Research on active steering control strategy of
line-controlled steering system based on MPC

Yuzhe Tong!, Xin Zhang?, Xinxin Wang?, Yuehong Bai%, Jiao Yan’

School of Automotive and transportation, Shenyang Ligong University, Shenyang, China
2Corresponding author

E-mail: 'tyz45388776@163.com, 218138905@gqq.com, 31575316623@qq.com, *2453539641@qq.com,
Syanjiao0615@163.com

Received 13 September 2024, accepted 13 November 2024, published online 15 December 2024 ’ W) Check for updates
DOI https://doi.org/10.21595/jmeacs.2024.24544

Copyright © 2024 Yuzhe Tong, et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abstract. In order to improve the stability of the steer by wire (SBW) system during steering, this
paper adopts a control strategy based on model predictive control (MPC) to achieve active steering
control of the SBW system. Based on the fixed steering gain of the vehicle, design an ideal angular
transmission ratio curve, and determine the stability of the vehicle's driving by controlling the yaw
rate and center of mass lateral angle, achieving active steering function of the vehicle. Based on
Simulink and Carsim platform, establish a vehicle model and analyze the frequency response
characteristics of the steering actuator assembly to verify its working stability. The simulation
results show that the designed control strategy can significantly improve vehicle handling stability.

Keywords: variable angle transmission ratio, active steering, vehicle stability, MPC.
1. Introduction

The two main state variables that typically characterize vehicle stability are the center of mass
lateral angle and yaw rate. If the deviation between the ideal yaw rate and the actual yaw rate is
within a certain range, the vehicle is considered to be in the stable zone, otherwise it is considered
to be in the nonlinear zone. When the vehicle becomes unstable, the lateral deviation angle of the
center of mass will also rapidly increase. Therefore, it is crucial to keep the vehicle stable in daily
life.

References [1-3] adopt the method of keeping the steering gain constant, and design the ideal
transmission ratio in segments according to the speed of the vehicle, making it more flexible at
low speeds and heavier at high speeds; Reference [4] used Hoo control to effectively track the
vehicle's yaw rate; Reference [5] adopts a novel approach rate sliding mode control to effectively
improve the stability of wire controlled steering. Reference [6] adopts a fixed time sliding mode
control to improve the performance of the steer by wire system. The LQR/LTR method proposed
in reference [7] improves the driving stability of vehicles with steer by wire systems. In reference
[8], an upper and lower layer control is proposed, and an adaptive sliding control is designed for
the upper layer control based on the lateral and yaw angles. In the lower level control, a new
adaptive global fast terminal sliding model is proposed. The adaptive part adopts a radial basis
function network, which does not require adjustment of system parameters. Verification shows
that the hierarchical control performance is superior. Reference [9] designed a fractional-order
sliding mode control scheme to address tracking issues and enhance control performance.
Additionally, an extended state observer was employed to estimate the aggregated disturbance,
with the estimated value then serving as feedforward compensation to mitigate flutter phenomena.
Comparative simulation results demonstrate that the proposed SBW control strategy exhibits
excellent steering tracking and robust performance.

Hamzah N et al. proposed a sliding mode controller based on wire controlled steering, which
can achieve accurate tracking of the response of the reference model for both lateral and yaw
movements of four-wheel steering vehicles [10]. Igbal J et al. estimated the real-time state of the
vehicle using a Kalman filter and designed an adaptive global fast sliding mode control to cope
with the complex effects of nonlinear factors on the vehicle, while also being able to estimate
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uncertain system parameters. This scheme has strong robustness and can intelligently adapt to
different driving conditions, ensuring that tracking errors can approach zero within a finite time
[11]. Mansour Ataei et al. from the University of Waterloo in Canada proposed a new rollover
index and used it as the cost function of the MPC algorithm to design an MPC active front wheel
steering controller. The experimental results show that the controller can control the car's roll state
within a safe range, improving the car's roll stability [ 12]. Murat G6zii of Istanbul Okan University
in Tiirkiye and others proposed a PI active front wheel steering controller with disturbance
observer, in which the disturbance observer is used to observe the internal parameter disturbance
of the control system and perform feedforward compensation control. In addition, the controller
considers the utilization adhesion coefficient of the inner and outer wheels of the front axle, which
improves the lateral stability of the car [13].

The application of the MPC control strategy in this paper can enhance the yaw rate and the
sideslip angle of the center of mass, thereby demonstrating the feasibility of this control strategy.

