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Abstract 

Vehicle collision avoidance (CA) has been widely studied to improve road traffic safety. However, most evasion assis-
tance control methods face challenges in effectively coordinating collision avoidance safety and human-machine 
interaction conflict. This paper introduces a novel multi-mode evasion assistance control (MEAC) method for intel-
ligent distributed-drive electric vehicles. A reference safety area is established considering the vehicle safety and sta-
bility requirements, which serves as a guiding principle for evading obstacles. The proposed method includes two 
control modes: Shared-EAC (S-EAC) and Emergency-EAC (E-EAC). In S-EAC, an integrated human-machine authority 
allocation mechanism is designed to mitigate conflicts between human drivers and the control system during col-
lision avoidance. The E-EAC mode is tailored for situations where the driver has no collision avoidance behavior 
and utilizes model predictive control to generate additional yaw moments for collision avoidance. Simulation 
and experimental results indicate that the proposed method reduces human-machine conflict and assists the driver 
in safe collision avoidance in the S-EAC mode under various driver conditions. In addition, it enhances the vehicle 
responsiveness and reduces the extent of emergency steering in the E-EAC mode while improving the safety and sta-
bility during the collision avoidance process.

Keywords  Intelligent vehicles, Distributed-drive electric vehicle, Collision avoidance, Evasion assistance control, 
Model predictive control

1  Introduction
There are almost 1.19 million road traffic deaths every 
year globally, where collision accidents account for about 
98% [1, 2]. Intelligent vehicles, incorporating multi-
source sensor systems and advanced control algorithms, 
have emerged as a promising solution to improve road 
safety [3, 4]. On this basis, collision avoidance (CA) algo-
rithms have been widely studied and the corresponding 
technologies such as forward collision warning (FCW), 

automatic emergency braking (AEB), autonomous emer-
gency steering (AES), etc. are used in ADAS in produc-
tion vehicles [5–7].

Longitudinal CA system generates the desired deceler-
ation through the braking system and avoids collision or 
reduces the degree of collision by lowering the vehicle’s 
speed. The decision logic and control execution are rela-
tively simple, which essentially controls the speed differ-
ence or distance difference between the ego vehicle (EV) 
and the obstacle vehicle (OV) [8]. Lateral CA system is to 
generate enough lateral displacement through the steer-
ing system to minimize the lateral overlap between the 
EV and the OV [9].

However, relying solely on longitudinal braking has 
inherent limitations in evasion. Ref. [10] evaluates AEB 
systems in six commercially available vehicles and shows 
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that they could only ensure successful CA at speeds 
below 50 km/h. From the study of Continental, it can 
be more intuitively found that the longitudinal CA sys-
tem is usually able to safely avoid collisions at low rela-
tive speeds, while the lateral CA system is able to avoid 
crashes more efficiently at medium and high relative 
speeds [11]. Figure  1 schematically shows the relation-
ship between the distance required for CA and the rela-
tive vehicle speed, including the distance of the last point 
to brake (LPTB) and the distance of the last point to steer 
(LPTS) [12]. As the relative speed increases, the LPTB 
distance gradually approaches and exceeds the LPTS dis-
tance. For conditions where the relative speed is above 
45 km/h, it is easier to accomplish CA by using lateral CA 
methods.

Analysis of driver behavior in Ref. [11] indicates that as 
the urgency of CA intensifies, drivers involuntarily take 
more CA avoidance maneuvers by steering. However, lat-
eral CA requires timely and appropriate steering maneu-
vers, placing significant demands on the driver’s skills. 
Driver’s underreaction or understeering can result in 
minor collisions with a low overlap rate, while the over-
reaction or oversteering may lead to vehicle instability 
or even critical safety accidents [13]. Consequently, it 
becomes crucial to provide steering assistance to driv-
ers through evasion assistance control (EAC) to enhance 
driving safety during emergency CA.

Current EAC technologies can be divided into two 
types: (1) driver-activated EAC and (2) automatic EAC. 
Driver-activated EAC helps the driver adjust the vehi-
cle motion according to the vehicle states by provid-
ing assisted steering torque after detecting the driver’s 
steering intention [14]. Additionally, the driver’s braking 
operation can also activate the EAC [15]. This approach 
ensures driver involvement when allocating control 
rights to the EAC controller and could reduce the risk 
of system misjudgment. Unlike the driver-activated EAC 
system, automatic EAC could predict the likelihood of 

a collision within a short period of time and intervene 
automatically to avoid collision [16]. This control method 
does not require driver activation and relieves the 
dependence on the driver’s decision, which also improves 
the performance of CA. Ref. [17] designs a feedforward 
plus linear state feedback controller to enable the vehi-
cle to track reference lateral acceleration through the 
booster torque of the EPS motor. Based on nonlinear 
backstepping control and adaptive sliding model control 
algorithms, Ref. [18] constructed integrated steering and 
braking controllers to implement emergency CA. In Ref. 
[19], the desired steering angle is determined based on 
the planned evasion assistance path, and a steering wheel 
assisted torque is then provided to fulfill the steering 
tracking requirement. However, automatic EAC is often 
difficult to consider the driver’s intent, and may cause 
safety risks by interfering with the driver’s reasonable 
steering maneuvers [20]. Consequently, a critical chal-
lenge lies in effectively combining the control outputs of 
the EAC controller and the driver.

