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Abstract. In the present paper, the multiple scales is applied to investigate the internal resonance and
vibration suppression of the system of tracked emergency ambulance. The delayed feedback control is
employed to suppress the amplitude of the primary system when the 1:2 internal resonance occurs. The
effect of gain and time delay on vibration suppression is investigated. The results show that it can be
chose the appropriate values of gain and time delay to obtain the best performance of vibration
suppression for the primary system.

Introduction

The tracked emergency ambulance is the vehicle equipped with emergency equipment, medicines
and stretchers used to transport the sick and wounded . In order to achieve wounded security transfer
and the way to treat wounded, it is necessary to have good mobility to satisfy comfort for sick and
wounded. It is important to study the vibration reduction of the tracked emergency ambulance
vibrating system'@. Yang et al. ¥ investigate the physical properties of tracked emergency ambulance,
and the mechanics model is optimized. The focus of present paper is to apply the delayed feedback
control to suppress the vibration of the primary system of tracked emergency ambulance. The
technique of delayed feedback control vibration absorber is a new technique of vibration suppression.
Delayed position feedback control applied to dynamical structures was first presented by Olgac et al.
by introducing a delayed resonator. Recently, the author’ s research °® show that the delayed feedback
control can be used to suppress the vibration of the primary systemin the nonlinear system.

The formulation of the Problem

A two degree of freedom tracked emergency ambulance vibrating system is shown in Fig. 1. The
governing equations of the delayed feedback control system are

m1£f+cl()gi' )g%)"'kl(xl' X2)+kn(X1' X2)2+I‘1)8i(t- t) =0 (1)
mzﬁé' Cl()gi' )8%)- kl(xl' Xz)' kn(Xl' X2)2+k2X2+C2)8%' rl)gi(t' t) =f COS(Wt) (2)

Fig. 1: A two degree of freedom tracked emergency ambulance vibrating system with delayed feedback control
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Here, it is defined the wounded and stretcher as primary system and the frame as isolation system.
Then m,and m, are the mass of the primary system and isolation system, k, and k, are the linear

spring stiffness of the primary system and isolation system, k, isthe nonlinear spring stiffness between

primary system and isolation system. c, and c, are the linear damping coefficients of the primary

system and isolation system respectively. r, is the linear damping feedback gain of the delayed

feedback control signal, t isthe time delay, and % (t- t) =%, . f isthe amplitude corresponding to

the external excitation force, w isthe frequency of external excitation, t isthetime, and (3 =d( )/dt.
Egs. (1) and (2) can be expressed as

ém1 + r12m2 0 UI @fu ékl - 2rk, + rlz(kl +K,) 0 u' . 0
é , Ui pyté 2 ai
é 0 m, + 1, M, g @ﬁg é 0 ki - 2k, +1; (K, +K,) i ng

é C - 2nc + r12 (c,+cy) C - 1C - NG +hh(C + Cz)@i dil;l

teg ai
€G- NG - I‘2C1+I‘1l‘2(C1+C2) C - 2I‘2C1+I‘22(Cl+C2) m@&%

ol (17 1)K (0 +0p - 1y - 5d, )+ (1 1) vy (G +ay )T T f cos(wh) g
€] =€j
T(l' rz)kn (q1+q2' na, - r2q2)+(1' rZ)rl(dit +q2t )% Trzf COS(Wt)E

where w; and w, are the first and second modal frequency of the vibrating system, r, =1- %wf,
1

(3)
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r,=1- —tW,", ¢ =€C, C,=€C,, I, =er, K, =k, f =¢f, g "= ¢ né. u-
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Perturbation Analysis

In this section, the method of multiple scales is applied to obtain the second-order approximate
solutions of Egs. (3) using the following form

0 (t,€) = Gy (To, Ty, 0 + €0, (Ty, Ty, + 30 + 0 (4
0, (t,€) = 0y (To, Ty, %9 + €0, (To, Ty, + 208 + 0 (5)

Oy, :qllt(TO - t!T1’T21>°°)'etD1q11¢(To - t’Tl!Tz’»°)+eD1q12¢(To - t,Tl,TZ,X)O)

e’t?
+ 2 Dlqult(TO - t!Tl’TZaxx’) - ezt qulzr(To - t’Tl’Tza »o) Rikae (6)
U2 = o1, (To - t’Tl’TZaxx’)'et D1q21¢ (To - t’Tl’TZ! ><><>) + eD1q22¢ (To - t’Tl’Tza >°°)
et? 2
+TD1 qzu(To - t’Tl’TZ!»o) - € tquZZ‘E(TO - t,Tl,TZ,Xx)) Rikass (7)
Substituting Egs. (4)-(7) into Eq. (3), and equating coefficients of like powers of e yield
e
ngll + \qull =0 (8)
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D50, + W50, =0 (9)
e

