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Abstract: The differential drive assist steering (DDAS) system makes full use of the advantages of
independent control of wheel torque of electric vehicle driven by front in-wheel motors to achieve
steering assistance and reduce the steering effort of the driver, as the electric power steering (EPS)
system does. However, as an indirect steering assist technology that applies steering system assistance
via differential drive, its linear control algorithm, like existing proportion integration differentiation
(PID) controllers, cannot take the nonlinear characteristics of the tires” dynamics into account which
results in poor performance in road feeling and tracking accuracy. This paper introduces an active
disturbance rejection control (ADRC) method into the control issue of the DDAS. First, the third-order
ADRC controller of the DDAS is designed, and the simulated annealing algorithm is used to optimize
the parameters of ADRC controller offline considering that the parameters of ADRC controller are
too many and the parameter tuning is complex. Finally, the 11-DOF model of the electric vehicle
driven by in-wheel motors is built, and the standard working conditions are selected for simulation
and experimental verification. The results show that the ADRC controller designed in this paper can
not only obviously reduce the steering wheel effort of the driver like PID controller, but also have
better nonlinear control performance in tracking accuracy and smooth road feeling of the driver than
the traditional PID controller.

Keywords: independent-wheel drive; steering assistance; nonlinear system; active disturbance
rejection control; smooth road feeling

1. Introduction

With the intensification of interest in environmental protection and energy issues, electric vehicles
have ushered in significant development opportunities. Compared with traditional centralized drive
electric vehicles, the torque of each wheel of an electric vehicle driven by several in-wheel motors, also
commonly called independent-wheel-drive electric vehicle IWDEV), can be independently controlled.
Differential drive assist steering (DDAS) is a novel power steering technology based on the unique
advantages of independent-drive of the electric vehicle driven by several in-wheel motors [1]. It
uses the different driving force of two-side front wheels to generate steering assistance, which can
substitute the traditional power steering system, such as hydraulic power steering (HPS) system or
electric power steering (EPS) system. The reason is that the DDAS technology has the advantages
of more compact structure and lower cost. Specifically, on the one hand, the DDAS system does not
need an add-on actuator, like the steering motor of the EPS system. On the other hand, due to having
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the same actuators, the in-wheel motors, with the driving system the controller of the DDAS system
can be integrated into the vehicle driving controller. Hence, the DDAS technology appeals to many
researchers’ attention and interest.

Although the concept of DDAS has only been proposed in recent years, many scholars have
conducted much research and achieved some progress. Wang [1] first proposed the concept of DDAS
technology, conducted a theoretical analysis and proposed a steering-wheel-torque direct control
strategy based on an anti-windup PID algorithm. The steering assist feasibility, steering return
ability and driving torque coordination of the DDAS were studied in depth and verified by software
simulations and real vehicle tests. Zhao [2] further studied a coupling control strategy of force and
displacement for a DDAS system to improve the steering maneuverability and handling stability of
EVs with motorized wheels. By analyzing the key factors that affect the interaction between vehicle
and driver, the optimum hand wheel torque of a DDAS system is designed and achieved by the torque
difference between two front wheels based on Hy/ Hoo control method, and its effectiveness was
verified by a MatLab/Simulink software (MathWorks, Natick, Massachusetts, USA) simulation. Hu [3]
studied the lane keeping control for four-wheel independently actuated autonomous vehicles only
when the active-steering motor entirely fails and designed an adaptive multivariable super-twisting
control strategy and verified its effectiveness by CarSim (Mechanical Simulation Corporation, Ann
Arbor, Michigan, USA) and Simulink co-simulations. Kuslits [4] proposed a full state feedback control
system for scenarios at higher speeds, whereas a simple angle tracking controller can be used for a
DDAS system in scenarios at lower speed. The effectiveness of the strategy was verified through
simulations. Peng [5] developed a coordinated steering control strategy with a hierarchical structure
for a multi-axle independent-drive electric vehicle, which is steered simultaneously by traditional
mechanical steering and differential drive steering and verified the effectiveness of the strategy through
simulations. Wang [6] also designed a hierarchical coordinated controller for the DDAS and vehicle
stability control based on the phase plane theory. Various typical simulations on roads with different
adhesion characteristics showed the effects on expanding the working range of DDAS systems and
simultaneously mitigating the additional influence of the DDAS on vehicle stability. Romer [7] studied
the potential of independent-wheel-drive influencing the driver’s steering torque using a control
technique based on classical EPS control plans, and compared the energy saving potential of DDAS
system with the conventional EPS system. The energy saving potential was proved through realistic
driving cycles experiments which included the Karlsruhe motorway, the Herzogenaurach highway
and a trip through the city of Karlsruhe. It was concluded that the DDAS system can save up to
121.93 Wh/100 km of energy, or approximately 0.95% in lateral acceleration ranges below 4.5 m/s?, and
about 0.43% (55.2 Wh/100 km) in mean value compared to a conventional EPS system. Interestingly, if
the tractive energy of an independent-wheel-drive electric vehicle is considered, the comprehensive
energy conservation generated by the optimization of the two-side differential drive torque, as DDAS
does, can reach up to 4% without any loss of vehicle stability [8].