Several studies have been conducted to enhance the 
performance of shared control between automatic 
EAC systems and human drivers by incorporating vari-
ous driver operational characteristics into the control 
algorithm design. Ref. [9] introduces an adaptive pre-
targeting distance mechanism to develop an assisted 
steering torque controller that considers different driv-
ers’ driving styles. Using fuzzy control, Ref. [21] designs 
a dynamic distribution of driving authority to improve 
driver comfort. To address the conflict between humans 
and machines at the trajectory planning layer, Ref. [22] 
utilized potential-field-driven model predictive control 
to consider the driver-vehicle dynamics and the driver-
related costs. The generated target trajectory represents 
a fusion of both the driver’s input and the EAC system, 
potentially reducing conflicts between the EAC control-
ler and the driver. However, due to the uncertainty of 
the driver’s behavior, it is still challenging to coordinate 
driver preferences and EAC outputs at the trajectory 
planning level [23]. To improve the robustness of target 
path tracking, Ref. [24] optimizes the human-machine 
weights at the control layer, and utilizes the weighted 
input of driver’s steering wheel torque as a disturbance 
to the controller. In order to integrate driving intention, 
driver operation, and vehicle driving state assessment, 
Ref. [25] designed a fuzzy weight assignment mecha-
nism for human-machine coordination. Ref. [26] divided 
the driving space into safety and danger areas, and then 
evaluated the risk degree corresponding to the vehicle’s 
position, which is used to determine the shared control 
weight. By considering driver state detection, human-
machine conflict, and vehicle driving safety, Ref. [27] 
developed a more intricate weight assignment method. Figure 1  Schematic diagram of LPTB and LPTS
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However, these hierarchical weight assignment schemes 
consider the control system and the driver as independ-
ent operators and do not adequately account for the 
driver’s response characteristics. Simply weighting the 
control output could affect the control performance or 
even destabilize the algorithm.

This paper proposes a Multi-mode Evasion Assistance 
Control (MEAC) Method based on the intelligent Dis-
tributed-drive Electric Vehicle (DDEV) platform. Lev-
eraging the DDEV’s capabilities of rapid, precise, and 
independent control over the four-wheel driving/braking 
torque response [28], this paper exploits the additional 
yaw moment as a control value to effectively address eva-
sion assistance control, encompassing safety, stability, 
and comfort. Recognizing the variable nature of driver 
response and operation, this paper introduces a multi-
mode EAC decision scheme for different emergency con-
ditions. A reference safety area is established for EAC 
considering the safety and stability requirements, which 
serves as a guiding principle for evading obstacles. In par-
ticular, an integrated human-machine authority alloca-
tion mechanism is designed to mitigate conflicts between 
humans and machines during assistance control. The pri-
mary contributions are summarized as follows:

•	 A Multi-mode EAC framework is proposed to 
enhance CA performance. In shared mode, driver’s 
steering maneuvers are properly corrected by the 
assisted steering wheel torque, which helps the driver 
to safely avoid a collision while keeping a feeling of 
control. In emergency mode, the steering angle is 
directly controlled along with the additional yaw 
moment to achieve emergency CA.

•	 A reference safety area for evasion assistance con-
trol is established, combining vehicle stability safety 
and road space safety. With the safety area, multi-
objective model predictive control (MPC) problems 
considering collision safety, smoothness and reduc-
ing intervene are formed to solve the optimal control 
input for each EAC mode.

•	 An integrated human-machine authority allocation 
mechanism is designed, considering vehicle safety 
and the rationality of driver steering operations. 
The weight coefficients of the objective function are 
adapted according to behavioral safety and spatial 
safety, allowing the control intention of EAC to be 
adjusted in real-time.

The remainder of this paper is organized as: Section  2 
introduces the whole system structure. In Section  3, the 
proposed MEAC method is described in detail. Section 4 
is the specific implementation of the simulation and real 
vehicle experiment. Finally, Section 5 concludes this paper.

2 � System Structure and Problem Statement
2.1 � Problem Definition
In tests conducted by Bosch [29], Continental [12], Volvo 
[30] and many other research institutes or manufactur-
ers, avoiding static obstacles in a straight line is consid-
ered as a typical lateral obstacle avoidance scenario. The 
goal of the proposed MEAC in this paper is to help the 
driver avoid collision in high-speed scenarios in the saf-
est possible way through steering maneuvers. There are 
serval notations need to be defined to describe the CA 
problem.

Definition 1  The last point to braking (LPTB) refers to 
the start braking point where EV can just avoid collision 
by braking with the maximum deceleration. According 
to Ref. [31], the distance DLB between the LPTB and the 
obstacle, as well as the corresponding Time-to-Collision 
TTC​LB, can be calculated as following:

where, τeb is the time to eliminate the braking clearance, 
τgb is the growth time of the braking force, vr is the rela-
tive speed between EV and obstacle, and abmax is the 
maximum braking deceleration.

Definition 2  The last point to steering (LPTS) refers 
to the start steering point on the original driving trajec-
tory where the vehicle turns to the maximum extent just 
enough to avoid collision with obstacles. The distance 
DLS between the LPTS and the obstacle, as well as the 
corresponding Time-to-Collision TTC​LS, can be calcu-
lated as follows:

where, Soffset is the required lateral displacement for CA, 
and alat is the maximum lateral acceleration of the EV 
during CA [12].

