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ABSTRACT The hill-start assist system (HAS) ensures that the vehicle starting on the ramp will not roll
backwards, which improves the convenience of the driving in the case of starting on the ramp and parking.
However, the traditional hill-start method is not suitable for distributed driving electric vehicles under some
circumstances. Therefore, based on the pneumatic electronic parking brake system (EPB), a hill-start control
method suitable for distributed driving electric vehicles is proposed in this paper, so as to realize the vehicle’s
fast and stable starting on the ramp. Firstly, by analyzing the change of the force of the vehicle during the
starting of the ramp, a dynamic allocation strategy based on the front and rear axle loads is adopted in terms
of demand torque. Secondly, according to the force analysis of the vehicle on the ramp, the control target of
hill-start is determined, and the logic threshold control method is used to make the actual pressure change
with the ideal pressure in real time. Then, a driving torque correction controller based on the sliding mode
algorithm is designed to prevent drivingwheels from slipping on bad roads, resulting in a reduction in the total
driving force and a rollback of the vehicle. Finally, to verify its feasibility, Matlab, Trucksim and AMEsim
were used to establish the controller model, the vehicle model and the pneumatic EPB system model for
co-simulation verification. The simulation results show that the proposed control strategy can prevent the
vehicle from slipping under different road conditions with less brake wear.

INDEX TERMS Distributed drive, hill start, sliding mode, coordinated control, moment correction, logical
threshold, co-simulation.

I. INTRODUCTION
The hill start assist system is a technology that prevents the
vehicle from rolling backwards when the vehicle starts uphill
or downhill, and its control will directly affect the vehicle’s
dynamics and safety [1]. By merging or eliminating various
unnecessary mechanical components, the hill start assist sys-
tem is an advanced alternative to the traditional hand-brake
system and can continue to provide braking force after the
brake is released [2]. In addition, when the vehicle needs to
start, the hill start assist system can judge when the driving
force is greater than the motion resistance through the sensor,
so as to release the braking force [3]. It makes the driver
no longer need to complete the hill start by coordinating
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the clutch, handbrake and accelerator pedal, which greatly
decreases the workload of the driver on the ramp. Therefore,
the probability of driving accidents caused by operation errors
is greatly reduced and unnecessary wear of brake compo-
nents can be avoided. At present, the common parking brake
systems of vehicles mainly include mechanical electronic
brake systems, hydraulic electronic brake systems, and pneu-
matic electronic brake systems, etc [4]. However, the current
hill-start assist system is mainly designed and applied to con-
ventional gasoline-fueled automobiles. For distributed-driven
vehicles, it has not been well adapted. Compared with tra-
ditional mechanical transmission vehicles, distributed drive
electric vehicles eliminate complicated traditional systems
such as transmissions and differentials. The drive motors of
each wheel can be independently controlled, and single wheel
driving/ braking torque control, inter-axis and inter-wheel
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torque distribution control can be achieved accurately and
quickly [5]–[7]. However, the distributed driving form of the
vehicle places higher requirements on control strategy and
algorithm of hill start [8].

In order to solve the control problem of hill start,
researchers have proposed some solutions. A rapid control
prototyping approach using design-based and RCP tech-
niques was proposed to detect the drive-off condition of
hill-start in real time and then an offset value is added
to increase the low idle speed of engine [9]. A Hill Hold
Mechanical concept that is both cost-saving and robust is pro-
posed to prevent the vehicle from rolling back/forward when
the vehicle starts in first or reverse gear, respectively. The
controller processes CAN signals, such as clutch, accelerator,
brake pedal positions, engine speed, vehicle speed, engine
status, Hill Hold enable/disable switch, and battery status,
and decides the number of rotations of the motor and thus the
travel of the pin [10]. Researchers [11] proposed a new type of
integrated feedforward-feedback compensation controller for
the coordinated control of the clutch and Hydraulic Control
Unit (HCU) of the Hill Start Assist Control (HAC) and the
H1 control theory ensures stability and robustness.

For the traditional HAC strategy, the hill start controller
will only release the parking brake force when it detects
that the starting conditions of the vehicle on the ramp are
satisfied, which will cause starting jitter and wear of brake.
Researchers [12] proposed a hill start assist control strategy
using bangbang control for commercial vehicles, so that the
braking torque is gradually released as the driving torque
increases. However, as the brake pressure increases, the
period of the bangbang control will become longer, which
will cause a relatively large delay in the release of braking
force. Researchers [13]–[14] proposed a hill-start scheme
based on logic threshold control to improve the accuracy of
the HAC to some extent. However, if the above methods of
the design for the traditional gasoline-fueled automobiles are
directly applied to distributed drive electric vehicles, it may
result in poor control or failure of the hill-start assist system.
For example, the brakes are subject to a lot of wear or the
vehicle is downhill for a long distance, etc.

In order to solve the problem of the hill start control of
distributed driving electric vehicles, a new integrated control
scheme is proposed to meet the requirements of the safety
starting of the vehicle. First of all, according to the con-
trollable characteristics of a single wheel of the distributed
drive vehicle, a dynamic torque distribution strategy based
on front and rear axle loads is adopted. Secondly, according
to the force analysis of the hill start, a logic threshold control
method with torque correction is designed to make the actual
brake pressure change with the ideal brake pressure in real
time. Finally, Matlab, Trucksim, and AMEsim were used to
establish a co-simulation platform, and the effectiveness was
verified in two road environments on a 20% slope. Evaluation
indices, such as starting jerk, rollback distance and brake
wear, are considered for comparison with the traditional con-
trol scheme.

