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Considering the impact of the nonlinear stiffness, a 2-DOF vibration model with cubic terms was established according to the
structural feature and nonlinear behavior. Ignoring the impact of nonlinear terms, the system was linearly analyzed. In the case of
primary resonance and 1: 1internal resonance, a multiscale method was used to obtain a first-order approximate solution. Taking the
parameters of one tracked ambulance for instance, the approximate solution was corroborated and the influence of the parameters
on damping effect was investigated. Finally, motion stability of the damping system was analyzed with singularity theory. The
theoretical bases for improving efficiency of the damping system were provided.

1. Introduction

The tracked ambulance can go through a variety of complex
terrain and perform first aid on the sick and wounded. To
achieve safe transfer and implement first aid on the way, it
is often necessary to demand good mobility of tracked ambu-
lance and meet the special needs of the sick and wounded.
For the tracked ambulance that is refitted by crawler chassis,
the installation of the vehicle damping system becomes the
main way to improve the ride comfort of the sick and wound-
ed.

The tracked ambulance damping system is comprised of
the carriage, the stretcher base, the chassis, and the nonlinear
shock absorber. Therefore, it can be easily converted into a
multidegree-of-freedom nonlinear vibration system. The use
of the nonlinear vibration system presents numerous advan-
tages, such as better performance in inhibiting broadband
vibration, especially low-frequency vibration. However, com-
plex mechanical properties usually exist in a nonlinear vibra-
tion system such as chaos and bifurcation, which makes it
difficult to be analytically calculated and analyzed; therefore
approximate analytical algorithm are widely used. Lee and
Perkins [1] investigatesuspended, elastic cables driven by pla-
nar excitation with nearly commensurable natural frequen-
cies in a 2:1 ratio. The first-order analysis shows that there

are saturation and jump phenomena, and the cubic nonlin-
earity disrupts saturation. Li et al. [2] apply multiple scales
method and Runge-Kutta to study the nonlinear vibration
characteristics of the axial movement, multilayered cylindri-
cal shells made from composites. The results show some non-
linear properties of the system, such as the phenomenon of
internal resonance, and point out that the excitation ampli-
tude, damping, and velocity can affect the response ampli-
tude, range of internal resonance, and soft feature of the
system. Xin et al. [3] use the average method to analyze
piecewise nonlinear characteristics of the viscoelastic shocker
absorber and the relationship between amplitude-frequency
characteristics and system parameters. Xinye et al. [4] use the
average method to study the possibility of delay feedback con-
trol over the gyroscope system under force. Inoue and Ishida
[5] investigate vibration phenomena of the one-degree-of-
freedom magnetically levitated system considering the effect
of the nonlinearity of the electromagnet, using a shooting
method. Moon and Kang [6] put forward an analytical
method for evaluation of the steady-state periodic behavior of
a nonlinear system. The method is based on the substructure
synthesis formulation and a multiple-scale procedure.

In this paper, the differential equations of the 2-DOF
tracked ambulance nonlinear damping system, including the
cubic nonlinear spring, were presented. In the case of primary
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FIGURE 1: Ambulance damping system: (1) carriage, (2) stretcher
base, (3) zero stiffness damper, (4) rubber damping shock absorber,
and (5) coach chassis.

resonance and 1:1 internal resonance, multiple-scale method
was used to obtain a first-order approximate solution of the
differential equations. Taking the parameters of the tracked
ambulance for instance, the accuracy of the approximate
solution was established compared with numerical results.
The impact of the parameters on damping effect and motion
stability was also investigated. Furthermore, the theoretical
bases for improving efficiency of the damping system were
put forward.

2. Damping System Physical Model

The tracked ambulance damping system is shown in Figure 1.
The damping system is mainly constituted of rubber damping
shock absorber and zero stiffness damper. The linear model
is used to describe the stiffness and damping of the rubber
damping shock absorber. For zero stiffness damper, the
damping is described by a linear model, and stiffness is
described by the positive and negative stiffness parallel model
[7], shown in Figure 2.

The stiffness, the original length, and the initial deforma-
tion of horizontal spring, in Figure 1, are defined as k, L, and A.
k, stands for the stiffness of the vertical spring. The vertical
elastic restoring force of the model can be expressed in the
form

L-2A
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FIGURE 2: Positive and negative stiffness parallel model.

By using the Taylor series, a second-order expansion is
sought in the form

1 1/x\?> 13/x\*
D) @) e e
1 - (x/L)
Substituting the first two terms into (1) results in

f(x)z(ko—%>x+

L-Ak ;
2
L 2

3)

Therefore, the restoring force of zero stiffness damper can
be expressed in the form

f(z)=Kx+pKx -, (4)

where K, = (k, — (kA/L)), BK, = (L — A)/L*)(k/2), and 3 is
a small parameter.

According to the occupant of the vehicle ride (lying)
comfort evaluation standards, occupant comfort is mainly
affected by the vertical vibration acceleration. Neglecting the
other two directions of vibration, a 2-DOF model of the
tracked ambulance damping system is shown in Figure 3,
including the following:

M, the quality of stretcher and decubital body;

M,: the quality of carriage;

K: the stiffness of zero stiftness damper;

C,: the damping of zero stiffness damper;

K,: the stiffness of rubber damping shock absorber;
C,: the damping of rubber damping shock absorber;
X, Xy, and x5: stretcher base displacement, carriage

displacement, chassis displacement.