Definition 3  When the perception sensor identifies a 
potential collision risk, the MEAC system will be acti-
vated after the TTC​ reaches a certain threshold, defined 
as the initial CA TTC​0.

The overall CA scenario is illustrated in Figure 2, where 
WEV is the EV’s width and Wobs is the width of obstacle, 
Dobs is the relative distance between EV and obstacle, d, d 
is the distance between EV and left, right road boundary 
respectively. dEAC is lateral CA distance and doffset is the 
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total lateral offset distance for CA. The EV can avoid the 
obstacle only when dEAC > 0.

2.2 � Vehicle System Model
In this paper, a two degree of freedom vehicle lateral 
dynamics model is used, as shown in Figure 3.

where Iz is the vehicle’s yaw moment of inertia, m is the 
vehicle’s mass, vx is the vehicle’s longitudinal speed, β̇ is 
the sideslip angular velocity of the mass center, ϕ̇ and ϕ̈ 
are the vehicle’s yaw rate and yaw acceleration, respec-
tively, lf and lr are the distance from the center of mass 
to the front axle and the rear axle, respectively, Mz is the 
direct yaw moment, δf is the steering angle of the front 
wheel, and Ccf , Ccr are the cornering stiffness of a single 
tire on the front and rear axles, respectively.

The components and forces of each part of the electric 
power steering system (EPS) are equivalent to the steer-
ing wheel and the upper section of the steering column, 
and the steering system model is established as Eq. (2):
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where δ̇sw and δ̈sw are the steering angular velocity and 
angular acceleration of the upper section of the steer-
ing column, respectively. Je and Be are the equivalent 
moments of inertia and the equivalent damping of the 
steering system, respectively. Td is the moment applied 
to the steering wheel by the driver. Tf is the equivalent 
friction torque, Tm is the torque at the output end of the 
steering power motor. G is the transmission ratio of the 
power-assisted motor reducer, and Talign is the aligning 
torque transmitted to the upper section of the steering 
column estimated by Ref. [32] as:

where, Lp is the tire drag, and isteer = δsw/δf  is the trans-
mission ratio of the steering wheel angle and the front 
wheel angle.

2.3 � EAC System Framework
This paper proposes the MEAC framework primarily 
designed for evasion scenarios at speeds of 45 km/h and 
above. The MEAC framework actively evaluates the vehi-
cle’s driving state, determining optimal timing and level 
of assistance control. Figure  4 illustrates the framework 
of the MEAC framework, which consists of four mod-
ules: (i) EAC mode decision, (ii) Safe area construction, 
(iii) Shared-EAC module (S-EAC), and (iv) Emergency-
EAC module (E-EAC).

The safety of lateral CA mainly contains two aspects: 
one is the driving space safety, i.e., EV should not col-
lide with obstacles or run out of the road boundary; 
the second is the driving state safety, i.e., EV could 
not lose its stability and then lead to the loss of con-
trol during lateral CA. Thus, the space safety area and 
the stability safety area are constructed as references 
and constraints for the EAC algorithm. The space safety 
area mainly considers driving space boundaries. The 
stability safety area is established based on the phase 

(4)Jeδ̈sw + Beδ̇sw = Td + GTm + Talign + Tf ,

(5)Talign =
2Ccf Lp

isteer
β +

2Ccf Lp

isteer

lf ϕ

vx
−

2Ccf Lp

i2steer
δsw ,

Figure 2  Collision avoidance scenario

Figure 3  Two degree of freedom vehicle dynamics model
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diagram of the sideslip angle and the yaw rate, referred 
to as the joint stability criterion [11].

Based on the vehicle’s motion state and the surround-
ing environment features, the EAC mode decision 
module determines whether it is an assisted evasion sit-
uation or an emergency evasion situation. If the evasion 
urgency is low or the driver is already operating the 
vehicle, the MEAC system enters S-EAC mode to assist 
the driver in cooperative evasion. Conversely, if the 
urgency is high or the driver is not operating the vehi-
cle to evade, it enters the E-EAC mode and the system 
takes direct control of the vehicle to execute emergency 
evasion. Specifically, some scenarios where collisions 
cannot be avoided are not in this paper’s focus, such 
as obstacles that are too large for the E-EAC to still be 
able to accomplish evasion.

Finally, a multi-objective model MPC problem is 
formed for different EAC modes respectively. S-EAC 

integrates a human-machine authority allocation mech-
anism that includes space safety and driving behavior 
safety in the objective function design, which assists the 
driver in CA while reducing unnecessary intervention 
by the control system. For E-EAC, the control algorithm 
directly outputs the front wheel angle and additional yaw 
moment. These outputs are then executed by the lower-
level angle tracking algorithm and motor torque distribu-
tion strategy.