A review of these references shows that a DDAS system can be used to substitute for a traditional
power steering system, such as EPS and as a result, the energy consumption of these traditional add-on
assistance steering systems is removed. Although the aspect of energy conservation is not the core
purpose of our research, it can be concluded that the existing studies of DDAS system have proved
the apparent engineering application value of this novel technology and its feasibility for providing
steering assistance and the coordination issue with other chassis control system have been well studied
in the above existing literature. However, other important aspects, such as the steering assistance
quality issue of DDAS system, are also important factors determining whether this technology can
be finally applied in practice. Unfortunately, the steering assistance quality of the DDAS system,
which reflects smooth steering hand force with less interference and good tracking performance with
ideal steering force characteristic, has not been widely studied until now. To better understand this
requirement of the technology, the basic principles and assistance characteristics of a DDAS system
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and some previous experimental results have to be reviewed and discussed first. Figure 1 shows the
working principle diagram of a DDAS system.
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Figure 1. Working principle diagram of a differential drive assist steering (DDAS) system.

As shown in Figure 1, the DDAS system maintains the traditional mechanical steering mechanism
but removes the power assist steering actuators, such as a hydraulic cylinder or an electric motor. Since
the longitudinal driving force of the left and right steering wheels of the IWDEYV is independent and
controllable, the torque generated by the front wheels around the respective kingpin can be unequal.
Here we define this torque as the driving steering torque. At the same time, because the two steering
wheels are connected by the steering trapezium and have a fixed geometric motion relationship,
therefore, the driving steering torque will drive the two steering wheels to turn to the side with a
small driving force. In theory, the controller of the DDAS system controls the outer steering wheel
to increase the driving torque properly and the inner steering wheel to reduce the driving torque
equally, which can ensure that the driving steering torque generated by the inner steering wheel and
the outer steering wheel on the steering rack are exactly equal to the required steering power torque. It
is obvious that the DDAS system can realize the power steering function without changing the total
driving torque. Compared with a traditional EPS system, the DDAS system can achieve the same
power steering effect without needing a power assist steering actuator. The DDAS system saves the
part of energy used to drive the power assist steering actuator, so the DDAS system must be more
energy-saving compared with a traditional EPS system. Since the energy consumption of the power
assist steering actuator is small, the energy saving of the DDAS system is limited, but it still plays an
important role in improving the driving range of pure electric vehicles. DDAS system has the same
actuator, two front in-wheel motors, as the driving system of IWDEV, and the DDAS electric control
unit (ECU) is also integrated into the driving controller. Consequently, a DDAS system has advantages
over other power assist steering systems in layout and cost.

However, it should be noted that the DDAS system is an indirect power steering system, that
is, the steering assistance provided by the system is achieved by indirectly acting on the mechanical
steering rack through changing the tire forces of two-side steerable driving wheels. The steering
assistance generated by DDAS system can be expressed as follows:

r
Fast - (Tl - TB)_UNL + Iw

Tw

dcu1 da)3 T
(-2 ), M
dt dt Jry
where T; and T3 are the driving torques of the left and right front wheels, 7, is the scrub radius,
the tire rolling radius, N, is the transmission ratio of the rack translation to the knuckle arm angular

displacement, I, is the moment of inertia of the wheel about its central axis, w; and w3 are the rotational



Energies 2020, 13, 2647 4 of 22

velocity of left and right front wheels. According to Equation (1), it can be seen that the assistance
provided by the DDAS system is related to the wheel rotational dynamic characteristics and suspension
parameters. During the operation of the vehicle, tires may work in a nonlinear range, and the scrub
radius of the wheels is also constantly changing. In addition, the steering wheel torque/angle sensor
noise may also have a great impact on the control of a DDAS system.

Based on the review of the characteristics of DDAS technology, its control issue has also been
studied in many published references. Most of the researchers applied conventional control algorithms,
such as classical open-loop look-up table control plan [7] like EPS does, anti-windup PID control
plan [6] and fuzzy adaptive PID control plan [1] to the control issue of DDAS system and the their
control effects on steering assistance and returnability performance look good in the corresponding
simulations, but the control effects of these classic linear control methods on the steering assistance
qualities, such as road feeling, the steering wheel torque control stability and robustness against
system parameters variation and sensor noise in real applications, are considered to be unacceptable.
To better understand the lack of competence of the traditional linear PID control plan with fixed
control parameters, Figure 2 shows a real world double-lane-change road test result of the steering
wheel torque of an IWDEYV that is controlled by a conventional anti-windup PID controller based on
a DDAS system published in reference [1]. It can be seen that the PID controller has poor tracking
performance to the reference steering wheel torque though the steering assistance function is achieved.
This means the smooth road feeling and accurate hand force feedback cannot be fully achieved in the
real application of PID controllers for DDAS system. In addition, because the nonlinear mathematical
models of tire dynamics, steering system and suspension system are difficult to establish accurately,
the changing laws of these interferences are difficult to identify. Thus, despite having better robustness
and optimality, some advanced controllers that depend on the accurate model of the controlled system
with interference observer or estimator, such as H infinite control, linear quadratic regulator (LQR)
control, etc. may be not easy or suitable to apply to the DDAS system, too.

4
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Figure 2. Steering wheel torque.

In summary, though the driver’s steering effort can be obviously reduced by the DDAS system, it
can be seen from the above analysis that the selected control strategies and control algorithms may
highly impact its effect on steering assistance quality. This performance will ultimately decide whether
this novel power assistance steering technology can be actually applied in a real car. In this paper,
having good robustness in nonlinear control issues, the use of the active disturbance rejection control
(ADRC) method is attempted for this purpose. As an improved form of PID controller, the ADRC
approach combines the advantages of the PID controller and some robust algorithms. It is relatively
easy to implement, robust against possible system interferences and one does not need to know an
accurate controlled system model [9].

Compared with the existing literature, the main purpose or main contribution of this paper is
that we try to pay more attention on the improvement of the steering assistance quality of the DDAS
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system before its real application, and firstly attempt to apply the ADRC control approach to improve
the steering assistance quality of the DDAS system, in order to make the driver have a better road
feeling, and achieve a smooth steering force with less interference caused by possible sensor noise and
model parameter changes.