2. Establish a steering control model
2.1. Steer-by-wire system mode

The steer-by-wire system primarily comprises three components the: steering wheel assembly,
the main controller, and the steering actuator [14]. The mechanism is shown in Fig. 1. This article
mainly studies the four parts of the steering actuator, so it is necessary to establish a dynamic
equation for the five mechanisms of the steering motor and gear of the steering actuator.

assembly
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—_—m
reducer Road sensing | Control signal
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simulation motor :
teering execution Steering execution motor’ Sgnsor ECU
assembly . signal
reducer Sensor i
) 1 ( i Control
— i signal |
Gear and rack steering gear e

Dynamics equation of steering motor:

. . Tts
Tfm = ]fmefm + Bfmafm +— (D
gfm
efm xr)
T = K. [ 22— =2, (2)
Jo e (gfm ™

where Ty, is the output torque of the steering motor, that is, the electromagnetic torque; T is the
torque applied by the motor output to the gear; By, is the damping constant of the steering motor
output shaft; /¢, is the moment of inertia of the steering motor; gy, is the reduction ratio of the
gearbox for the steering motor; 6y, is the angle of rotation of the output shaft of the steering
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motor; 7, is the radius of the small gear; X,. represents the displacement of the gear rack; K¢, is
the torsional stiffness of the output shaft of the steering motor.

According to Kirchhoff’s second law, the electromotive force balance equation of the motor
armature circuit is:

di
f .
Ufa = Lfad_ta + Rfalfa + Efa’ (3)
Efa = K€29f‘m' (4)

The output torque of the motor shaft is proportional to the armature current:
Trm = Kezlfa) (5)

where, K;, represents the electromagnetic torque constant of the steering motor; K,, denotes the
back electromotive force constant of the steering motor; Ef, stands for the back electromotive
force of the steering motor; Lg, is the inductance of the steering motor; Ry, is the resistance of the
steering motor; if, is the current of the steering motor; and U, is the voltage across the terminals
of the steering motor.

Establish the dynamic equation of the gear rack mechanism:

Ke. (60 x
e (ﬂ — _r) = mrjér + Br)fr + Fg, (6)
rp gfm T'p
T, T,
Fo= I 7
£l fr

where Fy is the resistance torque of the rack displacement; B, is the damping cons tant of the rack
and pinion; m,. is the mass of the rack; Tf,; and T, are the positive moments of the left and right
front wheel cycles, respectively; Lg; and Ly, are the lengths of the left and right steering knuckles,
respectively.

2.2. SBW variable transmission ratio modeling

The ideal transmission ratio adopts a fixed lateral angular velocity gain, and the steady-state
transmission ratio formula [3] is:

u/L

G, AT Key ®

According to the empirical formula, the Ggsw value of is 0.29, and the formula for obtaining
the ideal transmission ratio is:

7.2, u < 20km/h,

u/L
M 20km/h<u<100km/h, 9
02901 + Kuzy’ 20km/h<u<100km/ ©)

22.8, u>100km/h.

i = fi(u) =

When the vehicle is near the critical speed, the angular acceleration of the motor suddenly
changes back and forth, resulting in unstable output torque of the motor and excessive energy loss.
Therefore, it is necessary to handle the ideal transmission ratio and use an improved s-function
[15] fitting to make it smoother. The fitting formula is:
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lmax - imin
fs) = imin + 14 o-c@—o (10)

where 7 and ¢ are both adjustment coefficients, and the proximity coefficient { represents the
degree of closeness of the fitting curve. 160 is the upper limit of the vehicle speed. According to
its calculation formula, the adjustment coefficient under the best fitting effect can be obtained:

160
£ = f () — £, du. (11)

Fig. 2 shows the modified ideal transmission ratio, which serves as the variable angle
transmission ratio for the SBW system.