3 � Safety Area Construction and EAC Mode 
Decision

3.1 � Space Safety Area
In the road coordinate system, the boundary of the space 
safety area consists of three parts: (1) the lane constraint 
boundary, restricting the maximum lateral displace-
ment of EV, (2) the obstacle constraint boundary, which 
restricts the minimum lateral displacement of the vehicle, 

Figure 4  Schematic framework of the proposed MEAC
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(3) the vehicle kinematics constraint considering Acker-
man steer characteristics. As illustrated in Figure  5(a), 
the left and right boundaries of the safety area are set by 
offsetting the outer lane boundary to the inside by a safe 
distance Ssafe. Point A is the shape adjustment point of the 
lower boundary considering the vehicle steering charac-
teristics. The corresponding predicted collision time TTC​
A should be smaller than TTC​LS and Xsta = Dobs − TTC​Avr. 
Additionally, a safety margin dsafe is allotted to the obsta-
cle constraint boundary. Therefore, the upper and lower 
boundary of the space safety area (Ymax and Ymin) can be 
designed as:

The space safety coefficient was established based on 
the space safety domain, which is regarded as one of the 
reference foundations and evaluation metrics for EAC 
target setting and human-machine authority allocation. 
The space safety factor ηs is defined within a range of 
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2
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[0,1], with 0 indicating the highest level of danger and 
1 indicating complete safety. As shown in Figure  5(b), 
the reference safety trajectory (Xref, Yref) is divided into 
three segments considering the lateral movement dur-
ing CA, which can be represented as follows:

where (Xsta, 0) is the start steering point position. 
According the reference safety trajectory and the space 
safety area boundary, ηs can be expressed by Eq. (8):
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Figure 5  Schematic diagram of the space safety area and the reference safety trajectory
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It is worth noting that the reference safety trajec-
tory is not the target trajectory tracked by the EAC. 
It is a judgment index for the authority allocation of 
human–machine control in the S-EAC. In addition, the 
reference safety trajectory can also “guide” the EV to a 
relatively safe position.

3.2 � Stability Safety Area
During the emergency CA at high speed, the vehicle 
may be over-steered resulting in dangerous situations 
such as fishtailing or sideslip. In such cases, the vehi-
cle’s dynamic states may diverge and become unstable, 
causing the control system to fail.

In order to ensure the safety of lateral CA at the vehi-
cle state level, it is necessary to analyze the vehicle 
dynamic characteristics and try to limit the dynamic 
states within the stability area. Based on Ref. [33], the 
vehicle stability safety area is designed based on the 
joint stability criterion of yaw rate and the sideslip 
angle, as shown in Figure  6. A closed parallelogram 
boundary is formed in the β − ϕ̇ plane diagram as 
follows:

(8)ηs =
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where, ϕ̇ss,max , ϕ̇ss,min are the maximum and minimum 
steady-state yaw rate, respectively. vx is the longitudinal 
speed, μ represents the road surface adhesion coefficient 
and g is the acceleration due to gravity. βl,0 and βr,0 are 
the sideslip angle at two saddle points.

3.3 � EAC Mode Decision
The more urgent the lateral CA situation, the higher 
the demands on steering operations, and the greater the 
driver’s reliance on the MEAC intervention. Figure  7 
shows the relationship between the degree of interven-
tion provided by the proposed MEAC and the timing of 
the driver’s initiation of the steering operation (denoted 
as Ts). The work zone of MEAC is divided into two parts: 
the collaborative assistance area and the emergency assis-
tance area, which determines whether the system goes 
into S-EAC mode or E-EAC mode.

The collaborative assistance area means the area 
before the EV reaches the LPTB, i.e., TTC​0 > Ts > TTC​
LB. The driver can avoid collision via braking or steering. 
If the driver begins steering to avoid collisions, S-EAC is 
employed to appropriately assist or correct the driver’s 
steering maneuvers with assisted steering wheel torque 
considering the operation intention of the driver. The 
S-EAC intervention time is equal to the time the driver 
starts to steer.

After the vehicle reaches the LPTB, i.e., Ts < TTC​LB, if 
the driver has not taken any CA actions, E-EAC directly 
controls the front wheel angle to avoid the collision via 
emergency lane changing. Additionally, the direct yaw 
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Figure 6  Schematic diagram of the stability safety area based 
on the β − ϕ̇ plane with 60 km/h speed, 3° front steer angle and 0.8 
road adhesion coefficient. Figure 7  The intervention degree of MEAC
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moment will be generated by the distributed-drive 
motors to improve the vehicle’s stability.

4 � Multi‑mode Evasion Assistance Controller
4.1 � Shared‑EAC

1)	 System dynamics

After the vehicle reaches the LPTB, if the driver has not 
taken any CA actions, E-EAC directly controls the front 
wheel angle to avoid the collision via emergency lane 
changing. Additionally, the direct yaw moment will be 
generated by the distributed-drive motors to improve the 
vehicle’s stability.

According to the system model built in Section 2.2, the 
state space is constructed as ξS =

[

β ϕ̇ ϕ Y δsw δ̇sw
]T . 