The structure of this paper is as follows: Firstly, the independent-wheel-drive electric vehicle
model with four degrees of freedom mechanical steering system is established, and then the ADRC
controller model of DDAS is designed for the steering-wheel-torque direct control strategy. Secondly,
aiming at solving the problem that the parameters of the ADRC controller are numerous and difficult to
set, a simulated annealing algorithm is used to optimize the parameters offline. Finally, typical driving
conditions are selected for simulation and experimental verification, which verify the effectiveness of
the control method proposed in this paper.

2. Independent-Wheel-Drive Electric Vehicle Dynamic Model

Figure 3 shows the overall framework of the independent-wheel-drive electric vehicle model,
which is composed of a vehicle body model, mechanical steering system model, DDAS controller
model, wheel rotation dynamics model, tire model and in-wheel-motor model, etc. The specific
modelling processes of the core parts are shown in the following subsections, the DDAS controller
model is introduced in Section 3, and for the others readers may refer to [1,10]. The descriptions of all
the symbols of the variables can be found in the nomenclature section.

é‘SW
—— »  Mechanical steering system
Tsw S04, Oy F, Fyi
\4 »
O DDAS Vehicle u —
Y P Slip ratio
controller (< model |
model H o calculation
> block Slip ratio
AT, u
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Figure 3. The whole block diagram of independent-wheel-drive electric vehicle model.

2.1. Vehicle Body Dynamic Model

The vehicle body dynamic model established in this paper includes three degrees of freedom:
longitudinal motion, lateral motion and yaw motion [1,10]. As shown in Figure 4, the following
equations can be established:

m (i —vwy) = Fy1 0805 + Fxp €080, + Fx3 + Fxg — Fy18in65 — Fypsindg, — %CDpAu2 )

m(0 + uwy) = Fy1cos6f + Fypcosdf, + Fyz + Fyy + Fx18in 6y + Frp sin o, (3)

Lw, = (Fy cos Ofr — Fyasindp —Fyycosbp + Fiy sinéﬂ)§ + (Fyqg — Fx )%

4
+ (Fp sinéfr + Fyp cos 6fr + Fyq sinéﬂ + Fy cos (Sﬂ)Lf - (Fy4 + Fyg,)Lr @
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where F,; and F yi(z’ =1,2,3,4) are the longitudinal and lateral forces of the left front wheel, the right
front wheel, the left rear wheel, and the right rear wheel respectively; m is the mass of the whole
vehicle, u and v are the longitudinal and lateral speed of the body centroid respectively, w, is the yaw
rate of the vehicle body, I, is the inertia of the body around the vertical axis, Cp is the air resistance
coefficient, p is the air density, A is the frontal area, 6 i and o fr are the steering angles of the left front
wheel and the right front wheel, L 7 is the distance from the body centroid to the front axle, L, is the
distance from the body centroid to the rear axle, B is the wheelbase.

Figure 4. Vehicle body dynamic model.

2.2. Four-DoF Mechanical Steering System Sub-Model

As mentioned above, the DDAS system maintains the mechanical steering system. The four
degrees of freedom model of the steering system is shown in Figure 5. The corresponding dynamic
equations of the steering system are shown as follows [11,12]:

. : Y
]C(st + BCésw + KC((st - 1’_113) - Tsw (5)
Y T T
MRYR + BrYg + T]F—(—R - 5sw) + CFR + T]B( Kt KLZ) 0 (6)
rp N N2
Jew10rw1 + Bew16rwi1 + CFewn + ATy = Tkia (7)
Jew20rw2 + Bew20rwa + CFewa + ATy = Tkio (8)
Y
Txr1 = KSLl(N—R - 5Pw1) )
L1
Y
Tki2 = KSLZ(N_R - 5Fw2) (10)
2
Y
TSC = KC(ésw - _R) (11)

where Ty, is the steering wheel torque, B¢ and J¢ are the damping of the steering column and equivalent
inertia of steering wheel and column, 04 is the steering wheel angle, Mg and B are the mass and
damping of the rack, Y is the displacement of the rack, r, is the radius of the pinion, ¢ and 1 are the
forward transmitting efficiency and backward transmitting efficiency of the steering gear respectively,
K¢ is the torsional stiffness of the torsion bar, CFy is the Coulomb friction of the gear and rack [13], Np;
is the ratio of the rack transfer displacement to knuckle angular displacement, Jry; and Brw;(i = 1,2)
are the inertia of the road wheels round their kingpin and damping of kingpin, CFry; is the coulomb
friction caused by the left front wheel and the right front wheel rotating the kingpin, and the specific
calculation formula is shown in the literature [14], Tx;; is the total torque from the kingpins of the left
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front wheel and the right front wheel, Orp; is the steering angle of front wheels, Kg;; is the torsional
stiffness of the kingpin of the front wheels.

Figure 5. 4-DoF mechanical steering system model.

AT; represents the alignment torque of each front wheel around the kingpin, which is mainly
composed of the following four parts [15,16]:

Msy = Fyrysintcoso (12)
Mgy = Fyr5 COST COS O (13)
M, = My, costcoso (14)
Ms, = F,- cos Tsin o sin 6y cos o (s + 1 tan o) (15)

where My, is the alignment torque generated by the lateral force of the tire, My is the alignment torque
generated by the longitudinal force of the tire, M., is the component of the self-alignment torque
around the kingpin, M;; is the alignment torque generated by the normal force of the front axle, My, is
the self-alignment torque of the tire, F, is the longitudinal force of the wheels, F, is the lateral force
of the wheels, F; is the normal force of the wheels, 7 is the kingpin caster angle, ¢ is the kingpin
inclination angle.