FIGURE 1. Block diagram of distributed driving electric vehicle.

II. SYSTEM MODELS
A. VEHICLE MODEL
When the vehicle starts on the hill, under the influence of the
component force of the vehicle weight along the downward
direction of the hill, the vehicle will have a tendency to slide
down the slope. Therefore, it is necessary to coordinate the
control of the clutch and the braking system, and complete
the hill start of the vehicle through the reasonable coordina-
tion of the braking torque and the torque transferred by the
clutch.

The structural block diagram of the distributed drive elec-
tric vehicle is shown in Fig. 1. It mainly includes a power
supply system, a drive motor system, and a vehicle controller
system. The vehicle controller analyzes the acceleration /
brake pedal signals and steering wheel angle signals from
the driver, monitors the vehicle’s driving status, coordinates
the control unit, makes the corresponding judgments, and
then sends the target instructions to each drive motors of the
lower lever through the CAN bus. It also cooperates with
the battery management system for functions such as energy
recovery and fault diagnosis. The drive motor system mainly
includes each motor controller and each drive motor. As one
of the key parts of an electric vehicle, the motor controller
converts the electric energy stored in the power battery into
the electric energy required to start the motor according to the
instructions of gear, acceleration and brake, etc. to control the
motor’s speed, torque, rotation direction, response time and
other motion states [15]. The power supply system mainly
includes power battery, battery management system and so
on. The batterymanagement system is a set of control systems
to protect the safety of the power battery. It monitors the
use of the power battery in real time, controls the charge
and discharge of the battery, and estimates the battery sta-
tus to send signals of display and alarm to the on-board
information display system through the CAN bus, ensuring
the safety of the vehicle. The basic parameters of the dis-
tributed drive electric vehicle studied in this paper are shown
in Table 1.
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TABLE 1. Basic parameters of distributed driving electric vehicles.

FIGURE 2. The external characteristic curve of the motor.

B. DRIVE MOTOR MODEL
The drive motor is the core component of the entire electric
drive system, especially for electric drive vehicles that use a
series hub motor drive solution. All the power of the entire
vehicle is ultimately transmitted to the drive wheels by the
drive motor, so the performance of the drive motor directly
determines the maneuverability of the vehicle.

The drive motor is usually required to be able to start/stop,
accelerate/decelerate frequently. Large torque is required for
low speed and small torque is required for high speed driving
during the hill start [16]. Its main parameters include: motor
type, rated voltage, mechanical characteristics, efficiency,
dimensional parameters, reliability and cost. In order to meet
the vehicle’s maximum climbing capability of 35% and max-
imum speed of 135 km/h, a permanent magnet synchronous
motor with peak torque of 350 Nm and peak power of 90 kw
was selected. The external characteristic curve is obtained by
fitting the experimental data of the permanent magnet syn-
chronous motor (PMSM), as shown in Fig. 2. The efficiency
of themotor can be simplified as a function of themotor speed
and the demand torque. The motor efficiency map is shown
in Fig. 3.

The torque model of the motor can be simplified into a
first-order dynamic system model of formula (1):

˙Tact = τ
(
ηT ref − Tact

)
(1)

where, η is the efficiency of the motor, Tref is the expected
output torque of the motor. The motor’s ideal characteristic

FIGURE 3. Motor efficiency map.

FIGURE 4. Model of the pneumatic EPB system.

curve method is used to establish a motor model to make the
torque response of the motor equivalent to the response of the
motor current. The current response time is milliseconds and
the motor time constant τ describes the speed of the motor
response. The value of τ is 0.1.

C. EPB MODEL
The components of the pneumatic EPB system are shown
in Fig. 4. It mainly includes solenoid valves, relay valves,
parking brake chambers, a gas storage tank, many con-
nected gas pipelines, and various sensors. The EPB system
replaces the parking manual control valve with an electronic
switch. The charge and bleed solenoid valves are on-off
valves. At the same time, to improve the control effect of
the EPB system, an air pressure sensor and an acceleration
sensor are installed in the system. The air pressure sensor
installed at the control port of the relay valve measures the
air pressure in the brake chamber by directly measuring the
air pressure at the control port [17]. The acceleration sensor is
embedded in the EPB controller tomeasure the road slope and
the longitudinal acceleration of the vehicle. To add or release
the parking brake force, the EPB controller receiving signals
from electronic switches, CAN bus, air pressure sensor and
acceleration sensor controls the motions of the charge and
bleed solenoid valve according to internal control algorithms.

When the vehicle starts on a slope, the driver presses the
parking brake switch button, and the switch signal is sent to
the ECU. The EPB system checks whether all conditions are
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met. Once the conditions for parking brake release are met,
the parking brake system automatically releases the parking
brake force. At this time, the ECU activates the solenoid valve
to act so that the compressed air from the air compressor
enters the control port on the relay valve, then opens the
output port on the relay valve. Then the compressed air at
the supply port of the parking brake can be released. When
the parking brake needs to be released, the driver pushes the
switch button, and the EPB controller controls the charge
solenoid valves to open so that the high-pressure gas in the
gas storage tank enters the control port of the relay valve.
Then, the inlet and outlet of the relay valve are connected,
the high-pressure gas in the gas storage tank enters the park-
ing brake air chamber to release the parking brake; when the
parking brake needs to be applied, the ECU controls the bleed
solenoid valves to open. Any air between the relay control
port and the solenoid valve is discharged through the bleed
solenoid valves. After that, the air supply between the air inlet
and outlet of the relay valve is cut off, and the high-pressure
air in the parking brake chambers is exhausted through the
exhaust port of the relay valve.