1 . N
m{ - 2(m1 + rlsz)DOqull - 8‘31 - 2I‘1C1 + r12 (Cl + Cz) HDoqn
17t

Do, +W0,, =
2
- [Cl - NG - G +hh (Cl + Cz)] Doq21' (1' rl) kn (qll 0y - M0y - r2q21)

- (1' rl)rl(DOqllt + D0q21t )+r1f COS(Wt)} (10)

1
> {' 2(m1 + rzzmz)Doquﬂ - [Cl - LG - 1,6 + nr (Cl + Cz)] Doqll

D2q,, +WaQ,, = ———5—
%22 T W05, m, +rZm,

- @1' 2r2c1+r22(c1+c2)E|D0q21- (1' rZ)kn (q11+q21' M0, - r2q21)2

. (1- rz)rl(DOqllt +D0q21t)+r2f cos(vvt)} (11)
Where wz = K= 2Kt (ki thy) k- 2k, 4 (k tky)
m1+r1m2 m1+r2m2

The solutions of Egs. (8) and (9) can be expressed as

G = A(T)E"" +A(T)e"™ 1)

Oz = B(T,)e™™ +B(T,)e"" (13)
Substituting Egs. (12)-(13) into Egs. (10)-(11), we can obtain

D02q12 +W12q12 = ) {Kl + KzelwlTO + KseIWZTO + K4e'2W1T0 + Kse' 2w,To 4 Keel(W1+W2)T0
m, +r’m,
i (W, - Wy )T, jw (To-t W, (Ty-t iwT,
+K7e( 2 1)0+K8e 1(0 )+K9e 2(0 )+K10elwo}+CC (14)
DOZqZZ +W22q22 = —2{ Kll + KlzelwlTO + KlseIWZTO + K14e'2W1T0 + KlSeI 2w,To 4 KlGeI(W1+W2)TO
ml + r2 m2
i (Wa- W) T iw (To-t) W, (Ty-t) iwWT,
+K, e+ K et K et + K e 0} +CC (15)

Where cc denotes the complex conjugate terms, and k, - k,, are the coefficients, the express of
k, - k,, iISomitted due to space limitations.

In the following section, a case of primary resonance and 1:2 internal resonance is considered. To
describe the nearness of the external resonance quantitatively, adetuning parameter s, isintroduced as

w=w, +es,. Similarly, the nearness of the internal resonance is represented by a detuning parameter
s, defined as w, = 2w, +es . Setting the coefficients of the secular termsto zero into Egs. (14)-(15),
and yield the solvability conditions which are given by
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1

DA = {- &, - 2rc +r2(c +C,)PwA +i2(1- 1)k, (1- r, - r, +1,r,) ABE®"
1 2(m1+r12m2)wll g G (e z)H 1 ( 1) ( 1”2 12)
- vyt H 1 islTlu
- (1- 1)r wAe ™ - i =rfe (16)
2" b
D,B= L {- g0, - 2r,0, +12(c, +C)RW,B+i(1- 1,)k, (1- )" A%e™"

B 2(m1 + rZZmZ)WZ b

- (1- ) r w,Be ™} (17)
Introducing the polar notation A(T,) :%a(Tl)eiql”l’ and B(T,) :%b(Tl)eiqz”l’ into Egs. (16)-(17) and
setting the coefficients of the real and imaginary parts to zero yield the algebraic equations as

1

ae= 2(m1 + rfmz)w1

{' g:l - 2r1C1 + r12 (Cl + Cz)lea

+(1- )k, (1- r,- r,+rr,)absinf, - (1- r,)r wacos(wt ) +r.f sinfl} (18)

1
2(m1 + rfmz)w1

af g:: {z(ml + rlzmz)wlasl

- (1- 1)k, (1- r,- r, +rr,)abeost, - (1- 1) r wasin(wt ) +r, f cosf 1} (19)

b= {- & - 2rzcl+r§(c1+cz)[§|w2b

- %(1 r,)k, (1- r,)"asinf,- (1- r,)r wbcos(wyt )} (20)

1
2(m1+r22m2)w2

b(2f $+1¢) =

{2(m1+r22m2)wzb(281- S,)

- %(1 r,)k, (1- r,)*a*cosf, - (1- r,)r w,bsin(w;t )g (21)
Where a and b aretheamplitude of thefirst and second mode, f, =s,T,- q,, f,=29,- 9,- S,T,.