2.3. Wheel Rotation Dynamic Sub-Model

The wheel rotation dynamic model is shown in Figure 6.

Drive

wheel Forward

directign

road in
S

Figure 6. Wheel rotation dynamic model.
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The rotation dynamic equation of each driving wheel can be established as follows:
Lyw; = T = Fyiry (16)

where [, is the moment of inertia of the wheels, w;(i = 1,2,3,4) is the angular velocity of the wheels,
Ti(i = 1,2,3,4) is the driving torque of the wheels.

2.4. Tire Sub-Model

The tire model is an important part of the vehicle dynamic model. This paper selects the magic
formula tire model which is widely used in the study of handling dynamics. The specific definition
and parameters of the model are detailed in the literature [17].

3. Design of DDAS Controller

3.1. Steering-Wheel-Torque Direct Control Strategy

The existing DDAS controller mostly adopts an open-loop strategy based on an assist characteristic
curve look-up table inherited from the EPS control plan [7,18]. Different from the working principle of
an EPS system, the steering assistance generated by a DDAS system through the ground traction force
difference is indirectly applied on the steering system. Given the complexity of real road conditions and
nonlinear characteristics of vehicle tires as well as inconstant scrub radius, acquiring the actual ground
traction force accurately is difficult. Hence, a traditional control strategy like EPS which generates
the steering assistance torque command directly based on a look-up table of control current of the
steering electric motor is hard to implement. In another words, it is difficult to directly determine the
torque commands of the two front in-wheel motors, since we do not know the accurate law that defines
how much torque difference can generate required steering assistance torque for the steering system.
Therefore, a reference steering wheel torque following control law called as steering-wheel-torque
direct control strategy has to be proposed to avoid the embarrassment that the steering assistance torque
is hard to know in DDAS system. It is proved that this control strategy is suitable to solve this problem
and it is not hard to be carried out in real applications. The architecture of the steering-wheel-torque
direct control strategy is shown in Figure 7.

PID/ADRC
control plan
T Ty + o —|
B S
Mechanical T -

steering
S Right front in- 2r

Driver i system Correlative

g i ; wheel motor T quantity
P o e Left rear in-wheel | Tar 8 2
Ideal steering wheel motor

torque MAP
Vehicle |T, . DDAS controller ‘ 1 + | | [Right rear in-wheel | Ter | Vehicle model
speed Z i motor
controller I/
v Torque Vectoring
d

Figure 7. Steering-wheel-torque direct control strategy.

As Figure 7 shows, the actual steering wheel torque T, is measured through a steering wheel
torque sensor and the steering wheel angle 65, is measured through a steering wheel angle sensor,
and the vehicle speed signal V is obtained from the CAN bus. Then 65, and V are delivered to the
ideal steering wheel torque map to obtain the target steering wheel torque Ty,;. The difference of the
ideal steering wheel torque Ty,,; and the actual steering wheel torque T, is delivered to the DDAS
controller to obtain the front wheels torque difference AT,. The front wheels torque difference AT,
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is distributed by the torque vectoring block, as shown in the Equation (17), which distributes half of
the torque difference to the two side wheels with equal absolute value but opposite sign. Then the
differential of ground traction force of the front wheels generated by torque vectoring makes the actual
steering wheel torque track the ideal steering wheel torque, which consequently reduces the steering
wheel hand force of the driver:

{ Ty, Tp = T + AT

T5,Ty = Ti”

(17)

where T, is the total demand driving torque determined by the longitudinal driver model, which can
be calculated by the following formula:

t d(V;-V
Tare = kp(Va=V) +kif0 (Vd—V)dt+kd((di—t)

(18)
where V; is the target speed, kj, is the proportional coefficient of the PID controller, k; is the integral
coefficient of the PID controller, kj; is the differential coefficient of the PID controller.

As for the driver’s ideal steering wheel torque, many research institutes have conducted a lot of
researches very early, mainly through real vehicle test or driving simulator measurement. According to
the previous research conclusion, the preference steering wheel torque characteristic of many drivers
is closely related to the vehicle speed and the steering wheel angle [19-22]. Hence, as an example, a
kind of driver’s preference steering wheel torque map derived from other’s experimental results is
illustrated in Figure 8.

o 3

&

Reference Steering Torque (Nm)
[XIN
oo

Vehicle Speed (km/h) Steering Angle (degree)

Figure 8. The ideal steering wheel torque map.

3.2. Design of the ADRC Controller of DDAS System

As discussed in Section 1, on one hand, the control effect of a conventional controller may be
influenced by several interferences, such as inevitable steering wheel torque sensor noise and frequently
changing suspension parameters as well as continuous road unevenness, while on the other hand, the
change laws of these interferences are hardy to identify and accurately model. Therefore, PID control
plans, especially the ones with fixed control parameters, as well as some robust and optimization
control plan may not be competent for the DDAS control problem. As a result, the ADRC control
method which has good robustness against inner parameter changes and outer sensor noise without
knowing the accurate mathematical model of the controlled system in advance is proposed for the
DDAS control system. Actually, as an improved PID controller, the ADRC controller treats the inner
and outer interferences as a whole interference and the influence of the interference on the control
effect is compensated by the disturbance estimation compensator. Therefore, compared with a PID
controller, the ADRC controller has better anti-interference ability.