25+
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speed(km/h)
Fig. 2. modified ideal transmission ratio

3. Design of vehicle stability control strategy
3.1. Linear 2 DOF model

According to the linear 2 DOF Model [16], the ideal center of mass sideslip angle and yaw
rate can be calculated, and the two degree of freedom model is crucial for the design of stability
controllers:

mug(B +y) = —2C, (6 - p—2X) - 2¢, (——ﬂ)
Ux
(12)
Ux
where Ad represents the additional angle of AFS, and § = &5 + A4, signifying that the total angle
is the adjustment of the AFS additional angle to the front wheel angle; Cr and C,. denote the lateral
stiffness of the vehicle’s front and rear tires, respectively.
Transform into state space form:

{Xt = Aexe + B, 65 + Byuy,

Ve = Cexy, (13)

where x, = [B, 7], u, = [AS]T,y = [B,y]", B is the lateral deviation angle of the center of mass,
y is the yaw rate, and & is the front wheel steering angle:
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26 +26, 2LG =20 Cr 1]
A = MUy muvg _ [an a12]
‘ 21fcf— 21.C, 203G + 213, az1 a2l
O Lu
2C;
muv.
B = 21fcxf] [ c=[y 3

Finally, the formula is discretized using the forward Euler method to obtain the following
formula:

x(k+1) = A(k)x(k) + B, (k)u(k) + B, (k)5 (k),

14
y(k) = (k). (9
The forward Euler method is to decompose the state variables into x = w simplified
ones through term shifting. From this, it can be concluded that:
_[1 0 _ _ _
1=[, 3], AW =AT+1 BG) =BT, cl=c. (15)

3.2. Control strategy based on yaw rate and sideslip angle

Utilizing a control strategy centered on yaw rate and sideslip angle, this paper integrates a
holistic control approach for both variables to implement a multi-input single-output system,
achieving more pronounced control effects than those of a single-input single-output system. The
active steering control strategy of the steer-by-wire system is illustrated in Fig. 3. The system
calculates the front-wheel angle based on the steering wheel angle and longitudinal velocity, then
inputs these values into a two-degree-of-freedom model to derive the desired yaw rate and center
of mass lateral angle. On one hand, Model Predictive Control (MPC) projects the dynamic model
to forecast the center of mass lateral angle and yaw rate for the forthcoming n steps. It computes
errors by subtracting the actual states from the desired states for these n steps and then accumulates
these errors to minimize the overall discrepancy. On the other hand, the strategy aims to reduce
the front-wheel turning angle as much as possible, with both components forming the basis of the
cost function. Ultimately, the supplementary front-wheel steering angle is determined through
quadratic programming, which is then implemented by the steering actuator to direct the wheels.

3.3. Model predictive control strategy design

Based on the formula for the Linear 2 DOF Model, it follows that when g = 0, y = 0, the
vehicle is in a steady state, at which point the center of mass’s side slip angle and yaw rate will be
constant and stable. Simultaneous equations for solution:

e

By substituting x = [0,0]7 into Eq. (13), the steady-state center of mass lateral angle and yaw
rate can be simplified and defined as:
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_ (aizby — az,by) )
(a11a22 — a42021)
_ (az1b; — ay1b;)

(a11az22 — A12051)

.Bs 6fﬁ

(17)

Vs 6f ’

where a;; (i,j = 1,2), b; (i = 1,2) are shown in Eq. (13).

Steering wheel variable ratio

Steering actuator%

w —

linear 2 DOF u
Model

Vehicle model

Fig. 3. Integrated control block diagram for active steering

The yaw rate 8 and the center of mass lateral angle y are important parameters for measuring
vehicle stability. Under normal circumstances, when the vehicle's center of mass sideslip angle is
small, the stability can be described by the yaw rate. However, when the vehicle deviates
significantly from the trajectory, that is, when the center of mass sideslip angle is large, the yaw
rate cannot accurately characterize the vehicle's stable state. The yaw rate and center of mass
lateral angle for a typical vehicle are:

Bss = min{|Bs|, |arctan(0.02u9) [} sgn(Bs),

) 0.85ug 18
m=mwm. w@M) (19
Vx
Change Eq. (14) to an incremental model, to eliminate static errors:
Ax(k +1) = x(k + 1) — x(k) = A(k)Ax (k) + B, (k)Au(k) + B, (k)ASs(k), (19)

y(k) = C(k)Ax (k) + y(k — 1),
where Ax(k) = x(k) — x(k — 1), Au(k) = u(k) —u(k — 1), Ass(k) = 6p(k) — 6¢(k — 1).