The control output is ηC ,S = [ ϕ Y ]T , and the constraint 
output is ηB,S =

[

β ϕ̇ Y δsw δ̇sw
]T . The control input 

is the equivalent assisted torque acting on the steering 
wheel, denoted as uS = TEAC. There is also the steering 
wheel torque Td from the driver, which is regarded as a 
disturbance ω. The state-space equation of the continu-
ous system is expressed in Eq. (11):

where
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above continuous state-space equation is discretized by 
the forward Euler method and rewritten as:
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vx vx 0 0 0 0
0 0 0 0 0 1

2Ccf Lp
isteer Je

2Ccf lf Lp
isteer Jevx

0 0
−2Ccf Lp

i2steer Je
−

Be
Je























,

BS = DS =

[

0 0 0 0 0 1
Je

]T
,

(12)















ξ̃S(k + 1) = ÃSk ξ̃S(k)+ B̃Sk�uS(k),

ηC ,S(k) = C̃C ,Sk ξ̃S(k),

ηB,S(k) = C̃B,Sk ξ̃S(k),

In Eq. (12), ξ̃S(k) =
[

ξS(k) uS(k − 1) ω(k − 1)
]T
,

ÃSk =





ASk BSk DSk

01×6 I1×1 01×1

01×6 01×1 01×1



,

C̃C ,Sk =
[

CC ,Sk 02×1 02×1

]

  , 
C̃B,Sk =

[

CSk 05×1 05×1

]

 , ASk = TAS + I ,BSk = TBS

,DSk = TDS,CC ,Sk = CC ,S,CB,Sk = CB,S ,

where T is the sampling time step, and I is an identity 
matrix whose dimension is the same as AS.

2)	 Objective function

The objective function of S-EAC is shown in 
following:

where HSref (k) =
[

ηC ,Sref (k + 1) ηC ,Sref (k + 2) · · ·

ηC ,Sref (k + NP)

]T

 is the sequence of the reference control 

output ηC ,Sref (k) = [ ϕoffset Yoffset ]
T.

In the S-EAC mode, the control objectives include 
three items: (1) The vehicle’s lateral displacement 
sequence and heading angle sequence should be close 
to the reference output sequence HEref(k). (2) The sum 
of control increment should be as small as possible to 
achieve smooth control. (3) ΔTEAC(k) is the increment 
output of assisted torque by the S-EAC in each con-
trol cycle, and TEAC(k−1) is the assisted steering torque 
acting on the steering wheel in the last control cycle. 
Their sum is the assisted steering torque to be applied 
to the steering wheel in the current control cycle, which 
also should be small to reduce the intervention of the 
controller to the driver. QS, RS, and NS are the corre-
sponding weight matrixes of each sub-objective. The 
relationship between ΔTEAC(k) and ΔUS(k) is shown as:

3)	 Constraints

Actuator constraints are set for the five output state 
sequences in the prediction horizon, which is shown as:

(13)

min
�U

JS =
∥

∥HC ,S(k)−HSref (k)
∥

∥

2

QS
+

∥

∥�US(k)
∥

∥

2

RS

+
∥

∥�TEAC(k)+TEAC(k − 1)
∥

∥

2

N S
,

(14)

{

�TEAS(k) = �US(k)
(1) = SUS�US(k),

SUS =
[

1 01×(NC−1)

]

.
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It is also necessary to constrain the control increment 
and control value to ensure that the required assisted 
wheel steering torque remains within the actuator’s 
capacity, while preventing excessive assisted torque from 
interfering with driver operation or even injuring the 
driver.

4)	 Human-machine control authority allocation
In order to reduce human-machine conflicts under 

S-EAC, this paper proposes a collaborative authority 
allocation mechanism, considering collision avoidance 
space safety factor ηs (proposed in Section  3.1) and the 
driving behavior safety factor ηd, which is calculated 
in real-time according to the ηs and the current driver’s 
steering wheel torque output.

Defining the reference steering wheel torque for CA as:

where, Td,max is the driver’s maximum steering wheel 
torque, Ymin(Dobs) is the minimum required lateral dis-
tance to avoid collision, Yref is the reference lateral dis-
tance in Eq. (7). According to the relationship between 
the driver steering wheel torque Td and the reference 
torque Tref, ηd is defined as:

It means if Td and Tref are in opposite directions, it 
is judged that the driver’s steering behavior is unrea-
sonable and driving behavior safety factor ηd is 0; if 
Td and Tref are in the same direction and the former 
is not smaller than the latter, the driver outputs suffi-
cient steering wheel torque and ηd is 1. ηs and ηd jointly 
characterize the safety of the driver’s CA maneuvers. 
Consequently, in the objective function in Eq. (13), the 
larger weight NS assigned to the term that reduces the 
assisted torque, the more S-EAC tends to decrease its 

(15)



























βmin(k) ≤ β(k) ≤ βmax(k),

ϕ̇min(k) ≤ ϕ̇(k) ≤ ϕ̇max(k),

Ymin(k) ≤ Y (k) ≤ Ymax(k),

δsw min(k) ≤ δsw (k) ≤ δsw max(k),

δ̇sw min(k) ≤ δ̇sw(k) ≤ δ̇sw max(k).

(16)
{

�USmin ≤ �US(k) ≤ �USmax,

USmin ≤ US(k) ≤ USmax.