The ADRC controller is mainly composed of four parts: tracking differentiator, extended state
observer, nonlinear state error feedback law and disturbance estimation compensator [23]. ADRC
controller solves the problem that the differential signal of the error is difficult to extract in the



Energies 2020, 13, 2647 10 of 22

traditional PID controller by using the tracking differentiator and the extended state observer. The
extended state observer of ADRC controller obtains the state of the system, the differential signal of the
state and the disturbance acting on the system by observing the input and output of the system. The
nonlinear state error feedback of ADRC makes the controller more adaptive to nonlinear system by
introducing nonlinear function fal. The disturbance estimation compensator of the ADRC controller can
compensate the control result of nonlinear state error feedback by choosing appropriate compensation
coefficient, so as to effectively reduce the influence of disturbance on control effect.

According to the characteristics of the DDAS system, the specific structure of the third-order
ADRC controller of DDAS system designed in this paper is shown in Figure 9.

Ideal steering R &
heel t . > O——> .
wheetforque Tracking * Nonlinear state T
—_— - >
differentiator error feedback
' % [*-Te
Vehicle
model
Tracking
interference | 3
Tracking target
derivative 2 Extended state

Tracking target observer

value 1

Figure 9. The structure of ADRC controller of DDAS system.

The specific design process of the ADRC controller of DDAS system is introduced as follows:
(a) Tracking differentiator.
In classical control theory, the differential value of a given signal is solved by the following

equation:
s 1 1

y=wlso=gome = -y
where T is the time constant of the controlled system. The smaller the time constant T is, the closer
the output of the system is to the real differential value of the signal. Therefore, the time constant is
usually a small value [9]. The structure which tracks the dynamic characteristics of the signal as fast as
possible through the first order inertia link and obtains the approximate differential signal by solving
the differential equation is called a tracking differentiator.

To track the dynamics of the input signal fast, generally, the following nonlinear tracking
differentiator can be selected: .
{ X1 X2 M) (20)

xp = —Rsign(x; —vp + 37

(19)

where vy is the ideal steering wheel torque T4, R is the speed factor. The tracking performance is better
when the R is bigger, which means that x; and x; are closer to vy and the differential of vy, respectively.

Although the nonlinear tracking differentiator can track the target steering wheel torque T4
well, it is easy to generate high frequency oscillation due to the bang-bang characteristic of the selected
sign function in Equation (20). In order to prevent the occurrence of high frequency oscillations when
the system comes into a steady state, this paper uses the time-optimal control synthesis function
fhan(x1,x2,R, h) to design the tracking differentiator. The specific formula of this function is as
follows [24]:
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d=Rh
dy = hd
Yy =x1+hx

ag = Jd2 + 8rly| 1)

N { xp + 0.5(ag — d)sign(y), y| > dy
X + %, ]/| <dp

. Rsign(a), |a| > d
fhan = { RS, Jal <d

where £ is the tracking step and R is the speed factor.

Therefore, the final designed tracking differentiator in this paper is as follows:

X1 = X2
. 22
{ X2 = fhan(xl = Tswa, %2, R, h) (22)

(b) Extended state observer.

In the running process of the system, signal interaction with the external environment is constantly
carried out. Therefore, the internal state information of the system can be determined by monitoring
the system input and output. The device for determining the internal state information of the system is
called the state observer [9].

For a general nonlinear system as shown in the following equations:

X1 = X2
xp = f(x1,x2) +bu (23)
y=x1

Then the state observer of this system can be established as follows by selecting a nonlinear
feedback form:
e=z21—-Y
z1=2-yngi(e) (24)
Zy = —)/ngz(e) + bu

where y¢1, Y02 are control parameters, e is the error term, u is the external input, g;(e) is nonlinear
function that satisfies the following conditions:

egi(e) =0 (25)

As long as the appropriate y¢1, 02 and nonlinear function g;(e) are chosen for the state observer,
the state variables can be well estimated in a wide range of system. Let x3(t) = f(x1(¢),x2(t)), and
denote x3(t) = w;. Then, the system can be expanded into a new linear control system as follows:

X1 = X2
Xy = f(x1,x2) + bu (26)
x3 = w(t)
y=x1
The state observer established for this new expanded control system is as follows:
e=z1—-Yy
71 =2 - yogi(e) 27)

2y = 23— Y0282(e)
23 = —)/03‘073(6) + bu
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This new state observer is known as the extended state observer of the new system. Among
them, x3(t) is called the expanded state. According to the research needs of this paper, the third-order
extended state observer established in this paper is rewritten as follows:

e=z1—Tsy

Z1 = 2p — Yo1€

22 =2zZ3— )/02|€|a1 sign(e) + bAT,
z3 = —yo3le|*2sign(e)

(28)

In order to prevent the phenomenon of high frequency flutter in the control process, the function
le|*sign(e) in the extended state observer is replaced by the power function with linear segment at the
origin as follows:

. el <
fal(e,,p) =] 7o =9 9)
le|*sign(e) lel > ¢
where ¢ is the length of the linear segment and is an important parameter. The final third-order
extended state observer is as follows:

e=2z1—Tsy

z1 =22 = Yo1€

Zy = 23— )/()zfﬂl(e, al,q‘)l) + boAT,
23 = —)/ogfal(e, an, gbz)

(30)

where a4, ay are the nonlinear factors in the fal function, z; tracks the target value of the actual steering
wheel torque Ty, z tracks the target signal of the changing speed of steering wheel torque, and z3
tracks the total disturbance term of the system.

(c) Nonlinear state error feedback.

The nonlinear state error feedback is an important part of the ADRC controller. This part can
quickly adjust the deviation and make the system balance between response fastness and overshoot.
Hence, the following nonlinear state error feedback is chosen:

€1 = X1 — 21
€ = Xp —2» (31)
ug = y1fal(er, a3, ¢3) + yafal(ey, as, ps)

where e is the steering wheel torque error term, e, is the steering wheel torque change rate error
term, y; and y; are nonlinear combination coefficients, ug is the control output of the nonlinear state
error feedback.

