.3. HIL test

HIL test enables experimental study for control algorithms via
real time interaction between physical hardware and virtual simu-
lations [31]. And the real-time calculation performance of the
designed control strategy can be assessed in the HIL system, which
is an effective tool in the ECU development process [32]. In this
paper, the HIL test is carried out for the designed equivalent strat-
egy in the fast NMPC implementation based on the xPC target envi-
ronment, as shown in Fig. 16.

As shown in Fig. 17, the HIL system is composed of host PC, tar-
get PC, ECU, communication wires and CAN monitor. The host PC is
used to control and monitor the test process. The target PC, an
industrial personal computer (IPC), is employed to run the com-
piled model. An ECU is used as controller to run the equivalent con-
trol strategy coded by the real time workshop (RTW) tool of
MATLAB. The communication between the host PC and the target
PC is through TCP/IP protocol, and the information transmission



312 L. Li et al. / Energy Conversion and Management 111 (2016) 299–314
between target PC and ECU is performed through the controller
area network (CAN). The CAN monitor is used to monitor and save
the transmission information in the CAN buses. The time step of
controller to send /receive the messages is 10 ms.

4.3.1. The HIL test about urgency braking situation
The HIL test result about urgency braking situation on the

gravel road is shown in Fig. 18. The HIL test result is similar with
that in the off-line simulation. There is a small difference between
the desired vehicle speed and the actual vehicle speed in Fig. 18(a).
The reasons are the same as that in the off-line simulation. The slip
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Fig. 18. The simulation result on urgency braking
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Fig. 19. The simulation result on general cond
ratio is maintained within an acceptable range in Fig. 18(c). It
denotes that the safety of vehicle is ensured in the HIL test. Com-
pared with the off-line simulation, there are more vibration in
the HIL test as shown in Fig. 18(d) and (e). The reason might be that
the accuracy degree of the NP method is limited by the memory
space of the controller, and the constraints of change rate of the
braking torque is not included in the nominal off-line control strat-
egy. The recovery energy is smaller than that in the off-line simu-
lation. The reason may be that, to ensure the vehicle safety
performance in the HIL test, the weight factor of the recovery
energy is set to a small value.
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Table 4
HIL test result.

HIL TEST Max slip ratio (front
wheel)

Max slip ratio (rear
wheel)

Whole braking energy
(kJ)

Recovery braking energy
(kJ)

Regeneration efficiency
(%)

Emergency, gravel 0.1940 0.1933 3364.5 208.37 6.19
Emergency, ice 0.1937 0.1937 3283.7 406.17 12.37
Emergency, l-jumped 0.4611 0.1903 3342.7 280.14 8.38
Conventional, PID 0.0136 0.0177 2923.5 1309.2 44.78
General, NMPC 0.0138 0.0314 2922.3 1523.4 52.13
Emergency, HIL test 0.1829 0.2061 3364.3 140.54 4.18
General, HIL test 0.0127 0.0322 2925.7 1522.9 52.05

Energy consumed
 by frictional brake

40%

Energy consumed
 by resistance

16%

MPC

Recovery
braking energy

44%

Energy consumed
 by frictional brake

46%PID

Energy consumed 
by resistance

16%

Recovery
braking energy

38%

Fig. 20. Pie chart of the energy distribution in the general braking situation.
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4.3.2. The HIL test result about general braking situation
The HIL test result about general braking situation on the gravel

road, which is controlled by the fast NMPC strategy, is shown in
Fig. 19. The actual vehicle speed overlaps with the desired vehicle
speed in Fig. 19(a). The difference between the vehicle speed and
the wheel speed is very small and the slip ratio is in the linear area.
There are also some vibration as shown in Fig. 19(d) and (e). The
vibration of the regenerative braking torque increases with
reduced gear number, which can be due to the vibrations enhance-
ment with higher gear ratios. As depicted in Fig. 19(f), the recovery
energy is similar with that in the off-line simulation, which
denotes that the fast NMPC strategy is effective to improve the
regenerative energy in the HIL system.

As shown in Table 4, no max slip ratios of wheels reach to 1 in
the simulation results about the emergency braking situation on
various tire–road adhesion coefficient road, which shows that the
proposed braking strategy can prevent the wheel from locking
and ensure vehicle safety. The slip ratio in the simulation reaches
to 0.46 when the tire–road adhesion coefficient changes, though
it is beyond the rational region, it returns soon and the wheel is
not locked. NMPC regenerative braking strategy is robust to
changes on the road conditions. The recovery braking energy in
the emergency braking situation, which is almost 208 kJ, is lower
than that in the general braking situation, which is almost
1523 kJ. This is due to three main reasons: first, the safety of the
vehicle is the main factor in the emergency situation; second, the
desired braking torque is too large exceeding the motor torque
limit; third, the gear-shifting operation is forbidden in the emer-
gency braking situation. The simulation results about the general
braking situation also show that the proposed NMPC strategy can
recover more braking energy than the rule-based control strategy.
The HIL test results are similar to the off-line simulation result, and
the vehicle safety is ensured during the emergency braking test.
Furthermore, the recovery braking energy in the HIL general brak-
ing test result is almost as same as that in the off-line simulation
result, which is shown that the difference is just 0.5 kJ in Table 4.
Thus the performance of the proposed strategy can be considered
efficiently verified by the HIL test.

As depicted in Fig. 20, the recovery braking energy in the gen-
eral braking process controlled by the proposed control strategy
is 44%. Compared with the braking process controlled by the con-
ventional control strategy, the recovery braking energy can
improve 6% of the total braking energy and 17% of the recovery
braking energy.

5. Conclusion

So as to balance the vehicle safety and braking energy recovery
efficiency, this paper proposes an efficient energy recovery control
strategy which is based on the MNMPC. A method for obtaining an
optimal solution by modifying the PSO algorithm is also presented.
Simulation and HIL test are carried out under different road condi-
tions. The results show that the proposed strategy can ensure vehi-
cle safety during emergency braking situation and improve the
recovery energy almost 17% compared with the conventional
rule-based strategy in the general braking situation. It is verified
that the proposed strategy is effective due to the optimized distri-
bution between pneumatic braking torque at the front and rear
wheels respectively and the regenerative braking torque at the rear
wheels using the NMPC method.

A further study could be performed with the application of the
MNMPC strategy and the parameters used in the proposed strat-
egy, which appropriately tuned could improve the algorithm
performance.
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