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Abstract: In order to realize a high-precision damping force tracking of magnetorheological damper (MRD), a discrete-
time linear quadratic tracking (DLQT) control strategy based on Koopman operators is proposed. Aiming at the hysteresis
nonlinearity of MRD, a nonlinear recurrent neural network (RNN) model of MRD is established. Koopman operators the-
ory and extended dynamic mode decomposition (EDMD) algorithm are used to obtain a high-dimensional model of MRD.
A discrete-time linear quadratic tracking controller is designed by using the high-dimensional linear model. The expected
signals of different frequencies are tracked through simulation experiments, which verifies the effectiveness of the pro-
posed scheme. Furthermore, physics experiments are conducted on a 2-degree-of-freedom quarter suspension experimental
system equipped with a MRD, which show that the strategy can achieve high-precision tracking of signals.
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Fig. 8 Desired force tracking curve and error
curve(f = 0.1Hz)
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Fig. 9 Desired force tracking curve and error curve(f = 1H z)
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Fig. 10 Desired force tracking curve and error
curve(f = 5Hz)
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Table 1 Maximum tracking error, error percentage,

mean square error with different frequency signals

. e {55 4i% (H z) Max error(kN) Percentage(%) MSE((kN)?)
" 0.1Hz 7.5462 x 107%  0.0302  2.7028 x 1077
0.5Hz 0.0041 0.1634  7.7732 x 107°

,,Z 1Hz 0.0062 02472 1.7826 x 1077

N 5Hz 0.0114 0.4545  5.7831x 107°

ggggggggggggggggggggggggg {0.5,3}Hz 0.0099 0.3960 1.6863 x 107°
. : {0.5,1,3}Hz 00125 04998  2.7684 x 10~°

(a) JIEERH JE T FRER i 2% (b) FREFRZE M2
B 11 IR e R 2 2 iR ZE 2 (f = {0.5,3} H 2)

Fig. 11 Desired force tracking curve and error
curve(f = {0.5,3} Hz)
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Fig. 12 Desired force tracking curve and error
curve(f = {0.5,1,3}Hz)
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Fig. 13 Damping force tracking for a sinusoidal road surface.
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Fig. 14 Damping force tracking for a bump road surface.

Pl 145 o™ /6, % T S8 T B2 FHL @ 7 BRI it 2 45
BHh, B14a) N % Im, 5 E0.04m i) ™Y A 2 T
Wb 2R, P 14(b) b 41 o s 2 N HHEERE JE Jy ih 2%,
28 R FIDLQT 5 & IMRDi tH FHLJE 77 il 28,
K2 28 R SCHR [27] 70 57 1 WU SR Z BPAH 4 Y]
2R (I MRD i HPEE /.

8 ZEAE SE R AT B B AL ) TARIR A, I PR AR
FACLH 7% 1 32 A7 B JE 7 PR B 92 6. AR b [ [ R b
#HE(GB/T 7031-2005), BT 7382, BIMA ZEIH 2.
ARSI R C 2 T8 B T8 FR AR BRI A B EUR
Ko 8%, ECHBEALES TH I N 3254750 531 5% FH o g
il SREmE I BHJE T PRIER S, SRR 4l R 15 R,

06 08 1 12 0 02 04 06
Biflls Bffils

(a) BEHLERIEINZE (b) WTEERH 8 ) it 2
1 15 BEPLES TR T TEERH e o BRe il 2

Fig. 15 Damping force tracking for a random road surface.
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Table 2 Maximum error, mean square error with
DLQT method

Simulated road surface Max error(kN) MSE((kN )2)

Sinusoidal 0.1038 2.5260 x 1073
Bump 0.0720  5.3910 x 10~*
Random 0.1998 7.6418 x 1073

k3 R S&E SR T R R EAR A b ] R eE A R KR
ZAE, B TR £1A
Table 3 Maximum error, mean square error of inverse
model method

Simulated road surface Max error(kN) MSE((kEN )2)

Sinusoidal 0.1896 4.6389 x 1073
Bump 0.1021  7.3764 x 10~%
Random 0.2653 9.1378 x 1073
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Fig. 16 Damping force tracking with the heated MR damper

for sinusoidal road surface.
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Fig. 17 Damping force tracking with the heated MR damper

for bump road surface.
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Fig. 18 Damping force tracking with the heated MR damper

for random road surface.

Pl 18 9 BE ML IS T I8 T K FH & #MRD ) B 22 BH
Je I ER R Hh Ze 45 5. Horh, Kl 18(a) C LR BE ML T ¥
Jh 28, Bl 18(b)Hh 41 th 2R Ny HHERRH JE ) Hh 28, i
M2 4 R FHDLQT /7 S 1 R FAMRD i H FH 2 77 i 28,
L0 R 28 N SR FH SCHR [27] 22 37 1) XL 2 BPAH &2
IXR] £ 3 A 25 425 sk 1) R AMIR D HA BELJE g, B TS5
45 FERT RN, TEMRD R FAR S AR R 3 i JC I R R R B
HHEERAJE o, A ST AT d2 H I DLQT 5 mS AT g I8 B4
RIS RS, $eTt R ipe s iy iE vt

& 4 AF1ssE TR A A #MRD #9DLQTHE#] 5%
AR Kk ZAE, TR £
Table 4 Maximum error, mean square error of DLQT
method

Simulated road surface Max error(kN) MSE((kN )2)

Sinusoidal 0.1814  5.3068 x 1073
Bump 0.0851  7.3849 x 104
Random 0.2279  8.0580 x 1073

A3 TR A, S hiE AMRDE HLT R
FEOF 1A FITEFEIA.

& 5 AR @B T R A K MMRD #3742 32 4] 5k
& AR KR ZAA, TR AL
Table 5 Maximum error, mean square error of inverse
model method

Simulated road surface Max error(kN) MSE((kN )2)

Sinusoidal 0.4662 2.3252 x 1072
Bump 03304  3.8212x 1073
Random 0.4082 1.5279 x 1072
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