After completing the design of above three parts, the final control value can be obtained based on
the nonlinear state error feedback control value plus the compensation of the disturbance estimation
value. This part is called disturbance estimation compensator mentioned above, which is expressed as
follows:

ATZ = Up—23 /bo (32)

where AT, is the front wheels torque difference required by the final decision of the ADRC controller,
bg is the compensation factor, which determines the strength of the compensation and is an important
parameter of the ADRC controller, directly affecting the ADRC controller performance [25].

4. Controller Parameter Optimization Based on Simulated Annealing Algorithm

Compared with the PID controller, though the ADRC controller has the advantages of better
robustness, simple structure and easy implementation without knowing the accurate mathematical
model of the controlled system, it also has the disadvantages of needing more control parameters and
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complicated parameter tuning [26], which severely limits its further industrial application. At the
same time, these parameters have a great impact on the performance of the controller, so appropriate
method selection to set the values of each parameter has to be done first.

According to the theory of ADRC, some of the parameters are determined empirically, and once
these parameters are determined, no correction is needed. For example, a1, az, a3, ag and ¢1, @2, ¢3,
¢4 are the parameters of the nonlinear function fal, which affect the change trend of the nonlinear
function, but they usually do not change with the change of the controlled system. Therefore, the
ranges of a3 and a4 in the nonlinear state error feedback are generally 0 < a3 < 1, a4 > 1, so in this
paper, a3 and a4 are chosen as fixed values, 0.95 and 1.25, respectively, a; and a5 in the third-order
extended state observer are chosen as fixed values, 0.5 and 0.25, respectively. The values of ¢1, 2, P3
and ¢4 have a great influence on the nonlinearity of the controller. After multiple simulations, the
value of @1, P2, 3 and ¢4 are chosen as 0.01 which is ten times of the sampling step. The value of
speed factor R in this paper is 10.

In summary, in addition to the empirically determined parameters, the other parameters which
need to be specifically set are the following six parameters Y1, Y02, Y03, Y1, Y2 and bg. Generally,
there is no relationship between the six parameters Y1, Y02, Y03, Y1, Y2, bo and the parameters a;,
ag, a3, a4, O1, P2, 3, 4 mentioned above. At the same time, Y1, Yo2 and yg3 in the extended state
observer are mainly related to sampling step size [23], which can be designed separately. In addition,
y1 and y» in nonlinear state error feedback are also important parameters of the controller and by is an
important parameter to characterize the difference of different systems. Due to the fact that there is a
certain mutual influence between these parameters, and manual adjustment is too complicated, offline
optimization to set the values of these six parameters is implemented. In this optimization process,
three parameters y1, Y02, Y03 are optimized first, and then the rest three parameters are optimized.

There are many existing optimization algorithms, such as genetic algorithm, simulated
annealing algorithm and particle swarm optimization, etc. Among them, the simulated annealing
algorithm has the advantages of simple description, flexible use, high operational efficiency and less
constraint on initial conditions [27]. Therefore, the simulated annealing algorithm is chosen as the
optimization algorithm.

In order to implement the optimization, the objective function of the optimization problem
according to the needs of this paper should be determined first. The target of this paper is to design a
better DDAS controller, which is to control the actual steering wheel torque to follow the ideal steering
wheel torque in real time by controlling the front wheels driving torque difference. Therefore, the
objective function is defined as follows:

]: f|Tswd - Tsw|dt (33)
0

In order to speed up the optimization process, the initial values of each parameter are determined
at first by multiple simulations as shown in Table 1. Then the relevant optimization program is coded
in MatLab software, in which the sim function is used to call the simulation model. The simulation
condition selects the sinusoidal steering angle input at 30 km/h vehicle speed, and the road surface
adhesion coefficient is high adhesion, which is 0.8. As an example, the iterative optimization process
of the three parameters Y1, Y2 and yo3 in extended state observer is shown in Figure 10.
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Figure 10. Optimization process.

As shown in Figure 10, after around 870 generations, the fitness function basically reaches the
optimal value. The final six optimized parameters are shown in Table 1 below:

Table 1. ADRC controller parameter optimization

Parameters Yo1 Y02 Y03 Y1 Y2 bo
Initial value 450 600 1000 -350 30 1
Optimal value 700.955 997.714 903.922 —425.893 0.372 2.801

5. Simulation Analysis

5.1. Sinusoidal Steering Wheel Angle Input Simulation

The simulation condition is selected as the sinusoidal steering wheel angle input without the
driver’s steering model. First the vehicle gradually accelerates to 50 km/h and maintains this speed.
As shown in Figure 11a, the vehicle is input a sinusoidal steering wheel angle at the 5" second and its
amplitude and the frequency are 45 degrees and 0.2 Hz, respectively, and the road adhesion coefficient
is set to 0.8. In order to verify the anti-interference performance of the proposed DDAS controller, the
white noise model is used to imitate the sensor noise of the steering wheel torque, of which power and
frequency are 0.01 and 27.5 Hz, respectively. During this procedure, two different controllers—one a
PID controller, and the other the proposed ADRC controller—are used as two comparison simulation
cases to control the DDAS system to assist the driver to steer the car. For better comparing their
performance, the three parameters in the PID controller are also repeatedly calibrated after multiple
groups of simulations with same sinusoidal steering angle input. Figure 11 shows all the comparison
simulation results.
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Figure 11. Sinusoidal input simulation: (a) Steering wheel angle; (b) Steering wheel torque; (c) Steering
wheel torque with white noise; (d) Cross-plot of steering wheel angle and torque; (e) Wheel torque of
ADRC controller; (f) Yaw rate; (g) Side slip angle.