Because the solenoid valve is the main component of the
EPB system, its dynamic characteristic has great influence
on the EPB system. When the HSA system is working,
the solenoid valve of the EPB system can be considered
as an on / off valve, and the pressure of the parking brake
chamber is adjusted by opening / closing the solenoid valve.
The dynamic characteristics of the solenoid valves include
circuit model, magnetic circuit model and dynamic model of
mechanical components [18].

The electromagnetic model of the solenoid valve is
expressed as follows:

U = IR+ N
d∅
dt

IN =
σ∅

µAc

(2)

where, I is the working current of the coil ( A);U is the
working voltage of the solenoid valve (V); R is the internal
resistance of the coil (�); ∅ is the magnetic flux of the coil; t
is the time; N is the total turns of the coil.

The dynamic model of the mechanical component can be
shown as follows:

ẍ =
1
me

[
∅
2

2µeAc
− PeAe − Ke

(
x + xp

)
− cẋ

]
(3)

FIGURE 5. The structure diagram of the EPB system.

where, me is the mass of valve core; x is the movement
distance of valve core; c is the equivalent viscous damping
of valve core movement; Ke is the return spring stiffness of
solenoid valve; Pe is the air pressure of control port; xp is the
return spring preload; Ae is the cross-sectional area of valve
core; Ac is the cross-sectional area at the air gap; µe is the air
permeability.

Ignoring heat transfer, the dynamic equation of the parking
brake chamber is as follows, (4) as shown at the bottom of
this page, where, Ck is the flow coefficient; Cs is the flow
coefficient of valve hole; T is the temperature of the gas;
Rgs is the ideal gas constant; γ is the adiabatic index. During
inflation, Pus is a fixed value. Pds is the pressure of the brake
chamber.

The pneumatic EPB system model is shown in Fig. 5.
Table 2 lists the main parameters of the system.

III. CONTROL SYSTEM DESIGN
For the hill start controller proposed in this study, signals
such as vehicle speed, road slope, accelerator and brake pedal
are collected for processing and determining whether the
braking system needs to be activated. Once it is determined
through analysis that the vehicle is going to start on a ramp,
the brake force will be released in time. In this paper, based
on the pneumatic electronic parking brake system, a hill-start
control method suitable for the distributed driving electric
vehicle on the ramp is proposed to achieve fast and stable
starting.

A. OVERALL ARCHITECTURE OF VEHICLE CONTROLLER
The actual motion state of the vehicle is the result of cooper-
ation of many components, and the controller is the core of

dP
dt
=



0.0405CkCsx
Pus
√
T

Pus
Pds

< 0.528

CkCsx
Pus
√
T

 2γ
Rgs (γ − 1)

(Pus
Pds

) 2
γ
−

(
Pus
Pds

)γ + 1
γ



1
2

Pus
Pds
≥ 0.528

(4)
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TABLE 2. Main parameters of pneumatic EPB system.

these components. By analyzing the vehicle driving signals
and combining the state feedback information of the vehicle,
the controller executes the corresponding control algorithm
commands inside the controller, and finally sends the control
signals to the actuators to correct the vehicle’s motion state.
The actuators in this papermainly include four drivingmotors
and two pneumatic EPB parking brake systems mounted on
the rear axle. According to the torque commands issued by the
motor controllers and the current running state of the motors,
the four drivingmotors output the actual driving torque acting
on the wheels to realize the driving intention.

As shown in Fig. 6, the distributed drive electric vehicle
hill start controller proposed in this paper is mainly divided
into three layers, namely the driving torque pre-distribution
controller in the upper layer, the torque correction controller
in the middle layer and the parking control controller in the
bottom layer.

The hill-start controller flowchart in Fig. 7 shows the
process of control. First, according to the identified driving
intention of the driver mainly including the accelerator pedal

FIGURE 6. The overall structure of the controller.

FIGURE 7. Flow chart of the hill start controller.

signal and the gear signal, the driving torque pre-distribution
controller in the upper layer obtains the reference total torque
of the drive motor, and then predistributes the motor torque
of the front and rear axle. Due to the uneven distribution of
mass, the vehicle’s center of mass is not at the geometric
center. In other words, the adhesion capacity of the front and
rear axles on the same adhesion coefficient road surface will
be affected by the driving state of the vehicle. Therefore, the
torque predistribution method based on the front and rear axle
loads is used in this paper.

Secondly, during the process of starting on a ramp,
the vehicle is prone to slip on low-adhesion road or undulating
road, which affects the effect of the hill start. In severe cases,
it will even slip down the ramp, leading to the failure of
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the hill start and irreparable loss of the driver’s life and
property [19]–[21]. Therefore, in the middle torque correc-
tion layer, anti-slip control is the core. When the wheel
coverslips, the torque correction controller can calculate the
desired torque of each drive motor. By using the sliding mode
control method to detect the speed and direction of the wheel,
the demand torque of the drive motor can be adjusted in
real time to prevent the vehicle from losing stability on the
ramp. In addition to controlling the driving torque of the
slipping wheels, the torque distribution controller will redis-
tribute the driving torque reasonably and quickly according
to the modified torque. The motor control unit coordinates
the actual output torque of each motor by receiving the
desired torque signal of each motor to realize the vehicle’s
safety.

