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2DOF Internal Model Control for Steer-by-wire Systems with Time Delay

DU Wenlong'? CHEN Li'"? LIU Wentong'® CHEN Jun'’
1.Institute of Power Plant and AutomationsShanghai Jiao Tong University s Shanghai, 200240
2.State Key Laboratory of Ocean Engineering,Shanghai Jiao Tong Universitys Shanghai,200240

Abstract: Aiming at the response time delay problems caused by signal transmission, mechanical
clearance and friction of the SBW systems, a 2DOF IMC was designed to improve the angle tracking
accuracy. The time delay model and the SBW model were established and combined as the nominal
model. In order to avoid non-minimum phase terms, an all-pole approximation method was adopted to
linearize the time delay model, so the tracking controller and the antrinterference controller might be
solved. Compared with the 2DOF IMC without using a nominal model with time delay and the classi-
cal PID control, MATLAB/Simulink simulation results show the influences of time delay on the
tracking performance of the three methods. The effects of time delay on the tracking performance of
the 2DOF IMC using the all-pole, Taylor and Padé approximation methods were compared respective-
ly. Finally, the bench test results of the SBW systems show that the 2DOF IMC based on the all-pole
approximation has higher tracking accuracy and better adaptability to time delay.

Key words: steer-by-wire (SBW); delay; two degree-of-freedom(2DOF) ; internal model control
(IMC) ;all-pole approximation
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Fig.1 Steering actuator model

[15]

M.z, +B.z, +F.+F, = Kyiu

;B
Hvan
N i Ko
$1am o

F. = &sign(d) /L,
F. = pitanh(8) /L,

J 1 §>0
sign(é) =<0 §=0
1—1 §<0
067(‘\*6
h -
tanh(¢§) ORI
301
;50
3) (L,

(tanh(8) =~ &),
M.z, +B,z,+F. +0i0/Ly = Kuim
0 Z,
K, =6/x,
(5
0010

.. . K
M,3+B,8+17+K0FC = KiKuim

(D

(2)
3

4

SVI0E5 b



32 16 2021 8

l‘sm(s) ]
F.(s) , o(s)
, (6)
0(s) = Gi(5)igm(s) +Gr(s)F.(s) 7
Gi(s) = KoK/ (M,s* + B,s + Kop: /L 8
Gp(s) = —Ko/(M,s* +B,s +Kypi/L
1.2
T °
i.» (D
iSTIl
() =it —1) 9
Gi(s) = i(s)/i(s) =™ 10
2
2
20 (s) Gi(s)  Gis)
7(}d (S )
Gd(S) ’
D(\) FC(S) ’
D(s) = Gp(s)F.(s) (1D
» Q. (s) »Qa(s)
2
Fig.2 Block diagram of 2DOF IMC considering
time delay
2 )
o0 (s)

0(s) =

(1—Qu()Gi(HG(sND(s) +Q, ()G (s)G4(5)84(s)
1—Qu(s)G ()G () +Qu(s)G;(s)Gq(s)

(12)

M(s) = Gi(s)Gy(s) (13)
Gi(s) = Gi(s)

(14)

Gd(«\‘) = Gd(s)
(13 (14) (12)
719061 ¢

0(s) = Q, (s )M (5)64(s) + (1 —Qqu(s)M(s))D(s)

(15)
(15) , Q.(s)
Q.(s) 5(s),
Q.(s) Qu(s) , o
[14]
10 )
Ge(s) =1/e" = 1/(zs + 1) (16)
(8) ,Gi(s)
o (16) (13,
M_ (s) =M(A‘)=1(_i]jj)1 17)
2.1
) Q.(s),
D(s) =0, (15>
0(s) = Q. (s )M(s)84(s) (18)
0(s) = 6a(s) (19
) 19
(18),
Q.(s)M(s) =1 (20)
M_(s) ,
F, ()M, o
Q. (s)
Q.(s) =M () 'F.(s) =G " (s)(zs + DF,(s)
@D
F.(s)
F.(s) = B (22)
Qs+ D"
s A N
) Q.(s) ,
o A s F.(s) 1,
(20) ) o
2.2
D(s)
, (1%
1—Qu(sH)M(s) =0 (23)
, M_(s)
, F,(s),
Q.(s)
Qu(s) = M_(s)'"Fu(s) = Gi' () (zs + D F,(s)
24
F,(s)
F.(s) = B (25)
Qas + 1"
, Ad ,m



) Q.(s) ,

o Ad )
F,(s) 1, (23) )
3
(15) , 0a(s)
o(s)
T,() = Q. (sHMC(s) (26)
(13), 16y, @2 22)
(26)
T,(s) = _ 27
Qs+ D"
, A, >0, T,(s)
, s T (s)
A >0,
) (15, D(s)
o (s)
T,(s) =1—Qu(s)G(s)e™ (28)
(16>,  @2H (25) (28)
s D" —1
T,(s) = % 29)
, Aa >0, T,(s)
) s Ty (s)
Aa >0,
4
4.1
MATLAB/Simulink
: PID ]
ES550
) 1
, 2 o
(6) ot
CarSIM (el |
F.L. 6]
F.L.= fcf<zc+zp>(,e+j%fa> (30)
g = arctan(.2220) 31

