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Electro Hydraulic Coupling Steering (EHCS) system is a new type of intelligent commercial vehicle steering system, having strong
nonlinear characteristics. Besides, the change of load would cause the change of control system parameters, making not easy to
establish an accurate control model of it. To realize the robustness of EHCS under the change of load, the controller based on
the adaptive control method is proposed in this paper. To this end, the cosimulation model of EHCS is first established, where
the constructed control model is simplified to a 2-degree-of-freedom model under reasonable simplification and assumption.
Then, the steering angle controller is designed based on the model reference adaptive theory. Finally, some simulations are

given to show the effectiveness of the proposed control method.

1. Introduction

As commercial vehicles pay more attention to use efficiency
and cost savings, intelligenceof it is more urgent than that of
passenger vehicles. In addition, there is large volume, high
load, and higher center of mass in commercial vehicles and
the demand for driving safety is stronger [1]. The steering
system is an important part of intelligent commercial vehi-
cle, which directly affects the handling, stability, and driving
safety. The steering system of commercial vehicles has grad-
ually developed from mechanical to intelligent and electric
power [2], which has gone through several stages: hydraulic
power (HPS), electronically controlled hydraulic power
(ECHPS), electric power (EPS), and steer-by-wire (SBW),
e.g. The traditional HPS requires a lot of energy and has
the disadvantage that the assist characteristics can not be
adjusted [3], which will make the driver feel heavy when
turning at low speed and float at high speed. ECHPS realizes
the adjustable assist characteristics on the basis of HPS. EPS
can only be installed on light trucks although it has a good
road feel [4]. SBW has no real mechanical feedback, and
safety redundancy measures are not easy to ensure safety
for commercial vehicles. The electrohydraulic coupled steer-
ing (EHCS) system in this paper adds a set of power motor

unit on the basis of traditional HPS, which combines the
advantages of high energy density of hydraulic system and
high intelligence of electronic control system [5]. It can not
only have good steering characteristics but also can be used
as the hardware basis of active lateral control, matching the
intelligent commercial vehicle.

EHCS is a complex nonlinear system, which has strong
nonlinear characteristics such as hydraulic assistance and
friction, e.g. [6]. Then, the load of the steering system will
change with the vehicle speed, axle load, and other factors,
and the parameters of the hydraulic system are time-varying,
so it is not easy to establish an accurate control model [7-9].
Therefore, in order to control the angle of EHCS during
autopilot, a simplified control model of EHCS must be estab-
lished. Domestic and foreign scholars have done a lot of
research on the steering system model. A 2-degree-of-free-
dom nonlinear hydraulic steering system model is proposed
by Dell’Amico [10]. The system parameters are identified by
the bench, and the model is linearized by the first-order Tay-
lor expansion. Acarman et al. [8] approximate the hydraulic
assist curve by using 8-degree polynomials and establish a 4-
degree-of-freedom model of an online hydraulic steering
system. Tai and Tomizuka [11] established a 2-degree-of-
freedom linear model from motor torque to steering wheel


https://orcid.org/0000-0002-9848-7085
https://orcid.org/0000-0003-2530-7781
https://orcid.org/0000-0002-1629-677X
https://orcid.org/0000-0002-0653-5642
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/3144901

angle, steering wheel angle to wheel angle by linearizing the
assist curve, and identified the unknown parameters by an
open-loop frequency test. Garcia et al. [12] also established
the state equation model of the self-driving steering system
of commercial vehicles by using the linearized assist curve
and the equivalent model of the mechanical system with 2-
degree-of-freedom. Based on the above facts, the establish-
ment of a 2-degree-of-freedom system model is sufficient
for controller design.