Finally, the start judgment controller determines whether
the starting conditions meet the requirements to trigger the
vehicle’s hill start controller. The logic threshold controller
calculates the demand pressure of the parking brake in real
time and controls the air pressure of the parking brake air
chamber according to the logic threshold control method to
make it follow the change of the demand pressure. In this
process, each wheel speed and vehicle speed are monitored
in real time. When the monitored acceleration is less than 0,
it is indicated that the vehicle has a roll backwards trend, and
the demand pressure is recalculated immediately according
to the corrected torque of the middle torque correction layer.
Then the hill start control system continues to release the
parking brake force according to the logic threshold control
method. When the driving torque is greater than the resis-
tance, the inflation solenoid valve is often opened until the
parking brake is removed. The EPB control unit receives
the demand pressure command sent by the logic threshold
controller and controls the EPB actuator to gradually release
the brake force to complete the hill start control.

B. DESIGN OF HILL START CONTROLLER
1) VEHICLE DYNAMICS ANALYSIS
As shown in Fig. 8, when the vehicle starts on the ramp,
the force of gravity generates a downward resistance to the
vehicle along the ramp, and the vehicle has a downward
movement tendency. By controlling the throttle and gear,
the driver makes the motor generate the driving force along
the ramp upward. Before the driving force overcomes the
resistance, the direction of the braking force goes up along
the slope to help the driving force maintain the vehicle’s static
state and prevent the vehicle from rolling back [22].

FIGURE 8. Force analysis of the vehicle on the ramp.

The following equation can be obtained by using the force
and moment balance equation:
Fx1 + Fx2 −

1
2
CdρaSV 2

+Mg (sinϕ + µacosϕ) = Ma

Fz1 + Fz2 −Mgcosϕ = 0
−Fz1a1 + Fz2 (L − a1)− (Fx1 + Fx2) · h = 0

(5)

By eliminating Fx1 and Fx2, the normal force Fz1 and Fz2
based on vehicle dynamics can be obtained, (6) as shown at
the bottom of this page.

Therefore, the demand torque of each driving motor is:

Trefi =
Fzi

2
∑2

i=1 Fzi
Ttot (7)

where M , g,Rω, ϕ,V ,Cd , ρa, S represent the total mass of
the vehicle, the acceleration of gravity, the effective radius
of the wheel, the road slope, the vehicle speed, the air drag
coefficient, the air density, and the effective windward area
respectively; Fx1 and Fx2 respectively represent the road
driving force of the front and rear axles of the vehicle; Fz1
and Fz2 refer to the normal forces on the front and rear
axles respectively; Ttot is the total moment required at the
moment; µa is the rolling friction coefficient of the tire; h
is the height of the centroid; a1 and L are refer to the distance
from the center of mass to the front axis and the wheelbase
respectively; a is the acceleration of the vehicle.

The longitudinal dynamic equation of the vehicle [23]

4∑
i=1

Tacti + Tbrk −
4∑
i=1

Tdi

Rω
=

1
2
cdρaSV 2

+Mg (sinϕ + µacosϕ)

MV̇ =

4∑
i=1

Tdi

Rω

(8)


Fz1 =

M · g · cosϕ (L − a1 − µah)−M · g · sinϕ · h−Ma−
1
2
CdρaSV 2

L

Fz2 =
M · g · sinϕ · h+M · g · cosϕ (a1 + µah)+

1
2
CdρaSV 2

+Ma

L

(6)
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where,
4∑
i=1

Tdi and
4∑
i=1

Tacti are the final effective driving

torque of the vehicle and the driving torque acting on the
wheels; Tbrk is the braking torque of a single wheel generated
by the static friction of the tire and the pneumatic brake
system and meets:{

Tbrk = min{µ0MgRωcosϕ, εPact }
Pact ≤ Pmax

(9)

where, µ0 is the static friction coefficient of the tire; ε, Pact
and Pmax are the pressure conversion coefficient, the actual
and maximum braking pressure of the pneumatic parking
brake system.

During the entire starting process, the vehicle speed V is
generally small (ideally, it is always 0), so the air resistance
is less than the rolling resistance and ramp resistance of
the vehicle. So, the nonlinear term of (8) can be linearized
to 1

2cdρaSV
2
≈ cdρaSV based on the first-order Taylor

linearization. Define the state variable of the system state
equation as x =

[
Tact1 Tact2 Tact3 Tact4 V

]T ; The input
variable is u =

[
Tt1 Tt2 Tt3 Tt4 Tbrk

]T and the output
variable of the system is y = x.
According to equations (5)-(8), the system model is:{

ẋ = Ax + Bu+$
y = Cx + D$

(10)

where,

A =


−τ 0 0 0 0
0 −τ 0 0 0
0 0 −τ 0 0
0 0 0 −τ 0
1

MRω

1
MRω

1
MRω

1
MRω

−
CdρaS
M

 ;

B =


τη 0 0 0 0
0 τη 0 0 0
0 0 τη 0 0
0 0 0 τη 0

0 0 0 0
2

MRω

 ;