It can be seen from Figure 11b that both PID controller and ADRC controller have achieved good
performance in power assistance. The maximum torque of the steering wheel dropped from 6.3 Nm
to about 2.7 Nm, a reduction by 56%, so the effect is remarkable. Moreover, it is obvious that the
steering wheel torque not only has a certain leading response, but also has a little big peak value
with respect to the ideal steering wheel torque when the PID controller is adopted. The trend looks
good, but the tracking accuracy of PID controller is a little poor. However, as a contrast, when the
ADRC controller is used, the steering wheel torque can better track the ideal steering wheel torque,
and almost has no difference in peak value with respect to the ideal value. In addition, Figure 11c
shows the actual steering wheel torque curve after adding white noise to the steering system. It can
be seen from Figure 11c that the chatter of the actual steering wheel torque when the PID controller
and ADRC controller are adopted, respectively, is similar during straight line driving conditions,
while during steering conditions, it is obvious that the chatter of the actual steering wheel torque
controlled by the ADRC controller is smaller than with the PID controller. During the steering stage,
the function of the ADRC controller of the DDAS system is to generate steering assistance for the
driver and simultaneously mitigate the system noise interference on the steering wheel torque control
performance. In contrast, the linear PID controller shows difficulties in dealing with the interference.
The result proves that the ADRC controller has better anti-interference ability than the PID controller.

Besides that, it can be seen from the relationship between the steering angle and the torque of the
steering wheel shown in Figure 11d that the DDAS system using the PID controller and the ADRC
controller can effectively reduce the steering efforts of the driver. However, the ADRC controller
shows better assistance performance with smaller fluctuation and more stable steering wheel torque,
indicating that the ADRC controller is significantly better than the PID controller. In addition, the



Energies 2020, 13, 2647 16 of 22

wheel torque curves of the ADRC controller in Figure 11e clearly show that the right and left front
wheels begin to generate differential torque, and the maximum and minimum values are 190 Nm and
—180 Nm, respectively, which are within the normal range. There is almost no difference between the
two controllers in yaw rate and side slip angle of center of mass as shown in Figure 11f,g.

Table 2 summarizes the root mean square (RMS) values of the steering wheel torque tracking error
of these control methods. It is obvious that the tracking error RMS of the ADRC controller is much
smaller than that of the PID controller, which proves that the assistance performance of the ADRC
controller is significantly better than that of the PID controller.

Table 2. The RMS comparison of the steering wheel torque following error in sinusoidal input simulation.

Performance Uncontrolled PID ADRC
Tsw — Tewa(NmM) 1.674 0.2795 0.0867

5.2. Closed-Loop Lemniscate Simulation

A driver-vehicle-road closed-loop simulation is also conducted to verify the control effect of
the DDAS control strategy designed in this paper. The closed-loop simulation condition selects the
standard lemniscate trajectory driving condition. The trajectory function is established according to
the relevant standard, and the minimum curvature radius is set to Rg = 6 m. In order to have a smooth
steering process during the whole simulation, the standard lemniscate is rotated by 45 degrees, and a
straight line segment is set before entering and after exiting the standard lemniscate road. The vehicle
speed is chosen to be 10.8 km/h, and the road adhesion coefficient is 0.8. The white noise model with
same amplitude and frequency as above simulation condition is also embedded into the comparing
simulation. The simulation results are shown in Figure 12.

As seen in Figure 12a, the vehicle in each case with different controller can track the target
trajectory better. As shown in Figure 12b, DDAS has achieved good power assisting effect with PID
controller and ADRC controller, and the maximum torque of the steering wheel dropped from about
11.5 Nm to about 5.1 Nm, reduced by 50%. The effect of DDAS system on steering hand force reduction
is remarkable. Furthermore, comparing to the case of PID controller, the steering wheel torque in the
case of the ADRC controller can better track the ideal steering wheel torque with no advance response
phenomenon, and has smaller chatter while reaching the peak value. In addition, Figure 12¢ shows
the actual steering wheel torque result after adding white noise to the steering system. It also can
be seen from Figure 12¢ that when the car is cornering, the influence of the sensor noise to the road
feeling of the driver is greater than the car is in the straight line driving condition, especially for the
case of the PID controller. Moreover, when the vehicle enters into the steering condition, the chatter
of the actual steering wheel torque when using the PID controller is significantly greater than that
when using the ADRC controller. The result fully proves that when the interference of the steering
wheel torque sensor noise or other external or internal interference comes out, such as the changing
suspension parameters as well as the nonlinear characteristics of the tires, the anti-interference ability
of ADRC controller is significantly better than that of PID controller. Both Figures 12b and 12c¢ prove
that the ADRC controller shows better assistance performance with smaller fluctuations and smoother
steering wheel torque when compared with the PID controller. Similar results can also be seen from
the cross-plot of the steering wheel angle versus steering wheel torque as in Figure 12e. By observing
the time history of yaw rate shown in Figure 12f and side slip angle shown in Figure 12g, so it also can
be concluded that the DDAS system does not obviously influence the stability of the vehicle which is
driving all the time at constant speed on a high-adhesion road.
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Figure 12. Closed-loop lemniscate simulation: (a) Vehicle trajectory; (b) Steering wheel torque; (c)
Steering wheel torque with white noise; (d) Steering wheel angle; (e) Cross-plot of steering wheel angle
and torque; (f) Yaw rate; (g) Side slip angle.

