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Abstract: To address the conflict between damping effectiveness and control energy consumption
in active suspension systems, an ideal twin dynamic deflection tracking control strategy for active
air suspension systems is introduced. The strategy is founded on the research concept of “digital
twins, virtual-to-real control, and energy-efficient damping”. Firstly, taking the vehicle seat
active air suspension system as an example, a genuine air suspension system’s ideal digital twin is

formulated using a quasi-zero stiffness system, alongside the development of a parameter matching
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design methodology for this digital twin. Subsequently, with the air spring gas pressure control
as a key point. An outer-loop position fuzzy non-singular fast terminal sliding mode controller and
an inner-loop air pressure controller considering the nonlinear flow characteristics of the solenoid
valve during air spring inflation and deflation processes are designed to achieve the tracking of the
twin body deflection under actual excitations by the real suspension system. Finally, through
bench simulation experiments and comprehensive vehicle ride comfort simulations, the efficacy
and progressiveness of the proposed control strategy are validated. The results show that,
compared to the traditional control strategy aiming at reducing the acceleration, the proposed
strategy showcases reduced root mean square values of vertical vibration acceleration of the seat
under random road conditions and a reduction exceeding 65. 0% in the root mean square value of
control energy consumption. Furthermore, under impact road conditions, the vertical vibration
amplitude of the seat is diminished, with a maximum reduction in active control force exceeding
45.5%. The proposed strategy significantly outperforms the traditional strategy, effectively
enhancing the damping capabilities of the suspension system while markedly significantly reducing
the active control energy consumption. This strategy adeptly resolves the aforementioned conflict
and can be broadly implemented across various active suspension systems, offering a novel
research trajectory for energy-efficient damping.

Keywords: vehicle; air suspension; energy saving and vibration reduction; ideal twin dynamic

deflection

S TR D P A IR Bl AN AU B T B
LRI o 16 e AT 4222 4, T HL 5y 5| 478 Bl 55 K
A 18] 55 5 1 L AL 1 22 900 5 25 B ™ TR T
TN BB & 38 P Y A R R Al e A
AR R | s I A B R R GEERE L B UN 4
ATl UIOC Ry (R A F B B R R G A O Tk
ZEAPGAS T S P S B TR A > A B R S B
Hop, B3 B R ARG O 1E B 0 L2 i 4 3
JE T, SR AR 2 Bl B R AR IR AR S A
AERE 8] 1) 2 i R 1G9 )™ 1 L R 2 A
ZR U5 A I R A A e MR

XX — 7 & . M A2 F B S o = B8R
R G0 IR T7 15 M S BRI M B TT R T
BT SE T R T AT B WS CR . TR e IR O
V£ 75 T, 32 R G ok S AR IR R G A T
THBARVERE . 0100 A 225 B T 22 A0 v 2 M R s
SEBRRGIF RS T B RES R R I B,
X B RAE IR 1 AE LA B T A AR T HLREREMR .
SR 32 248 H T4 R Uk 9% 1) 7732k Jr P 405 ) 36 A
SR ATEEE A R — B T TEEEEIBOR R T
T A RE A R A 3 R G 4 o SR g BT
TP ST . — 705 3 36 IR T B 2Rk RE 2 T iy 42 7l
SR b BT AL IR Sl e A ) Ok B T
AR Bl Ho 857 2% j& 28 SO S 50 A

zkxb. xjtu. edu. cn

W PE A R GE AN 2, B Hh T —Ff [ 38 I A g
il 7% s Gokul A8 T — FlOR A 2R M WO Y
Ay (LQRO)F il 5 0 19 1 38 N 25 B R S8 IF X%
25 HEAT 2 B0 T 5 Shalabi 25150 4 8 B 2% 5 55 1k
FJIASSAEBRARGER R BT - T —F 3
T A AA it 25 X 5 4 ) O v . I O A AR T
TEREBRRGENWIRMERE A F S H e & .
AFIF RS BERRGEWNIE— B NH. 55—
T A2 F L T R AR AR AR RE B 45 1 3R e
GE ST T BE RSN R R A v B g R e LA
SR 3h L T AR R R TR R AR B AR R
T ok S R S A S RIS T B I RE AR L EUME LA
RO EATHCR S TR R G IRERE. 7T,
Fe 5 3 B R A R G DR AR 5 A o R R ) 1 O M
R SRA Fr R ABESE

BEXTBLA WF SRS AR SORF 87 22 A R
AEHTZERRZG B EH B R RGN
RS A Zh B R BR R A RN . BRI S B R
G DR B 5 i REFE ] 19 7 )

1 BRSSO s 1Y
FA B

B 28 A PR T I B B R Y R AU Y R
AU HE S IR S AT Ay, 592 0D 3 52 45 i) 1) ) 4




/Eﬁ 1 ;j;ﬂ ﬁz%»gl-%‘»’

48

225 AUR R R G0 A LA AR ) R BRI 4 o SR 161

2% () B 52 I WSS o A 2 A B AR A R
TOCACHE A it B o A 7 R | B £ 4 R A Ty
T e A A B AN ) K e AR A R R
2T o DA g e 3k o 7 A AT T AN ] 3 S ) R 1
DL A A vE RE HEAT PR AL AR R . R BT AR A
ARTEE R TAR U OIS T3 O R
WA THEWMENBRAL.

i PR T B R AR G IR AR 5 ) E A ] 1Y
i AT T Ry 2R A L DURE P S RE DR
M DU A0 e e T Bh 2= R AR G ] L 42 R B
AR AR LI IR 2R A Bl B R R A T SR UL 1
FEEEA A Dy - O 1 OB A AR IR 41 45 4 10 4R 2k
PPk R o A M SRR R G AT AR
P, S B B S B i 40 SR B S 5 @ LS B 8l
AR AR Bl B R O BRAR 2l B 3 G R 4 ] S
5 JE S By PSR S AU S AR 9 1 R BR B L E T 3k
B REANAR "I H AR

;
TFEEAS =

| SeRRAR BN \

1 BAR AR AR S B R R B A ) SR s A
Fig. 1 Schematic diagram of the ideal twin dynamic

deflection tracking control strategy
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Fig. 2 The model of the quasi-zero-stiffness system
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Fig. 3 The curve of the damping force vs. the velocity
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Fig. 5 The model of electrically controlled air suspension

system for seat
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