C =


1 0 0 0 0
0 1 0 0 0
0 0 1 0 0
0 0 0 1 0
0 0 0 0 1

 ;
D =

[
0 0 0 0 0

]
;

$ =
[
0 0 0 0 −g(sinϕ + µacosϕ

]T
2) SPEED ESTIMATION
The estimation accuracy of the longitudinal speed directly
determines the control effect of the driving torque correction
module in this paper. Therefore, the vehicle speed infor-
mation needs to be obtained accurately and in real time.
At present, there are two main methods for obtaining the
longitudinal speed of the distributed driving vehicle: one is to
use an optical sensor or a high-precision GPS speedometer;

FIGURE 9. Schematic diagram of the starting process of the ramp.

the other is an estimation method based on common on-board
sensors [24]. The formermethod is not suitable for large-scale
production and general research because the cost is too high,
so the second method has become the mainstream of current
research. In this paper, the Kalman filter method is used to
estimate the driving state parameters of the car. The wheel
speed signals of the four wheels are selected as the observed
quantity, and an acceleration sensor is installed at the center
of mass of the vehicle to obtain the acceleration information
of the vehicle.

The speed estimation recursive equation based on kalman
filter was obtained as follows:

W− (k) = W (k − 1)+ Q

K (k) = P− (k)HT [
(
HW− (k)

)
HT
+ R (k)]

−1

v̂ (k + 1) = v (k)+ σa (k)
ω̂ (k + 1) = Hv̂ (k + 1)
v (k + 1) = v̂ (k + 1)+ K (k + 1)(

ω (k + 1)− ω̂ (k + 1)
)

P (k) = (I − K (k)H )P− (k)

(11)

where,W (k) is the error covariance matrix; a (k) is the accel-
eration at time t(k); R (k) is the variance of the measurement
noise Q; v (k) and v̂ (k + 1) are the estimated value and the
prior estimate value of the vehicle speed at time t(k + 1);
ω(k + 1) and ω̂ (k + 1) are the measured value and the
predictive value of wheel speed at time t(k + 1); K (k) is
the Kalman filter gain matrix at time t(k) and its expression
is: K =

[
kfl kfr krl krr

]
. ki, i = fl, fr, rl, rr represent the

gain values of the left front wheel, left rear wheel, right front
wheel, and right rear wheel respectively.

When a wheel is slipping, the parameter in the gain matrix
is adjusted so that the element value corresponding to the
wheel is reset to zero. If the wheels do not slip, the element
values obtained from the recursive formula of the Kalman
filter are used to calculate, so as to obtain a more accurate
vehicle speed estimate.

3) ANALYSIS OF HILL START
A schematic diagram of the hill-start process is shown
in Fig. 9. As can be seen from the figure, when the vehicle
starts on the ramp, the parking braking force Fbrk provided
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by the EPB system gradually decreases as the total driving
force Ft of the vehicle increases. At time t1, the total driving
force of the vehicle Ft = Fx1 + Fx2, which is exactly equal
to the slope resistance Fξ . In an ideal state, when the driving
force just overcomes the slope resistance, it should be ensured
that the parking brake force is completely removed at this
moment. However, when distributed drive vehicle starts on
the ramp in reality, some wheels (assuming one or two wheels
on the front axle) may slip due to the uneven road surface or
too low road adhesion coefficient. In this case, the actual total
driving force of the vehicle F∗t = F∗x1 + Fx2 is less than the
nominal total driving force of the vehicle Ft , that is F∗t < Ft .
If the parking brake at this time gradually releases the parking
brake force according to the nominal total vehicle driving
force Ft , it will cause the vehicle parking brake to release
the braking force in advance, resulting in the braking force
and driving force being insufficient to maintain the vehicle’s
stationary state. In this case, if not controlled, the vehicle will
run in the risk. Therefore, in order to improve the control
effect of the hill start and avoid the vehicle rolling backwards,
the driving force of the vehicle needs to be modified, and
then the parking control unit gradually releases the braking
force as the modified total driving force increases, so that the
parking brake force is completely released at time t2.
To facilitate the study, the braking force of EPB Fbrk is

simplified as:

Fbrk = Fbmax −
Fbmax
Pmax

Pact (12)

In the formula, Fbmax is the maximum parking braking
force, N; Pmax is the pressure when the parking brake force
is completely released, MPa.

According to the analysis in Fig. 9, the control goal of hill
start is to make the braking force Fbrk follow the curve in the
figure, namely:

Fbrk = Fξ −
∑4

i=1
Fti (13)

where, the driving force and slope resistance can be calcu-
lated according to equations (14) and (15):∑4

i=1
Fti =

∑4
i=1 Tacti
Rω

(14)

Fξ = CdρaSV +Mg(sinϕ + µacosϕ) (15)

Combining formula (5), (8), (12), and (14), it can be
obtained that the demand pressure Pdem during the hill start
control process is:

Pdem=

(
Fbmax+

∑4
i=1 Tti
Rω

−CdρaSV−Mg(sinϕ+µacosϕ)

)
×
Pmax
Fbmax

(16)

It can be seen that the goal of the hill start control proposed
in this paper is to control the pressure of the parking brake
Pact and make it follow the change of the demand pressure
Pdem calculated by formula (16).