Table 3 is the RMS value of the steering wheel torque tracking error with respect to the ideal value
of each method under lemniscate simulation. It can be concluded that both the PID controller and the
ADRC controller can make the RMS of the deviation of the steering wheel torque from ideal value be
much smaller compared to without control, indicating that DDAS system has a good power- assisting
effect. When the ADRC controller is adopted, the RMS of the deviation of the steering wheel torque
from the ideal value is 69% smaller than that of the PID controller, indicating that the power assisting
effect of the ADRC controller is significantly better than that of the PID controller.

Table 3. The RMS comparison of the steering wheel torque tracking errors in lemniscate simulation.

Performance Uncontrolled PID ADRC
Tsw — Tsa(NmM) 2.176 0.2106 0.07809

6. Hardware-in-the-Loop Experimental Validation

Taking the need for more facilities, time requirements and test yard support into account as well as
the risk of losing stability while carrying out the double-lane-change test in actual vehicle experiments,
a hardware-in-the-loop simulation experiment is selected to replace real vehicle testing and validate
the control effect of the DDAS control strategy proposed in this paper. The testing platform of the
driving simulator as shown in Figure 13 is composed of a host computer, G29 driving simulator with
steering wheel angle/torque sensor and dSPACE 1103 hardware running the vehicle model.
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Figure 13. Testing simulator platform based on dSPACE hardware.

The driver-in-the-loop experiment selects a double-lane-change test case, with a target
constant-speed 40 km/h and a uniform road adhesion coefficient 0.85. The experimental results
are shown in Figure 14.
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Figure 14. Simulator experiment results: (a) Steering wheel angle; (b) Steering wheel torque; (c¢) Wheel
torque of ADRC controller; (d) Yaw rate.

It can be seen from Figure 14a that the steering wheel angle input of the drivers in three
experimental cases with different controller of DDAS system or without any power steering control
are similar. Figure 14b shows that DDAS has achieved very good power steering assistance effect
using both the PID controller and the ADRC controller. The peak value of the steering wheel torque is
reduced from 7 Nm in the case of having no any power steering to 4 Nm in the case of having the
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DDAS system, a reduction rate of about 43%, and the assistance effect is obvious. Moreover, when the
ADRC controller is used, the steering wheel torque fluctuation is much smaller and smoother. The
disturbance estimation compensator of the ADRC controller provides a compensation function for the
possible disturbance from inside or outside of the steering system, thereby effectively improving the
control effect of the differential drive assist steering system. The comparison result indicates that the
ADRC controller is more robust when facing possible steering wheel torque or angular sensor noise,
thus achieving a better road feeling for the driver than the PID controller. As shown in Figure 14d,
when DDAS is applied, it is interesting that the yaw rate of the vehicle is increased, but the steering
wheel angle input of the driver in this process also increases.

7. Conclusions

In this paper, a DDAS control strategy based on the steering-wheel-torque direct control is
developed for the first time. Considering the disadvantages of the traditional PID controller and the
particularities of the DDAS system, the ADRC technology is introduced to design the DDAS controller
to reduce the steering effort of the driver and improve the driver’s road feeling simultaneously. As for
the problem that the parameters of the ADRC controller are difficult to set, the simulated annealing
algorithm is used to optimize the controller parameters offline. Finally, a variety of working conditions
are selected to verify the developed strategy by using the vehicle model established in this paper. All
the simulation and experiment results show that compared with the PID controller commonly used
in DDAS, the proposed ADRC controller developed in this paper can not only reduce the steering
effort of the driver obviously like previous conventional control method, but also have better control
performance in tracking accuracy and smooth road feeling of the driver.
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Nomenclature

To scrub radius

Tw tire rolling radius

N, transmission ratio of the rack translation to the knuckle arm angular displacement
Iy moment of inertia of the wheel about its central axis

the longitudinal and lateral forces of the left front wheel, the right front wheel, the
left rear wheel, and the right rear wheel respectively
the mass of the whole vehicle

in/Fyi(i = 1/2/3/4)

u the longitudinal speed of the body centroid
the longitudinal speed of the body centroid

wr the yaw rate of the vehicle body

I, the inertia of the body around the Z axis

Cp the air resistance coefficient

P the air density

A the frontal area

01,0 steering angles of the left front wheel and the right front wheel
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the distance from the body centroid to the front axle

the distance from the body centroid to the rear axle

the wheelbase

the steering wheel torque

the damping of the steering column

equivalent inertia of steering wheel and column

steering wheel angle

the mass of the rack

the damping of the rack

the displacement of the rack

the radius of the pinion

the forward transmitting efficiency of the steering gear

the backward transmitting efficiency of the steering gear

the torsional stiffness of the torsion bar

the coulomb friction of the gear and rack

the inertia of the road wheel round their kingpin

the damping of kingpin

the coulomb friction caused by the steerable wheels rotating the kingpin
the total torque from the kingpins of the left front wheel and the right front wheels
the steering angle of front wheels

the torsional stiffness of the kingpin of the front wheels

the alignment torque generated by the lateral force of the tire

the alignment torque generated by the longitudinal force of the tire
the component of the tire self-alignment torque about the kingpin
the alignment torque generated by the normal force of the front axle
the self-alignment torque of the tire

the normal force of the wheels

the kingpin caster angle

the kingpin inclination angle

the angular velocity of the wheels

the driving torque of the wheels

the target electromagnetic torque

the motor characteristic parameter

the target steering wheel torque

the front wheels torque difference

the total demand driving torque determined by the longitudinal driver model
the target speed

the proportional coefficient of the PID controller

the integral coefficient of the PID controller

the differential coefficient of the PID controller

the speed factor

the tracking step

the control parameters

the error term

the length of the linear segment

the nonlinear factor in the fal function

the steering wheel torque error term

the steering wheel torque change rate error term

the nonlinear combination coefficients

the control output of the nonlinear state error feedback

the minimum curvature radius
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