As the low signal-to-noise ratio of the front wheel angle of
the commercial vehicle, it can not be measured by the sensor,
and the path tracking of the intelligent commercial vehicle is
difficult to control the wheel directly. Therefore, the main-
stream angle controller of EHCS uses the steering wheel angle
instead of the wheel angle as the control target [13], and a large
number of control methods have been proposed, such as fuzzy
PID control [14], adaptive sliding control [15], and adaptive
control [16, 17]. The method of a nonlinear robust controller
is proposed by Tai and Tomizuka [11]; a first-order filter is
introduced to reduce the inherent jitter of a nonlinear robust
controller. Acarman et al. [8] designed a sliding mode control-
ler to satisty the robust stability for the modeling boundary
and parameter uncertainty of the linear hydraulic steering sys-
tem. Based on the linearized 2-degree-of-freedom model of
the EHCS, Garcia et al. [12] designed the steering angle PI
controller. Some simple controllers such as the PI controller
are not easy to adjust the change in EHCS while artificial intel-
ligence control with complex structure needs long adjustment
time, which can not achieve an instantaneous dynamic
response. Adaptive control can automatically compensate for
unpredictable changes such as model parameters and input
signals [18] matching the EHCS, so the model reference adap-
tive theory is used to design the angle controller of EHCS.

From the above discussions, the controller of EHCS based
on the adaptive control method is developed. The 2-degree-of-
freedom control model of EHCS is designed with reasonable
assumptions and simplifies. Based on this model, the control-
ler using model reference adaptive theory is designed by Lya-
punov stability theory. Finally, the simulation results show
that the system has good robustness under different load.

The main contributions of this paper are as follows. The
cosimulation model and simplified 2-degree-of-freedom
model are established for EHCS, which provides the basis for
the development of the application of EHCS in the future. A
controller based on model reference adaptive theory is pro-
posed, which provides a new way to angle control of EHCS,
and verifies the robustness of the controller under different
load changes. It makes a certain contribution to the control
of a steering system in an intelligent commercial vehicle.

The rest of the paper is organized as follows: Section 2
introduces the cosimulink model and simplified model. Sec-
tion 3 designs a controller based on a parameter adaptive
control system. Section 4 is the simulation results and anal-
ysis. Section 5 presents some conclusions.

2. Modeling of EHCS

The structure of EHCS is shown in Figure 1. The EHCS is
divided into three parts: mechanical, hydraulic, and motor,
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in which the mechanical model includes a steering wheel,
torsion, worm gear, and circulating ball power steering gear.
Hydraulic module contacts of a rotating valve, hydraulic cir-
cuit, and hydraulic pump. The mechanical and hydraulic
models are built in AMEsim, and the torque control model
of permanent magnet synchronous motor (PMSM) is built
in Simulink.

2.1. Establish Cosimulation Model. The mechanical model
and hydraulic model are established in AMEsim; the
mechanical part is partially simplified as follows. The damp-
ing coeflicient between worm gears and worms is ignored.
The intelligent commercial vehicle is driverless, and the
driver input torque is zero. The torsional stiffness of the
upper torsion bar is represented by the rotating spring
damper. The equivalent moment of inertia between the
steering string and the worm gear is represented by the
upper rotating load, while the moment of inertia between
the worm wheel and the lower torsion bar is represented
by the lower rotating load. The lower torsion bar module is
equivalent to a rotating spring with stiffness of 1.5 Nm/deg,
and the torsion bar deformation angle signal is collected by
the steering sensor on the both ends of the spring. Motor
driving torque is the only torque input of the model, which
is built in Simulink. The circulating ball power steering gear
is equivalent to a two-stage transmission pair containing a
screw nut transmission pair and a rack tooth fan transmis-
sion pair [19]. The angle acquisition module is used to col-
lect the rotation angle of the rocker shaft, ignoring the
transmission ratio and elastic influence of the steering rod
system. The rotation angle of the rocker shaft is regarded
as the wheel angle.

The main component of the hydraulic module is the
rotary valve, which is equivalent to a variable throttle
according to its working principle [20], and the opening area
of the variable throttle hole is controlled by the torsion bar
deformation angle in the mechanical module. According to
the parameters of the rotary valve and the method shown
in the reference [19-21], the relationship between the over-
flow area of rotary valve port A and the deformation angle
of the torsion bar 6,, is calculated as shown in Equation
(1). The hydraulic pump and piston adopt the module
included in AMEsim.

7A + 850, — 180 =0, 0y € [-5-2),
O € (—2,1.4], (1)

8295A - 1308391g —69994 =0, Glg € (1.4,5.35],

340A + 97791g - 3486 =0,

where A is the overflow area of the rotary valve and 6, is

the deformation angle of the torsion bar.