(17)















if Y ≤ Ymin(Dobs), Tref =

�

(1− ηs)Td,max, Y ≤ Yref ,
−(1− ηs)Td,max,Y > Yref ,

if Y > Ymin(Dobs), Tref =

�

−sgn(ϕ)(1− ηs)Td,max,Y ≤ Yref ,
−(1− ηs)Td,max, Y > Yref ,

(18)ηd =



















0, Td · Tref < 0,

1, Td < Tref < 0 or Td > Tref > 0,

Td

Tref
, else.

control weight and reduce its output, thereby mini-
mizing unnecessary intervention with the driver when 
the operation is correct and the position is safe. Con-
versely, the smaller weight N, the more S-EAC tends to 
increase its control weight and prioritize CA by output-
ting assisted steering wheel torque, thereby helping the 
driver correct erroneous steering operations in danger-
ous situations. The weight N can be specifically calcu-
lated as follows:

where ε(⋅) = 0 or 1, is a step function, and ηs is the space 
safety factor from Eq. (8).

The solved assisted torque work together with the 
steering torque output from the EPS to the steering 
motor for cooperative evasion.

4.2 � Emergency‑EAC

1)	 Emergency MPC

In E-EAS mode, the MPC controller calculates the 
required front wheel angle and the additional yaw 
moment. Compared with the S-EAC control algorithm. 
The system state variables are set as ξE = [β ϕ̇ ϕ Y ]T , 
the control input is set as uE = [ δf Mz ]

T , the control 
output is set as ηC ,E = [ ϕ Y ]T , and the constraint out-
put is set as ηB,E = [ β ϕ̇ Y ]T.

The state equation is established as follows:

The control increment model is obtained by discretiz-
ing and expanding the system dynamics,

(19)

{

NS = 1× 10(4·ηN−1),

ηN = ε(ηs · ηd − 0.25) · ηs · ηd ,

(20)











ξ̇E = AEξE + BEuE ,

ηC ,E = CC ,EξE ,

ηB,E = CB,EξE ,

AE=













−2(Ccf +Ccr )

mvx

−2(Ccf lf −Ccr lr )

mv2x
− 1 0 0

−2(Ccf lf −Ccr lr )

Iz

−2(Ccf l
2
f +Ccr l

2
r )

Izvx
0 0

0 1 0 0
vx vx 0 0













,

BE =











2Ccf

mvx
0

2Ccf lf
Iz

1
Iz

0 0

0 0











,CC ,E =

�

0 0 1 0

0 0 0 1

�

,CB,E =





1 0 0 0

0 1 0 0

0 0 0 1


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The objective function of the E-EAC mode is 
designed as

where HC,E(k) and HEref(k) are taken in a similar way to 
S-EAC, and QE, and RE are the corresponding weight 
matrixes. The constraint setting of the control increment, 
control input, and control output in E-EAC are same 
with those in S-EAC.

(21)















ξ̃E(k + 1) = ÃEk ξ̃E(k)+ B̃Ek�uE(k),

ηC ,E(k) = C̃C ,Ek ξ̃E(k),

ηB,E(k) = C̃B,Ek ξ̃E(k),

ξ̃E(k) =
[

ξE(k) uE(k − 1)
]T
, ÃEk =

[

AEk BEk

01×4 I1×2

]

, B̃Ek =

[

BEk

I1×2

]

,

C̃C ,Ek =
[

CC ,Ek 02×1

]

, C̃B,Ek =
[

CB,Ek 03×1

]

.

(22)

min
�UE

J (ξ̃E(k),�UE(k))

=
∥

∥HC ,E(k)−HEref (k)
∥

∥

2

QE
+

∥

∥�UE(k)
∥

∥

2

RE
,

5 � Simulation and Experimental Test
5.1 � Parameter Setting
For the MEAC algorithm, T = 0.05 s, Np=20 and Nc=10, 
QS = diag{3×103, 2×102}, RS = 102, QE = diag{4×103, 
2×102}, RE = 2×104. According to Ref. [34], two driver 

models including underreaction and overreaction are 
constructed by setting the driver reaction delay time τd, 
the driver’s muscle stiffness coefficient kc and the driver’s 
muscle damping coefficient kb. kL and kA are the param-
eters for the driver tracking algorithm (more details in 
Ref. [34]). The parameter settings for driver model in 
this paper are shown in Table 1. The proposed EMAC is 
implemented with two driver models in S-EAC, and the 
comparison baseline is the driver model only with EPS 
assistance [35]. For E-EAC, the comparison baseline is 
the MPC algorithm without with additional yaw moment 
control [11].

5.2 � Simulation Results
IPG CarMaker and MATLAB/Simulink are applied to 
build a joint simulation platform, as shown in Figure 8.

The simulation scenario is a straight two-lane struc-
tured road. The one side lane width is 3.5 m, and the road 
adhesion coefficient μ is 0.8. The target speed is 60 km/h 
and EV maintain this speed during CA. According to Ref. 
[34], the initial CA TTC​0 is set to 2.5 s, the obstacle will 
also suddenly appear in front of the vehicle at this time 

Table 1  Parameters of different driver model

Driver model τd (ms) kc(Nm/rad) kb(Nm⋅s/rad) kL kA

Underreaction 300 50 0.7 10 40

Overreaction 150 150 1.2 70 100

Figure 8  CarMaker-MATLAB/Simulink joint simulation platform with different driver model
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with Dobs =100 m, and the width of the obstacle Wobs is 
1.9 m.

5.2.1 � S‑EAC Simulation
In the simulation test of S-EAC, the driver begins steer-
ing to avoid a collision at Ts =2 s.