To derive the predictive model, it is necessary to assume that the front wheel steering angle
difference input by the driver in the control time domain remains unchanged:

Perform prediction deduction:
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Ax(k + 2|k) = ADx(k + 1]k) + B Au(k + 1) + B,A8;(k + 1)
= A2Ax(k) + AB,AS,(k) + AB,Au(k) + ByAu(k + 1),

Ax(k + Nck) = ANAx(k) + AN1B, A, (k) + ANe~1B, Au(k)
+AN 2B Au(k + 1) + -+ ByAu(k + Nc — 1),

Ax(k + Nplk) = ANPAx (k) + ANP=1B, A, (k) + ANP~1B, Au(k)
+ANP=2B Au(k + 1) + -+ + ANPNB Au(k + Nc — 1),

where Ax(k + Np|k) represents the state prediction of the k-th time for the k + Np-th time
Substitute into the output of Eq. (19):

y(k + 2|k) = CADx(k + 1|k) + CB,Au(k + 1) + CB,AS;(k + 1)
= CA?Ax(k) + CAB,Au(k) + CB,Au(k + 1) + CB,AS,(k),

y(k + Nc|k) = CAN®Ax(k) + CAVP~*B,AS; (k) + CAN~B, Au(k)
+CAN2B, Au(k + 1) + -+ CByAu(k + Nc — 1),

y(k + Np|k) = CANPAx(k) + CANP='B, A8, (k) + CANP~1B, Au(k)
+CAVP~2B Au(k + 1) + -+ CANP~N¢B Au(k + Nc — 1).

Write the above equation in matrix form:
Y, (k + 11k) = S, Ax(k) + Iy (k) + S, AU (k) + S48 (k). (20)

Where predict the time domain as Np and control the time domain as Nc:

y(k + 1|k) ] Au(k)
V1) = | YETHRD | Ay = | AukrD
y(k + Nplk)] Au(k + Nc—1)
- CA CAB,
5 Cal [y S CAB
“Sx — i=1: ) | = [ny:xny , ‘Sd —|i=1 . " I
NpCAil lln XN s . i
_El ] yXMy ] z§1CA B,
CB, 0 0o - 0
2 .
% CA'1B, CB, 0 - 0
i=1
S = Nc ., Nc-1 .
u= 'y cai-iB, CAFIB, v - CB,
i=1 i=1
Np .' Np-1 ' . ' ' Np—Nc+1‘ .
CA-1B, CA-1B, Y CA-lB,
Li=1 i=1 i=1 .

List the cost function, the purpose of designing the cost function is to obtain the optimal control
sequence. Find H and f:
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] =¥, = Rregll, + IAUIZ + Nl
= (SxAx(k) + Iy(k) + S AU (k) + SqA8; (k) — Ryer)’ Q(Syhx (k) + Iy (k)
+ S,AU(K) + SgA87(k) — Ryef) + AU(K)TRAU (k) + €7 pe 1)
_ [AU (k)]“ [55 QS, +R O] [AU(k)]
a € 0 p £

+ [2(S,8x(k) + Iy(k) + S408;(k) — Ryes)QS, 0] [AUS(")] - %XTHX +fX,

where p represents the weight of the soft constraint, it is designed to prevent unsolvable situations.
If the first two terms of J cannot be solved, the solver can reduce the gradient of the third soft
constraint to obtain a solution with looser constraints. The coefficient is typically set to 10. Ry.f
is a vector composed of expected values. Subsequently, when addressing the constraints, to ensure
the control law and its growth constraints are met at each prediction time, the control laws for
subsequent prediction times must be cumulatively applied:

Uk+1)=AUk+1)+Uk),
Uk+2)=AU(+2)+AUKk+1) +U(k),

U(k + Np) = AU(k + Np) + -+ AU(k + 1) + U(k).
Write it in matrix form:

Iigin S U < Tupax
Tupmin < A,AU + U (k) < Iupax
Tupin — U(k) < A;AU < Tug — U(k).

At the same time, constraints must be added to each increment of the control law to ensure that
the growth rate of the control law for each operation is within a certain range. This constraint is
treated as upper and lower limits in QP solving:

Ay < AU(Kk) < Ay, (22)

where Aupi, = [—0.0082], Aupmax = [0.0082], Umin = [—0.54], Umax = [0.54]. Due to the
presence of soft constraints, the last value of the output quantity is the soft constraint &, which is
limited to the range of 0 to 10. So the upper and lower limits of the final output are constrained as
follows:

Ib = [Aumin; 0]:

ub = [Aupa; M]. (23)