The cosimulation part with Simulink is established, in
which the input is the steering resistance moment of the
front axle and the motor torque and the output is the rota-
tion angle of the two wheels, the required speed of the motor
and the steering wheel angle. The final model is shown in
Figure 2.
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FI1GURE 2: Mechanical and hydraulic system modeling in AMEsim.

The dynamic model of the permanent magnet synchro-
nous motor is shown in Equation (2). In order to facilitate
control, the strong coupling current and voltage should be
decoupled. If the d-axis current is controlled to zero, the
motor torque is proportional to the g-axis current. As shown
in Equation (3), the motor torque can be controlled by con-
trolling the g-axis current.

To=p, Wiy + (La = Ly)igia]

T,=]

AW,

¢ dt

Tel =Paniq’

+R,w,, + T,
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where T, and T,; are the motor electromagnetic torque, T
is the load torque, y; is the stator winding flux, p, is the

motor pole logarithm, L, and L, are the g- and d-axis induc-
tance, respectively, i, and i, are the g- and d-axis current,

respectively, J, is the motor moment of inertia, w,, is the
rotor mechanical angular speed, and R,, is the resistance
coefficient.

The space vector pulse width modulation method, the
inverter in Simulink, and the motor torque controller are
used to build the torque control model of the permanent
magnet synchronous motor (PMSM). The input of the
model is the desired speed and g-axis current of the motor,
and the output is the torque of the motor. In the TruckSim,
a two-axle truck is selected, which is 5.5t at no load and 9.5t
at full load. The transmission ratio of the steering system is
set to 1, and the flexibility is set to 0. At this time, the wheel
angle of the model in TruckSim is basically equal to the
steering wheel angle. If the steering control of TruckSim is
set to full, the wheel angle calculated in Simulink is input
to the steering wheel angle in TruckSim, and the output of
TruckSim is the steering resistance moment of the wheels
on the front axle.

The cosimulation model is established as shown in
Figure 3, including TruckSim function, AMEsim function,
angle controller, and SVPWM motor controller.

2.2. Simplified Control Model. In order to simplify the EHCS
as a 2-degree-of-freedom model, the following ignoring and
assumptions are made: (1) inertia mass at the upper end of
the lower torsion bar is equivalent to the worm gear, and
inertia mass body at the lower end of the lower torsion bar
is equivalent to the rocker shaft, dividing the whole steering
system into two mass systems [20]; (2) the steering load is
regarded as external interference; (3) the angle influence of
the steering string is ignored; (4) the friction torque of the
system is ignored; (5) the elastic influence of the steering
rod system is ignored; (6) the elastic influence of the upper
end of the upper torsion bar, that is, the steering string, is
ignored. The force analysis of the simplified EHCS system
is shown in Figure 4.

Ignoring the friction force of the system and linearizing
the hydraulic assist force as T}, =y, T},, the dynamic model
is shown in following:

J,0,+D,0, +k,0,=T,+nk,0,,
Ja0q+ Dby + (Kyy + n7ky + nyoky )0, = (n+ 7 )ky0,,,
(4)

where ], is the equivalent moment of inertia from the
inertia mass at the top of the lower torsion bar to the worm
gear, kg/m? D, is upper mass damping coefficient, Nm/rad/
s; k, is the elastic stiffness of upper torsion bar, Nm/rad; J ; is
the equivalent moment of inertia from the bottom of the
lower torsion bar to the tooth fan shaft, kg/mz; D, is lower
mass damping coeflicient, Nm/rad/s; k,,, is the simplified
from steering system load to the stiffness of the spring
model, Nm/rad; Tf is friction torque of lower mass body,
Nm; # is the transmission ratio from the screw to the fan
shaft, about 25; and T, is the equivalent moment of the
hydraulic system acting on the lower mass body, Nm.