L+l

1
Tab.1 Parameters of the vehicle model
m (kg) 1699
veG (m/s) 10
Li(m) 1.2
[, (m) 1.05
L.(m) 0.016
£, (m) 0.023
Ci(N/rad) 12 000
L.(m) 0.3
2
Tab.2 Parameters of the steering actuator
M, (kg) 10
B.(N+s/m) 297.4
K o (N/A) 6.192
K (rad/m) 10.12
L.(m) 0.3
&(N+m) 3.04
By o
1 30 D,
, F.L,,
(3), or 150,
( “2DOF
IMC”) ,
IMC d ; ; 2DOF
IMC IMC nd ,
PID PID o
2DOF IMC
(CA) ) (24)
. m=3.n=3,
s A, =0.005514=0.4,
2DOF IMC
zD )
s+ 1; ,
24 ) s+ 1,

m=2.n=2,

A, =0.0005.14=0.5,

PID :
42.48, 507.4 .
0, N =100,
=90 ms 3 o
3b , 2DOF IMC
, 0.024 rad;
2DOF IMC 0.037
rad, PID 0.046 rad,

’

VG071



32 16 2021 8
2DOF IMC 0.0044 rad,
2DOF IMC 0.0106 rad,
PID 0.0074 rad, 0~1 s,
2DOF IMC s
, PID
o , 2DOF

IMC 2~5s

4
—0.0070 rad,

Fig.4 Effect of time delay on average tracking error
b

° 4.2
\Taylor Padeé e,
, 3 o 3
2DOF IMC .
3
() Tab.3 Different approximation methods for time delay
a
. 1 1
R
Taylor e “=1—zs
. 7r\71*0.5z'.\'
Padé ¢ T 14050
, 2
o Q. (s) Qs
o 4
(b o
3 (=90 ms) 4

Fig.3 Tracking performance comparison of the Tab.4 Designing results under different
three control methods(z =90 ms) approximation methods

4 Taylor Padeé
= ) Gi(s) L Gi(s)
0~=5s ’ ’ LchlS 1+zs Gits) 1+0.5¢s
2DOF IMC
Qu(y | GO | i)t [ Git) 1(140.5r)
- PID o Qo+ 1 FRESIE FWESIE
’ 2DOF IMC Qs | GLOTIAFe) | Git) ! 1Git) 1140.5r)
. o Qs F D7 Qs D2 Qas 17
30 ms 2DOF Ax 0.0055 0.0005 0.004
~ A 0.4 0.25 0.3
IMC ,PID * >
9DOF IMC, . 4 Taylor
. 3 Qr(.\‘)\Qd(ﬁ‘)
2DOF IMC R T R
’ ° Padé .
90 ms , s
2DOF IMC , ’
D H ’ °
2 .
o s , 2DOF R 5
IMC,

¢71908! ¢




50 ms ,

Taylor 2DOF IMC )
50 ms s
2DOF IMC o
4.3
(a) 7 o
7T, H
(b °
5 x, s (5,
(=90 ms) 0. dSPACE PX10 )
Fig.5 Tracking performance comparison of the
three approximation methods(z =90 ms) . R
5, 3 ,
90 ms, s
0.024 rad, Padé
0.031 rad, Taylor
, 0.037 rad, ,0~5s )
. 0.0044 rad,Padé
0.0056 rad, Taylor
) 0.0061 rad,
6 ’ ’ ’ 1. 2 3.
4. 5 6.
o 4 7 8.
s 7
90 ms . 90 ms, y Fig.7 Test bench
; o , 50 ms , M R
, , MATLAB System Identifica-
, Taylor Padé tion
M, =10 kg.B, =297.4 N+ s/m,K., =6.192
N/A,r =45 ms,
Gu(s) = % (32)
6 8 ,
Fig.6 Average tracking error curves based on the s M s
three approximation methods .



32 16 2021 8

N =100,
dSPACE PX10
11 o
) 5 6
2DOF IMC
(a)M ( ) R
(a)
(b) ( )
8
Fig.8 Verification of the steering actuator
model’s accuracy
(32) 45 ms ,
(b
9
Fig.9 Ramp input angle tracking test
35 ms, ,
80 ms,
, (M, .B.,,
K., 1 (Lo, 2
(a)
K, (30) 3
pf (13) D)
N NA N 62.66e 0%
GG = 10T 907 45 1 5060 (33)
2DOF IMC, 2DOF IMC
PID , N (b)
° 10
2DOF IMC s m=3.n= Fig.10 Sine input angle tracking test
3, A,=0.008.1,=0.22, 10 11 )
2DOF IMC 2DOF IMC
m=2.n=2, A.=0.01.2,= R
0.6, PID MATLAB/Simulink ,
s D 6

:P=28.6,1=143.2,D=0,

719101 ¢



(a)

(b

11

Fig.11 Frequency-varying input angle tracking test
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Tab.5 Maximum tracking error of the three

control methods

IMC d IMC nd PID
IMC nd PID
(rad) %0 %) (rad) (rad)
0.018 63.5 75.5 0.0493 0.0734
0.054 25.2 33.6 0.0722 0.0813
0.0638 27.6 42.4 0.0881 0.1108
6

Tab.6 Average tracking error of the three

control methods

IMC d IMC nd PID
IMC nd PID
(rad) (%) %) (rad) (rad)
0.0034 74.2 71.9 0.0132 0.0121
0.0136 41.4 68.1 0.0232 0.0427
0.0145 38.6 66.0 0.0236 0.0426
’ b
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