Finally, quadratic programming is performed using quadprog to obtain the corresponding
incremental additional rotation angle. Then, the current additional rotation angle is obtained by
combining the incremental additional rotation angle with the previous one:

ureal(k) = Au(k) + ulast(k)- (24)
Then add the driver’s front wheel steering angle to obtain the final steering angle:

Umpe = Urear T 6f- (25)

8 ISSN PRINT 2669-2600, ISSN ONLINE 2669-1361



RESEARCH ON ACTIVE STEERING CONTROL STRATEGY OF LINE-CONTROLLED STEERING SYSTEM BASED ON MPC.
YUZHE TONG, XIN ZHANG, XINXIN WANG, YUEHONG BAI, JIAO YAN

4. Simulation analysis

To validate the accuracy of the developed model and control strategy, this study employs sine
wave and double lane change maneuvers for simulation. The road adhesion coefficient is set to
0.2, the speed to 60 km/h, and the simulation lasts for 15 seconds. The results of the double lane
change maneuver are depicted in the subsequent figure.

5

= = ‘Reference
uncontrolled

=-=-Variable transmission
ne A ——MPC

R .
0 50 100 150 200 250
Xo (m)

Fig. 4. Lateral displacement curve

As illustrated in Fig. 4, among the uncontrolled, variable transmission ratio control, and MPC
control, the lateral peak value under MPC control is 3.99 m, representing a 4.1 % decrease from
the uncontrolled model. Consequently, the MPC control strategy effectively enhances trajectory
tracking capability, thereby increasing vehicle stability.

0.2

— = -uncontrolled
. |--—-Variable transmission
o
N —
015 iy MPC
. HEA

0.1

e
°
b

Yaw rate (rad/s)

.
0 5 10 15
Times (s)

Fig. 5. Yaw rate curve

As shown in Fig. 5 under MPC control, the peak yaw rate is the lowest, and the response is
relatively smooth compared to the uncontrolled and variable transmission ratio control. Compared
with the uncontrolled model, the peak value decreases by 29.4 %. Simulation shows that this
control strategy can effectively regulate the vehicle’s yaw rate, ensuring good stability.

As shown in Fig. 6, this control strategy can minimize the variation Sideslip angele and
significantly reduce the peak value, achieving a 75 % reduction compared to the uncontrolled
state. Simulations demonstrate that the MPC control strategy can notably enhance the lateral
stability at medium speeds and low adhesion conditions, thereby ensuring that the SBW system
can travel along a normal trajectory and exhibit excellent trajectory tracking capabilities.
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Fig. 6. Sideslip angele curve

The road adhesion coefficient is set to 0.85, with a simulation time of 15 seconds and a speed
of 80 Km/h. The simulation results under sinusoidal conditions are shown in the following figure.
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o
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Fig. 7. Yaw rate curve
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Fig. 8. Sideslip angele curve
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Fig. 7 shows that under MPC control, the peak yaw rate is the lowest, and the response is
relatively gentle compared to uncontrolled and variable transmission ratio control. Compared with
the uncontrolled model, the peak value decreases by 12.3 %. Simulation shows that this control
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strategy can effectively adjust the yaw rate of the vehicle, ensuring good stability.

From Fig. 8, it is evident that this control strategy leads to a smaller change in the sideslip
angele and a notable reduction in peak value, with a decrease of 35.4 % compared to the
uncontrolled state. Simulation results indicate that MPC can significantly enhance the lateral
stability of high-speed and high-adhesion conditions, thereby ensuring that the SBW system can
travel and maintain stability along normal trajectories.

5. Conclusions

This study develops a Model Predictive Control (MPC) system with soft constraints,
establishing a control strategy that integrates feedback from yaw rate and sideslip angele,
significantly enhancing the vehicle's handling and stability. Through tests on a medium-speed,
low-adhesion road surface featuring double lane changes, and high-speed, high-adhesion
sinusoidal maneuvers, it was observed that the vehicle's center of sideslip angele and yaw rate
were effectively suppressed under the integrated control, aligning more closely with ideal values,
thereby demonstrating the strategy's effective performance. Throughout the tests, the vehicle's
response speed and control precision met the anticipated outcomes, confirming the feasibility and
advantage of the designed MPC control strategy for practical applications. Further analysis
indicates that this control strategy not only effectively manages complex driving scenarios but
also maintains stable control across various road conditions, offering reliable technical support for
enhancing the dynamic capabilities of smart vehicles. The control strategy outlined in this study
shows substantial benefits in improving vehicle safety and controllability.
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