1)	 Underreaction scenario

The CA trajectories in this scenario are shown in Fig-
ure  9. Due to insufficient steering by the underreac-
tion driver, the vehicle’s lateral displacement during CA 
maneuvers is inadequate, resulting in a collision with 
the obstacle. With the assisted steering wheel torque of 
S-EAC, EV rapidly increases the lateral displacement and 
eventually avoids the collision. As shown in Figure 10(a) 
and (b), the driver’s underreaction for CA results in a 
lower output steering wheel torque. It can be seen that 
the assisted steering wheel torque is applied to help the 
driver increase steering at t = 1.2 s (X = 73.8 m), and then 
to aid in returning steering at t = 2.3 s (X = 92 m). There-
fore, the steering wheel angle of S-EAC is significantly 
higher than baseline during 1.34 and 3.2 s in Figure 10(c), 
which results in a higher Space safety factor for CA. In 
this scenario, the longitudinal distance traveled by the 
EV with S-EAC to achieve the required lateral displace-
ment for CA is reduced from 49 to 36.8 m, representing a 
24.8% reduction compared to the baseline. Theses results 
proof that proposed S-EAC can enhance CA safety in the 
case of driver underreaction.

2)	 Overreaction scenario

 

Similar to the underreaction scenario, the CA trajecto-
ries and the corresponding quantitative results are shown 
in Figures 11 and 12. Without S-EAC, the vehicle even-
tually run out of the lane boundary due to the driver’s 
excessive steering maneuver that is not corrected in time. 
While the S-EAC corrected the oversteering maneuver 
in time and keep the vehicle within the lane boundary 
to CA. The driver’s overreaction leads to a large steer-
ing torque at the initial stage of CA. The assisted steering 
wheel torque by S-EAC does not output before t=1.8 s 
because the MEAC system believes that the vehicle can 
safely avoid the collision under the driver’s current con-
trol. As the driver continues to apply a large steering 
wheel angle without returning in time, the control sys-
tem assesses that collision avoidance is dangerous, and 
thus it outputs a reverse assisted torque to help the driver 
adjust steering until the vehicle avoids the obstacle. With 
the assisted steering wheel torque by S-EAC, the vehicle 
returns itself early and the lateral displacement increas-
ing is suppressed. The maximum lateral displacement is 
reduced from 5.43 to 3.69 m, reducing 32% compared to 
baseline.

5.2.2 � E‑EAC Simulation
In the simulation test of emergency CA where there is no 
CA operation by the driver and thus the E-EAC is active 
at Ts = TTC​LB = 1.38 s.

From Figure 13, it can be seen that both two methods 
safely accomplish the emergency CA task. At the begin-
ning of CA, the additional yaw moment enhances the 
change rate of the lateral displacement to better avoid 
obstacle. As shown in Figure 14(a), the maximum steer-
ing wheel angle of E-EAC is reduced from 83.6° to 79.2° 
during the left-turn to CA, and reduced from 83.5° 

Figure 9  CA trajectory with underreaction driver model
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to 71.5° during the return. This steering wheel angle 
amplitude is reduced while ensuring safe CA. Moreo-
ver, the steering wheel angle with E-EAC returns more 
quickly, making the vehicle correct the heading more 

quickly and reduces the lateral displacement overshoot. 
The maximum lateral displacement of E-EAC is 3.16 m, 
which does not produce an overshoot, while 3.53 m of 
baseline, whose overshoot reaches 10.6%. As shown in 

Figure 10  Simulation results of S-EAC with underreaction driver model

Figure 11  CA trajectory with overreaction driver model in simulation
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Figure  14(d), the lowest space safety factor of E-EAC 
is 0.71, while that of the baseline is 0.57, increased by 
24%. The simulation results show that the E-EAC algo-
rithm can improve the efficiency and safety of lateral 
CA.

5.3 � Real Vehicle Test
To further test our approach, we conducted real-vehi-
cle tests with an intelligent vehicle test platform with 
four-wheel motors, as shown in Figure  15. The locali-
zation is provided by a GJ high-precision differential 
localization device. The torque, speed, and other signals 

Figure 12  Simulation results of S-EAC with overreaction driver model

Figure 13  Emergency CA trajectory in simulation
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of the driving motor and steering wheel torque sen-
sor signals are obtained through the vehicle manage-
ment system. The proposed MEAC algorithm runs on 

the Flexbench vehicle controller from AUDESSE. The 
output control command signal from vehicle controller 
is sent to the chassis to control the vehicle via CANBus 

Figure 14  Simulation results of E-EAC

Figure 15  Real vehicle test platform

Table 2  Parameters of the real test vehicle

Parameters Values Parameters Values

Mass (kg) 1360 Height of center-of-mass (m) 0.54

Wheelbase (m) 2.305 Distance between front-axle to center-of-mass (m) 1.112

Yaw Moment Inertia (kg m2) 1785 Distance between rear-axle to center-of-mass (m) 1.193

Gear ratio 16.68 Wheel radius (m) 0.29
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communication. Table  2 shows the relevant parameters 
of the test vehicle, and the speed in real vehicle test is 45 
km/h.