Based on the above assumptions and ignoring, the steer-
ing wheel angle is approximately the worm gear angle, which
is given as

0,=6,,

(5)
Ow = Od’
where 6, is the angle of the steering wheel and 0, is the
angle of the wheel.
The transfer function of the controlled system can be
obtained as shown as

(n+ 1)k,
J45* + Dys + (k, + n?ky + ny k,)

(6)

» =

0,() 04(9)
%)= 59 ~ .09

After standardizing the transfer function, it is concluded
that the transfer function is in the overdamping state,
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FIGURE 4: Diagram of force acting on a simplified system model.

meaning the response time is too long. In order to lay the
groundwork for the model reference theory in the next
chapter, an ideal transfer function model is proposed on
the basis of the system transfer function. The following
requirements are put forward for the ideal model: (1) It
has a fast dynamic response and the rise time is less than
0.04s. (2) The output amplitude should accurately express
the input amplitude; in other words, the zero frequency
amplitude should be 1. (3) The bandwidth of the system
should meet the requirements of the steering system of the
whole vehicle. (4) Within the required system bandwidth,
the delay of the system should be less than 15 degrees as
far as possible. The ideal model is a second-order model,
and its transfer function is in a state of underdamping.

3. Angle Control Strategy Based on Model
Reference Adaptive Theory

3.1. Design of Model Reference Adaptive Controller. Model
reference adaptive control originates from the deterministic
servo problem and is developed from the tracking problem.
The system consists of a reference model, a controlled object,
and a controller. The reference model is a given ideal model,
which defines the performance indexes such as overshoot,
damping performance, and adjustment time. The consis-
tency between the controlled model and the reference model
is measured by the state error vector [22]. The adaptive
mechanism is designed according to the system stability cri-
terion, and the corresponding adaptive law is designed to
modify the variable parameters according to the direction
of less deviation, so that the actual performance index of
the system is close to the ideal performance index.

In this paper, aiming at the great variation of steering
resistance moment with variable load of intelligent commer-
cial vehicle and the nonlinear problems in the control of
EHCS, a control framework is proposed based on model
adaptive theory, and the control model is designed according
to the ideal model as a reference model. Firstly, it is pro-
posed that the state equation of the controlled system and
the reference model with single input and single output is

shown as
X, = Apxp + bpu,
T
Yp=h'xp
Xpy = A, + bty

Yo =",

where x, is state vector of the controlled system, u is

controlled vector, Yy is the output of a controlled system,
x,, is the state vector of the reference model, and y,, is the
output of the reference model.

The transfer functions of the controlled system and the
reference model can be obtained from Equation (7) as
shown as

Gy(s) = hT(sI —AP)_lbp =k, gpg ,
’ (8)
G () = (sT = 4, b, =, Zﬁi ,

where k, and k,, are gain coefficients.

The angle control of the EHCS takes the steering wheel
angle as the input and the rocker shaft angle as the output.
Define the error between the reference model and the actual
output of the controlled system as e, =y,, - y,, the control

objectives of adaptive systems are shown as
Jim Jey[= lim |y, (t) = ,(t)| =0. (9)

In order to make the adaptive adjustable system match
the reference model completely, the adaptive system should
have enough variable parameters, and the number of vari-
able parameters should be the same as the uncertain param-
eters of the system. Define four variable parameters
o=[o, o0, 0; 0,] and two auxiliary signals in order to
design controller, the auxiliary signal is shown as

A"Z =AfA2 + bfyp’

where A and by are related to the N, (s) of the transfer
function of the reference model.

Define w is the variable signal of the control system, w
= [T’ - A1 -y P
in Figure 5.

0 is the variable parameter obtained in the ideal state, &
is the parameter error, and the augmented equation of state
of the controlled system is obtained by substituting o = &
+ 4 into (7) as shown in (11). When & = 0, the augmented
equation of state of the system in the ideal state, that is,
the augmented equation of state of the reference model, is
obtained as shown as

—A,), the controller is built as shown
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5c=ACx+bc<31r+6Tw), a1

Xpe = ApeX +b,,.017,

where xT = [x; AT Mand x,, T = [x,Tnp AL AL
The augmented error state equation can be obtained by

subtraction of Equation (11) as given as

e=Ae+bd w=Ae+bu,

(12)

where e =[x, = x,, A, = A1, A, — A,p)" and u, = 6Tw.

