fm Check for updates

Transactions of KSAE, Vol. 31, No. 10, pp.789-801 (October, 2023) Copyright © 2023 KSAE/215-06
pISSN 1225-6382 / eISSN 2234-0149

DOI http://dx.doi.org/10.7467/KSAE.2023.31.10.789

18 Y 2% U 25 Yol 2207 BC FAY| J|Y 1Y A U
488 23 58 32 Aol 22 Y

rok
oM
H
i)
12
EJ
a
Hu
b
N
)
ORI
1
AT
ol
)
Y
>
=
|'>-
o
=
nE
om
N

Development of an Adaptive Fault-tolerant Integral Control with Sliding Mode
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Abstract : In this paper, the sliding mode, observer-based fault detection and the gradient descent method-based, adaptive,
fault-tolerant integral control algorithm have been proposed in four-wheel, independent steering and driving vehicles. The
sliding mode observer was designed to estimate the uncertainty of driving systems that use injection terms. To guarantee fault
detection in a driving system, the relative errors in injection terms have been used with a threshold approach. The virtual
relationship function, which consists of control error and sensitivity coefficients, has been designed, and sensitivity
coefficients have been estimated by using the recursive least squares method. Based on the estimated sensitivity coefficients,
integral gains have been adapted by using the gradient descent method, and were allocated by computing the vertical tire
force for the adaptive integral torque control of each wheel. Then, a performance evaluation has been conducted on straight
and turning driving scenarios by using the Matlab/Simulink and CarMaker co-simulation techniques under the driving
system fault condition.

Key words : Fault detection(31% %-4]), Fault-tolerant control(32°d 3]-& #]| 1), Sliding mode observer(&2}o] o =
=-7]), Adaptive integral control(%}-3-8 %] 4 o), Four-wheel independent steering and driving(4& 58 =& 2 1-%)

Nomenclature v : injection term, -
A : inertia of wheel system, kg + m’ @ : decay rate of the Lyapunov function, -
@ : wheel speed, rad/s o : magnitude of injection term, -
@ : estimated wheel speed, rad/s e, : wheel speed estimation error, rad/s
b : damping coefficient of wheel system, Ns/m v 4es  : desired yaw rate, rad/s
F, : vertical tire force, N v,, :currentyaw rate, rad/s
a : arm of the rolling resistance, m v, : longitudinal velocity, m/s
r : wheel effective radius, m m : vehicle mass, kg
Adw : disturbance of wheel system, - Iy : length between mass center and front axle, m
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: length between mass center and rear axle, m

S

)

: relative error of injection term, -

L : wheel base, m

o, : virtual center wheel angle, rad

S; : wheel angle, rad

C. : sensitivity coefficient, -

k; : integral gain, -

a, : longitudinal acceleration, m/s?

a, : lateral acceleration, m/s

e, : yaw rate error, rad/s

g : acceleration of gravity, m/s’

h : height between ground and mass center, m
tw : track width, m

b4 : adaptation gain, -

A : forgetting factor, -

AT  :adaptive integral control input, Nm

Tprew  : Wheel torque, Nm

T : total wheel torque, Nm
Subscripts

FL : front left wheel

FR : front right wheel

RL : rear left wheel

RR : rear right wheel
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Fig. 1 Overall block diagram
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Table 1 Fault detection flag condition of each wheels

Case Relative error Condition
€, FL1 — UrL T UpR le, rral>e,
flagy, =1 €, FrL2 — UrL T URL le, rral>e,
€, FL3 — VrL T URR le, rrsl>e,
€, Fr,1 — Ypr ~ UpL le, rral>e,
flagpp =1 €y, Fr2 — VrrR T URL le, rr2l>e, 4
€, Fr3 — Urr T URR le, rrsl>e, 1
€,rL1 — VrL T URL le, pral>e, 0
flagp, =1 €, rL2 ~ YrRL ™ Urr ‘%,RL,zl >, 1
€,RrL3 ~ UrRL ™ URR le, rrsl>e,
€, kR — UrR T URL le, rral>e,
flagpp =1 C,rR2 — YRR UFR le, rr.2l > e
C,rR3 YRR URL le, rral> e,
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Fig. 5 Overall block diagram for performance evaluation

Table 2 Vehicle specification for performance evaluation

71 71% 2y

Division Value

Mass 2,108 [kg]

Length between mass center and front axle 1.47 [m]

Length between mass center and rear axle 1.5 [m]
Front track width 0.831 [m]

Rear track width 0.85 [m]
Height between ground and mass center 0.545 [m]

Nominal moment of inertia (wheel) 2.4619 [kg - m’]
Nominal damping coefficient (wheel) 0.5262 [Ns/m]

Table 3 Parameters for performance evaluation
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Fig. 6 Driver steering input

Longitudinal velocity

t [sec]

Fig. 7 Longitudinal velocity

Lateral velocity

T
—w/o control
= = =w/ control | |

T
w/o control

= = =w/ control

Division Value
Case 1 Case 2
Decay rate of the lyapunov function 10 [-] 10 [-]
Boundary of uncertainty 1,000 [-] 1,000 [-]
SMO time delay 0.02 [-] 0.02 [-]
Adaptation gain I1X10°[-] | 1X10°[]
Initial integral gain (left) -50,000 [-] | -10,000 [-]
Initial integral gain (right) 50,000 [-] 10,000 [-]
Forgetting factor 0.997 [-] 0.85[-]
Initial estimation value (left) -0.001 [-] 0.01 [-]
Initial estimation value (right) 0.001 [-] -0.01 [-]
Initial covariance matrix 0.7 [-] 0.001 [-]
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Table 5 Yaw rate error analysis

Division Value [deg/s]
Error maximum 0.0632
Standard deviation of error 0.0192
Root mean square of error 0.0242
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