5.3.1 � S‑EAC Real Vehicle Test

1)	 Underreaction scenario

During the underreaction test, the driver lightly 
touches the steering wheel to demonstrate low muscle 
tension and uses a lower steering frequency and ampli-
tude to simulate the driver’s inadequate steering.

As shown in Figure  16, the vehicle without S-EAC 
nearly collided with the obstacle. Upon activation of 
S-EAC at t = 0.74 s, the system promptly increases 
the vehicle’s lateral displacement and corrects the 
heading angle to maintain safe lateral movement. The 

Figure 16  CA trajectory with underreaction driver in real vehicle test

Figure 17  Real vehicle test results of S-EAC with underreaction driver model
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longitudinal displacement needed to achieve the mini-
mum lateral safety distance decreases from 31.25 to 
18.04 m, by 42.27% reduction compared to baseline. 
Figures  16(b) and 17(a) shows the equivalent steering 
wheel torque of two methods. The assisted torques are 
applied between 0.82–1.45 s and 2.45–3.32 s, aiding 
the driver in steering. Thus, the steering wheel angle of 
S-EAC is larger than baseline between 1.07–1.69 s and 
2.4–3.4 s, as shown in Figure  17(c), directly reflecting 

the impact of the assisted torque on the vehicle’s lat-
eral motion. The space safety factor in Figure  17(d) 
indicates that the minimum space safety factor during 
CA increases from 0.21 to 0.66 with the use of evasion 
assistance control.

Test results demonstrate that the S-EAC can increase 
steering amplitude to improve CA safety when the driv-
er’s steering operation is inadequate.

Figure 18  CA trajectory with overreaction driver in real vehicle test

Figure 19  Real vehicle test results of S-EAC with underreaction driver model
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3)	 Overreaction scenario

To simulate the overreaction driving conditions lead-
ing to oversteering, the driver holds the steering wheel 
tightly with high muscle tension, steers quickly with a 
large steering wheel torque, and returns slowly during 
the CA progress.

Figure  18 is the CA trajectory of two methods with 
overreaction driver. Without S-EAC, the vehicle’s 
excessive steering resulted in excessive lateral dis-
placement, surpassing the space safety boundary. With 
S-EAC, the controller promptly adjusts the steering 
wheel angle to mitigate the excessive lateral displace-
ment. Consequently, the vehicle’s maximum lateral 

displacement is reduced from 5.76 to 3.76 m, a decrease 
of 34.7%. In Figure  19(a), S-EAC outputs assisted 
torque between 0.87–1.21 s and 2.40–3.46 s, both 
correcting the steering to the right. The correspond-
ing steering wheel angle in Figure 19(c) returns earlier 
compared to the baseline. As shown in Figure 19(d), the 
space safety factor of baseline becomes 0 at 2.73 s after 
the vehicle crossing the space boundary. With S-EAC, 
the minimum space safety factor increases to 0.38 and 
the average space safety factor is improved to 0.75, 
which confirm the effectiveness of S-EAC in correcting 
driver steering maneuvers with oversteer operation.

Figure 20  Emergency CA trajectory in real vehicle test

Figure 21  Real vehicle test results of E-EAC with underreaction driver model
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5.3.2 � E‑EAC Real Vehicle Test
Figures 20 and 21 are the results of the E-EAC real vehi-
cle test. With additional yaw moment control, the change 
rate in lateral displacement for CA is enhanced without 
increasing the steering wheel angle. It also corrects the 
heading more quickly, reducing overshoot of lateral dis-
placement compared to the baseline. The longitudinal 
distance of E-EAC traveled to reach the minimum lateral 
displacement for CA is 8.30 m, reduced by 12.2% com-
pared to the 9.45 m of baseline. E-EAC also reduced the 
lateral overshoot relative to the reference trajectory by 
50.1% and the maximum lateral acceleration by 9.8%. For 
the baseline, the minimum space safety factor is 0.252, 
with an average space safety factor of 0.6593. In contrast, 
the minimum space safety factor of E-EAC increased to 
0.626, and the average space safety factor improved to 
0.8376. These results demonstrate the effectiveness and 
safety of E-EAC for emergency CA.

6 � Conclusions
This paper proposes a multi-mode evasion assistance 
control (MEAC) framework for intelligent distributed-
drive electric vehicles (DDEV) that effectively reduces 
human-machine conflicts and enhances collision avoid-
ance safety performance. It considers the dynamic nature 
of the human driver’s steering response and intervenes 
to correct the driver’s actions when their collision avoid-
ance operation is deemed inappropriate. The space safety 
area and stability safety area are constructed to provide 
reference and constraints for evasion control in differ-
ent modes. In the Shared-EAC mode (S-EAC), a human-
machine authority allocation mechanism is designed 
to solve the optimal control sequence based on model 
predictive control. In cases where the human driver is 
unable to avoid a collision, the emergency EAC (E-EAC) 
can perform emergency collision avoidance control with 
additional yaw moment. Simulation and experimen-
tal tests are conducted to validate the effectiveness of 
the proposed MEAC. It successfully performs collision 
avoidance assistance maneuvers with different driver 
models, showcasing outstanding human-machine coor-
dination and ensuring safe collision avoidance. In future 
work, the analysis and understanding of driver intent and 
the complex dynamic scenario will be further enhanced 
to provide more stable and reliable cooperative assistance 
control.
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