3.2. Design of Adaptive Law according to Lyapunov Stability.
The adaptive law is designed by using Lyapunov stability
theory, which is defined according to the Lyapunov function
to satisfy the stability of the system [23], and the Lyapunov

function and its derivatives are defined as shown as

1
v=s (eTPe + 8Tr*16>,
. 1 .
V=> e"(PA, + ATP)e+ 8 wb! Pe++5"T'S
1
2

e’ (PA, +AlP)e+8" (waPe + F_13> =V, +V,.
(13)

It is obvious that the function V is positive definite, but
in order to make the system stable, V should be negative
definite.

According to Equation (12) and Kalman-Yakubovich
theory [23], the transfer function G,(s) of e is strictly positive
real if and only if there are positive definite matrices P and Q
, such that Equation (14) holds. Therefore, when the transfer
function of e is positive real, it can be obtained that PA, +
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ATP = -Q; by the words, V, is negative definite. It is obviously to infer the V will be negative definite

when V, is zero. Hence, by defining adaptive law & = —T'w

T bCTPe, V2 will be zero, which satisfies the condition that V'
A'P+PA=-Q. (14) negative definite.



In order to make the strictly positive realness of the error
model, the auxiliary polynomials L(s) = s + a are introduced,
and the transfer functions of the system model, the reference
model, and the error model are shown as

w,(S) =L(s)Gp(s)s
Wy (S) = L(5) G ($), (15)

we(S) =L(5)Ge(s)-
Define {=L"'(Sw=[r -1 -y, - M) (s +a),
the adaptive law of system variable parameters designed

according to Lyapunov stability theory is shown as

G=0+8=-T(t)e,

. (16)
{=-al(t) +w(t),
where I is a positive definite symmetric matrix.
The input of the controlled system is shown as
u=oTw(t) +e(t){ (I (). (17)

By introducing auxiliary polynomials L(s) =s+ 2, it can
be obviously proved that w,(S), w,,(S), and w,(S) are strictly
positive real. Define I' = diag {p,},i=1, 2, 3, 4, according to
the adaptive law of variable parameters as shown as

6 =-TL"(S)we, (1),

a:—JtFC(t)el(t)dT+a(O). 18)

The input of the controlled object is shown as
u=o"(tw(t) +e, ()" (HI(1)
t T (19)
- [ Zrtewirs o) win e Tod
0

The ¢(0) is the initial value of variable parameters; it can
be optional in theory; however, a bad initial value may cause
the system not to work normally. In addition, the selection
of weighting matrix I" has a great influence on the approxi-
mation reference model. Therefore, the selection of ¢(0)
and I" should be careful.

4. Robustness Verification of Angle
Control Strategy

The cosimulation model in Section 2 is used to track the
desired rotation angle of the front wheel under the load of
9.5t and 5.5t, respectively, and the sine waveform with a
period of 2 s is selected to verify the simulation control strat-
egy. The control action u and system output y, under the

two loads are shown in Figure 6, respectively. The steering
resistance moment corresponding to the two loads is shown

Journal of Sensors

in Figure 7, and the change of variable parameters during the
operation of the model is shown in Figure 8.

It can be seen from the above facts that given the same
desired rotation angle, the maximum difference of steering
resistance moment under different loads is about 3000 Nm,
but under the same expected rotation angle, the actual turn-
ing angle after the control strategy is basically the same.
There is a certain oscillation in the first 0.3 s, which is caused
by the same initial value of the variable parameters, and
then, the system is stable after the variable parameters
change with time. It is proved that the system has good
robustness under the change of load.

5. Conclusion

Aiming at the EHCS with nonlinear uncertain parameters,
after simplifying the control model to a 2-degree-of-freedom
model, a controller based on adaptive theory is proposed by
using Lyapunov stability theory. The adaptive law of variable
parameters is designed, and the proposed control method
can make the parameters change with time and compensate
the nonlinear model disturbance. The load change is used to
analyze the stability of control performance, and the results
show that though the load difference is large, the operation
of the EHCS can be effectively controlled and better perfor-
mance can be obtained when tracking the target angle,
meaning it has great robustness.
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