For the distributed drive electric vehicle, each wheel is
independently controlled by a motor, and the total driving
force of the vehicle is the sum of the driving motor’s driving
forces. if somewheels slip during the hill start, the calculation
of the demand pressure would be greatly deviated, resulting in
the release in advance of the EPB before the slope resistance
has been completely overcome by the driving force. It will
lead to the failure of the hill start. By analyzing the effect
of the hill start control on the ramp when the actual driving
torque of the vehicle control system is less than the theoretical
driving torque, a method for correcting the driving torque
during the starting on the ramp is proposed.

The motion equation of each wheel is as follows
Iωω̇fl = imT tfl − RωFxfl
Iωω̇fr = imT tfr − RωFxfr
Iωω̇rl = imTtrl + Tb−RωFxrl
Iωω̇rr = imT trr + Tb − RωFxrr

(17)

where, Iω is the moment of inertia of the wheel.
The linear sliding surfaces are selected as follow:

S1 = ωfl − ωfld
S2 = ωfr − ωfrd
S3 = ωrl − ωrld
S4 = ωrr − ωrrd

(18)

where, ωid , i = fl, fr, rl, rr are the desired values of the
wheel speeds corresponding to the four wheels.

The index approach laws are shown below:
Ṡ1 = −k1S1 − ε1sgn(S1)
Ṡ2 = −k2S2 − ε2sgn(S2)
Ṡ3 = −k3S3 − ε3sgn(S3)
Ṡ4 = −k4S4 − ε4sgn(S4)

(19)

where, εi > 0, i = 1, 2, 3, 4 determine the approaching
speed. The larger the value, the faster the approaching speed
will be, but it may cause a relatively large chatter after
reaching the sliding mode surface. By adjusting the values
of ki > 0, i = 1, 2, 3, 4, the non-sliding mode motion can be
effectively guaranteed to have good quality.

Ṡ1 = ω̇fl − ˙ωfld
Ṡ2 = ω̇fr − ˙ωfrd
Ṡ3 = ω̇rl − ˙ωrld
Ṡ4 = ω̇rr − ˙ωrrd

(20)

By eliminating variables, the torque correction value of
each driving wheel can be obtained, as (21) shown at the
bottom of the next page:

4) HILL START CONTROLLER
From the above analysis, it can be known that the control
goal of the hill start controller is to make the actual pres-
sure of the parking brake chamber effectively and timely
follow the change of the demand pressure calculated by
formula (16).The pressure of the parking brake chamber
can be adjusted by the opening and closing of the EPB
solenoid valve, so the key point of the hill start control
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method proposed in this paper is to choose the appropriate
control method of the solenoid valve to control the action of
the solenoid valve.Therefore, a fast response control strategy
of the solenoid valve based on logic threshold control is
proposed. Because the logic threshold control method only
needs to set reasonable threshold values according to the sys-
tem characteristics, instead of establishing complex control
model. Once the threshold is set reasonably, it will obtain
satisfactory control performance. It is especially suitable for
nonlinear systems such as the hill start assist system based
on EPB. The control method is widely used in engineering
control and has been proved to be very practical.

According to the pressure characteristics of the pneumatic
EPB system, the system will have different delay times under
different solenoid valve opening time. A large number of
experiments show that the delay time of the EPB system
used in this paper is maintained at about 40 milliseconds,
so 40 milliseconds is selected in this paper as the shutdown
time in a control cycle. The pulse width frequencymodulation
(PWM-PFM) method is adopted to control the on / off of
the solenoid valve, and the inflation rate and the pressure
change value of the pneumatic EPB system are changed by
adjusting the duty cycle and frequency of the control signal.
As shown in Figure 10, The two threshold values are e1
and e2 respectively. In combination with the pressure change
characteristics of the pneumatic EPB system, e1 is set as
0.05 MPa and e2 is set as 0.1 MPa. The logic threshold
control method judges the threshold range of the pressure
difference Perr between the actual air pressure Pact and the
required air pressure Pdem of the parking brake chamber,
and adjusts the solenoid valve by sending the corresponding
PWM control signals to the solenoid valve to control the rate
of inflation or deflation,making the actual pressure of the
parking brake chamber change with the demand pressure.
When Perr ≥ Pdem − e2 or −Perr ≥ Pdem + e1, the large
duty cycle control signals are used to control the charge
and bleed solenoid valves to reduce the pressure difference
quickly; when Perr ≥ Pdem − e1 or −Perr ≥ 0, the small
duty cycle control signals are used to control the charging
and deflation solenoid valve actions to accurately follow the
required air pressure; when 0< Perr < Pdem− e1, the current
state is maintained so that the actual pressure in the parking
brake chamber is always lower than the demand pressure

FIGURE 10. Velocity estimation under two conditions. (a) Bad road
conditions, (b) Good road conditions.

TABLE 3. Statistics of vehicle speed estimation errors.

to prevent the vehicle from rolling backwards caused by
overcharging.

IV. EVALUATION INDEX
A. RIDING COMFORT
In order to improve the ride comfort when starting on a hill
and avoid large impacts during starting, the final driving
torque Ttot should be gradually increased. The starting jerk
J uses the change rate of the longitudinal acceleration of the
vehicle as shown in formula (22) as a performance index of



Tt1 =

(
ρω̇fl − k1S1 − ε1sgn (S1)+ ˙ωfld

)
Iω]+ Rω

(
˙Fxfl + ρFxfl

)
imρ

Tt2 =

(
ρω̇fr − k2S2 − ε2sgn (S2)+ ˙ωfrd

)
Iω]+ Rω

(
˙Fxfr + ρFxfr

)
imρ

Tt3 =
(ρω̇rl − k3S3 − ε3sgn (S3)+ ˙ωrld ) Iω]− Tb + Rω

(
˙Fxrl + ρFxrl

)
imρ

Tt4 =
(ρω̇rr − k4S4 − ε4sgn (S4)+ ˙ωrrd ) Iω]− Tb + Rω

(
˙Fxrr + ρFxrr

)
imρ

(21)
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FIGURE 11. Simulation results of the equal torque distribution strategy. (a) Pressure, (b) Force, (c) Motor torque, (d) Vehicle speed and wheel speed,
(e) Brake force.

riding comfort.