The response of the absorber and primary system can be approximately express as follow:
X, » acos[w, T, +q,(T,)] + bcos[w, T, +0,(T,)], X, » racos{w, T, +q,(T,)] + r,bcos[w, T, +0,(T,)] .

The Amplitude — Frequency Response Curves of Linear Vibration System

The equilibrium solutions can be obtained by setting a¢=f $=b=f ¢ in Egs. (18)-(21). Fig. 2 showsthe

amplitude-frequency response curves of the linear vibration system. The parameters are chosen as
follows:
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m, =255kg m, =1600kg k,=130128N/m k, =3135000N/m
k,=13012.8N/m , ¢, =2000N>s/m , c,=13000N>s/m , w,=219rad/s, w,=432rad/s ,
s,=-0.6. Inthefollowing figures, ampl and amp2 represent the primary system and isolation system.
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Fig. 2. Amplitude-frequency response curves of the linear vibration system.

It can be observed from Fig. 2, the amplitude of the primary system is about 2.2mm when the
external excitation frequency nearsthefirst modal frequency of the vibrating system. The amplitude of
the isolation system is maximum when the external excitation frequency nears the second modal
frequency of the vibrating system. In the next section, we discuss the effect of delayed feedback control
on vibration suppression of the vibrating system.

Vibration Suppression of the Delayed Feedback Control
From the above section, it can be observed that the amplitude of the primary system is maximum, we
take s,= 0 and s,= 0.3 asexamplesto discuss the delayed feedback control on vibration suppression

of the system.
The amplitude-delay response curves of the primary system and isolation system for different values
of the delayed feedback gain are shown in Fig. 3-Fig. 5 when s,= 0, where the other parameters are:

m, =255kg m, =1600kg : k, =130128N / m : k, =3135000N /m :
k,=13012.8N/m,c, =2000N>s/ m, ¢, =13000N>s/ m. Ampl represents the amplitude of the
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Fig. 3: Amplitude-delay response curves when r, =500, (&) primary system, (b) isolation system
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Fig. 4 Amplitude-delay response curves when r,=1500, (&) primary system, (b) isolation system
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Fig. 5: Amplitude-delay response curves when r,=6000, (a) primary system, (b) isolation system

Fig. 3 shows the amplitude-delay response curves of the primary system and isolation system when
r,=500. As t increases, the amplitude of the primary system increases in the beginning. Then the
amplitude of the primary system decreases as t increases. It can be observed that there are some
interval for time delay the amplitude of the primary system can be suppressed to a minimum value
(about 1.90mm). These time delay interval we called it “time delay vibration suppression interval”.

As the gain increases to r,=1500, Fig. 4 shows that the amplitude of the primary system can be
suppressed to a minimum value (about 1.30mm) when time delay is located in “time delay vibration
suppression interval”. It can be observed the amplitude of the primary system can be suppressed to a
smaller value (about 0.58mm) in Fig. 5 comparing with Fig. 4.

The amplitude-delay response curves of the primary system and isolation system for different values
of the delayed feedback gain are shownin Fig. 6-Fig. 8 when s, = 0.3, where the other parametersare:

m, =255kg m, =1600kg : k, =130128N / m : k, =3135000N /m :
k,=13012.8N/m,c, =2000N>s/ m, ¢, =13000N>s/ m. Ampl represents the amplitude of the

primary system, amp2 represents the amplitude of th
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Fig. 6: Amplitude-delay response curves when r,=500, (&) primary system, (b) isolation system
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Fig. 7: Amplitude-delay response curves when r,=1500, (&) primary system, (b) isolation system
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Fig. 8: Amplitude-delay response curves when r,=6000, (a) primary system, (b) isolation system

In Fig. 6, It can be observed that when time delay is located in “time delay vibration suppression
interval”, the amplitude of the primary system can be suppressed to a minimum value (about 1.94mm).
As the gain increases to r,=1500, Fig. 7 shows that the amplitude of the primary system can be
suppressed to a minimum value (about 1.30mm) when time delay is located in “time delay vibration
suppression interval”. It can be observed the amplitude of the primary system can be suppressed to a
smaller value (about 0.59mm) in Fig. 8 comparing with Fig. 7.

Summary

The delayed feedback control is applied to control the vibration in tracked emergency ambulance
when the external excitation frequency nears the first modal frequency of the vibrating system. The
effect of the gain and time delay on vibration suppression of the primary system is studied. The
amplitude of the primary system can be suppressed when the appropriate gain and time delay are
chosen. There are sometime delay vibration suppression intervals for afixed gain, the amplitude of the
primary system can be suppressed to a minimum when time delay located in these time delay interval.
Asthe gainincrease, the performance vibration suppression isimproved when the time delay located in
the time delay vibration suppression interval.
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