J =
da
dt

(22)

B. GETTING STARTED SAFETY
During the process of starting a vehicle on a slope, if the
vehicle slides too far, it will easily cause a traffic accident and
cause serious consequences to the driver’s life and property.
Therefore, the vehicle cannot roll down or the slope distance
L should be less than a certain threshold during the entire
hill-start process and the expected speed V should satisfy
V = 0.

L =
∫ t

0
Vdt ≥ 0 (23)

C. BRAKE WEAR
Improper control during the start of the ramp will cause
excessive wear of the parking brake, and in severe cases may
directly lead to a complete failure. To reduce the wear of
the braking system during the entire process, the following
performance indicators should be adopted:{∫ t

0
|2T b|V

R
dt

Tb ≥ 0
(24)

The former formula of the formula (24) represents the friction
work of the parking brake system, and the latter formula is
a condition to avoid the parking brake force becoming the
resistance of the hill-start.
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FIGURE 12. Simulation results of dynamic torque distribution strategy. (a) Pressure, (b) Force, (c) Motor torque, (d) Vehicle speed and wheel
speed, (e) Brake force.

V. SIMULATION AND ANALYSIS
In this section, to evaluate the performance of the designed
hill-start controller, Matlab, Trucksim and AMEsim are used
for co-simulation verification. In Matlab / Simulink, the
hill-start controller model and the driving motor model are
established, the distributed driving vehicle model is estab-
lished in Trucksim by modifying structure parameters, and
the pneumatic EPB system model is established in AMEsim
software. The simulation was performed on a 20% slope,
and the test was evaluated by comparing the two road adhe-
sion conditions with the method of ‘expected driving torque
evenly distributed’ and ‘no torque correction’. It is important
to point out that to prevent unexplained interference before
the simulation, all the control strategies in this paper start to

work after 0.5s, before which the vehicle is stationary on the
slope.

A. VERIFICATION OF VEHICLE SPEED ESTIMATION
The speed estimation ability determines the control effect
of the torque correction controller. In this paper, the effect
of the vehicle speed estimation will be simulated and eval-
uated under the condition of good road surface and ice and
snow road surface. Fig. 10 shows the effect of vehicle speed
estimation under two conditions, where V_act represents the
actual value of the longitudinal speed of the vehicle; V_est
represents the estimated value of the longitudinal speed.
Table 3 reveals the statistics of vehicle speed estimation
errors.
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FIGURE 13. Comparison with traditional scheme. (a) Jerk,
(b) Displacement, (c) Brake wear.

According to Fig. 10 and Table 3, the proposed speed
estimation based on kalman filter performs well in track-
ing performance under different test conditions. Moreover,
the maximum error is not more than 0.2 m/s, which has
relatively high accuracy and timeliness, and basically meets
the requirements of speed estimation.

B. THE FRONT AND REAR WHEELS ARE
ON A GOOD ROAD
This section mainly describes the simulation results of the
distributed driving electric vehicle under three control strate-
gies (equal distribution of driving torque, dynamic distribu-
tion of driving torque, and dynamic distribution under torque
correction). As shown in Fig. 11, the vehicle was keeping
still on the slope before 0.5s. At 0.5s, the driver starts the

TABLE 4. Comparison of evaluation indices of two control schemes.

vehicle in gear, the demand torque module starts to calculate
the demand torque of the drive motor and sends the signal
to each controller. The hill-start controller detects that the
working conditions are met and starts to work. Then the drive
motor controller starts to control each motor, and the hill-start
controller starts to control the actual air pressure value to
effectively track the demand air pressure. As the equal torque
distribution strategy is adopted, it can be seen that the driving
torque of each motor of the front and rear axles remains
consistent. At 1.27s, the total driving force completely over-
comes the resistance of the slope, the solenoid valve opens
and inflates quickly, and the parking brake force is also
quickly released. At 1.31s, the vehicle speed starts to rise
slowly from 0, indicating that the hill- start controller based
on the logic threshold can meet the requirements of the
hill start.

Fig. 12 shows the simulation results of the control strategy
using dynamic torque distribution strategy. As can be seen
from the figure, during the uphill process, the axle load is
transferred backwards, so the torque value of the drive motor
of the rear axle is always greater than that of the front axle.
In addition, the actual pressure of the hill-start controller also
quickly follows the demand pressure, and the vehicle finally
starts successfully on the ramp, indicating the effectiveness
of the proposed scheme.

Fig. 13 shows the comparison results between the tradi-
tional control scheme and the control scheme proposed in
this paper in three evaluation indexes. From Fig. 13(a), it can
be intuitively felt that the proposed scheme has a lower jerk
than the traditional scheme. Fig. 13(b) shows that neither the
traditional control scheme nor the proposed control scheme
has slipped, indicating that both schemes meet the safety
requirements under this road condition. However, after the
completion of the hill-start, it can be seen that the control
scheme proposed in this paper has a faster climbing time,
because the scheme based on axial load distribution can make
better use of road adhesion condition. Fig. 13(c) shows that
the traditional control scheme causes the brake to lose more
due to the mismatch between the load of the rear axle and the
motor torque. In order to quantitatively measure and evaluate
the vehicle start-up jerking in the experiment, the RMS (Root
Mean Square) is introduced as evaluation parameters. The
equation of RMS can be expressed as:

RMS =

√
1
n

∑n

k=1
j2 (25)

Table 4 shows the more detailed comparison results of
these two schemes in terms of starting jerk, slope distance and
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FIGURE 14. Simulation results of the equal torque distribution strategy. (a) Pressure, (b) Force, (c) Motor torque, (d) Vehicle speed and wheel speed,
(e) Brake force.

brake wear. From these data, it can be seen that the proposed
control scheme has better performance than the traditional
control scheme.

C. THE FRONT WHEELS ARE ON BAD ADHERE
CONDITION, AND THE REAR WHEELS ARE ON GOOD
As can be seen in Fig. 14, the vehicle first parked on the
ramp before 0.5s. At 0.5s, the driver controls the throttle
opening, and the driving motor starts to slowly increase the
driving torque. At the same time, the hill-start controller
starts to calculate the demand pressure and controls the actual
pressure in real time through the opening and closing of

the solenoid valve. At 1.28s, the driving force overcomes
the ramp resistance. Then the solenoid valve quickly opens,
and the parking brake force is released quickly. However,
it can be seen from Fig. 14(d) that after 0.73s, the front wheel
slips because the driving force exceeds the road adhesion
force, and the longitudinal speed changes from 0 to a negative
value, which means that the vehicle has slipped. The brake
curve in the Fig. 14(e) shows that the brake force is released
nearly 0.1s in advance. By 2.07s, the speed of the front wheel
drivemotor exceeds its maximum speed, and the driving force
is rapidly reduced to 0, which has a huge impact on the safety
of the vehicle.
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FIGURE 15. Simulation results of dynamic torque distribution strategy. (a) Pressure, (b) Force, (c) Motor torque, (d) Vehicle speed and wheel speed,
(e) Brake force.

Fig. 15 shows the simulation results of dynamic distribu-
tion of driving torque. Through the distribution of driving
torque, the drive motor of the rear axle outputs more torque to
make better use of road adhesion force. It can be clearly seen
that the hill-start controller can effectively track the demand
pressure, but at 1s the front wheels still start to slip, and the
vehicle speed becomes negative. As can be seen from the
Fig. 15(e), the brake force is also released slightly earlier.
At 2.37s, the motor speed of the front wheel also exceeds the
maximum speed.

From the simulation results in Fig. 16, it can be seen that
after the driving force overcomes the resistance of the slope,

the hill -start controller has completed the task of releasing
the parking brake force in time. Fig. 16(c) clearly shows
that the torque correction controller limits the motor torques
of the front axle to the maximum adhesion torque of the road
and increases the torques lost by slip to the rear axle motors
to maintain the total driving torque. The diagram of vehicle
speed and wheel speed in Fig. 16(d) shows that the slip of the
front wheels is effectively suppressed, and the effectiveness
of the torque correction controller based on the sliding mode
algorithm is proven.

Fig. 17 shows the comparison results of the three control
schemes on the evaluation indicators. From the figure, it can
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FIGURE 16. Simulation results of torque correction strategy. (a) Pressure, (b) Force, (c) Motor torque, (d) Vehicle speed and wheel speed,
(e) Brake force.

TABLE 5. Comparison of evaluation indices of three control schemes.

be seen that the scheme proposed in this paper has a larger
jerk than the traditional scheme, which is the result of the
torque correction controller. The traditional control scheme
slips back 0.52m during the starting control process and keeps

slipping in the following time; the second scheme without the
torque correction controller no longer runs backwards after
slipping 0.13m, and the third scheme with a torque correction
controller does not have a backward distance. Therefore,
although the proposed scheme sacrifices a little bit of starting
comfort, it guarantees the safety of starting. Fig. 17(c) shows
that in the traditional control scheme, the rear axle load does
not match the motor torque, resulting in the vehicle’s body
shaking and greater brake losses. Table 5 shows the more
detailed comparison results of the two schemes in terms of
jerk, slope distance and brake wear. From these data, it can be
seen that the proposed control scheme has better performance
than the traditional control scheme.
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FIGURE 17. Comparison of three schemes. (a) Jerk, (b) Displacement,
(c) Brake wear.

VI. CONCLUSION
In this paper, a hill-start control method suitable for the
distributed drive electric vehicle is proposed to realize the
vehicle to start quickly and safely on the ramp. In order
to accurately estimate the speed of all-wheel-drive vehicles
in real time, a vehicle speed estimation method based on
Kalman filter is proposed; in order to make full use of road
adhesion force, a torque control method based on front and
rear axle loads is proposed; in order to deal with poor road
conditions, a torque correction method based on sliding mode
control is proposed. In order to accurately control the release
of the parking brake force of EPB, a hill-start method based
on logic threshold control is proposed. The simulation results
prove the effectiveness of the proposed control strategy for
the starting on the ramp, which can reduce the starting time
and jerk and complete the starting task.
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