The differential equations describing the motion of the
damping system are

.. . . 3

M%) +Cy (%) - %,) + K (x; = x,) + BK (%) - x,)” =0,
.. . . 3
M,%, - C, (xl - xz) - K; (x1 - xz) - BKs(xl - xz)

+C, (%, — %3) + Ky (x, = x3) = 0.

(5)
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FIGURE 3: The 2-DOF damping system.

We rewrite (5) as
" 2 : . 3
Fp 4 wyxy = 1x, = 2u %y + 2uy%, — b (xg — x,)7,

" : . 3
%y + whxy = fcos Ot + 2uy%, — 2us %, + Lx; +by(x, - x,)7,

(6)
where
K K C K
oot heag st
1 1 1 1
C , K, +K .
2u, = ﬁlz, w, = 2M2 S, feosQt = Kyx; + Cyxy,
C +C K K.
2143:#, L ===, bzzﬁ.
M2 M2 M2
™)
3. Linear Analysis

Ignoring the impact of nonlinear terms, the nonlinear equa-
tions (5) are changed into linear equations as follows:

M, %, +C (%, — %,) + K, (x; —x,) =0,
Myity = Cy (%) = %) = Ko (% = %,) + Gy (%, - %3)  (8)
+ K, (%, — x3) =0.
By making the substitution,
x5 = €,
X, () = Hw),, e,
%, (t) = iwH(),, e,
i (1) =~ H(w),, e,

. s dwt
X3 =iwe

3
x, () = Hw),, e,
X%, () = iwH(w),, . e,
i (1) = —w’ H(w),, ..
©)

Equations (8) become
(~0*M, +iwC, + K,) H(w),, ,, = (iwC, + K,) Hw),, .,

(—a)zM2 +iwC, + K, + K, + iwCz) H(w)

Xy=X3

= (iwC; + K) Hw),, _y, + K, +iwC,.

—X.

(10)

Setting B, = iwC, + K, B, = ~w”*M, + iwC, + K, and
B; = —w*M, + iwC, + K, + K, + iC,w, we obtain

_ B (K, +iwC,)

M= g
(11)
B, (K, +iwC
b, - Bl
3P — P
The steady-state amplitude from (11) is
H (@), s,
2 2 2 2 1/2
- (1—4)& EIEZ\/I/yu) + 41 (sz/l/yu+)tfl)
_y A b
IH ()]s,
2 2 2
[ (-2 - e )
2
+4/\2(—/\252w1/yu+’g'2\/1/yu+fl> >
1/2
SO
(12)
where
e ?
A= [(—A2+1)(1+y—;)—4125152\/E_1]
1 & [y ’
242 2 2
+4A 1[ —<1+—>/\ +E—?\/g(1— )],
(13)
C C
g - ! > E = = > u= 1)
' 2yMK, 7 2M)K, M,
he o wl:J&, oK wJS
W, M, K M,



14

[x1/x5]

Abstract and Applied Analysis

|x2/x3|

10° 10! 10
w (Hz)
(b)

FIGURE 4: Amplitude-frequency curves.

The amplitude-frequency curves are plotted with the
parameters of a tracked ambulance. The parameters of the
tracked ambulance are M, = 180kg, M, = 2000kg, K, =
217582N/m, C, = 4200N-s/m, f = 1500N, 8 = 0.1,
K, = 2200000 N/m, and C, = 19540 N-s/m. The amplitude-
frequency curves are shown in Figure 4. Although the model
is 2-DOE, there is only one resonance peak. This is because
W ~ .

4. Perturbation Analysis

Utilizing multiscale method, the response of damping system
is solved. The new independent time scales

T,=¢"% n=0,1,... (14)
are introduced, where ¢ represents a small positive parameter
and T,, n = 0,1,... are “slow” time scales which capture

the response due to the nonlinearities, damping, and external
excitation. And we note that

d
E:D°+8Dl+m’

) (15)

d
i Dy +2eDyD, + & (D} +2DD, ) + -+,
where D, = 0/dT,, n = 0,1,.... We expand the time-
dependent variables x; and x, in powers of ¢ as

x;=x9 (T Ty ) +&xp, (Tg, Ty ) + 000 %)
Xy =%y (Tos Ty ) + €%0p (T, Tyye ) + 0

Then we substitute (15)-(16) into (6) and obtain the
following equations.

Order (¢°):
2 2
Dyxyy + wixy =0,
(17)
D2xy, + wxy, =0
0X21 T WXy = V.
Order (&'):
Dixyy + ixy, = — 2Dy (D x,, + - )+1
0X12 T W X1p = o (W1 Xy HUpXy —UpXy 1%21
3 2 2 3
= byxy) + 30 X7, %51 — 30y x1,%5; +byx5,,
Dixyy + wixy, = — 2Dy (D — + )
0X22 T WyX9y = o \(1Xp) — UpXy) T U3Xy

3 2
+hLxyy + by — 3b,x7, %5,

+ 3b2x11x§1 - bzx; + f cos (QT,).
(18)

The solution of (17) can be expressed as

xy, = A, (T)) exp (iw, T,) + cc,
(19)
Xy = A, (T)) exp (iw,T,) + cc.

To express 1:1 internal resonance and the nearness of
the excitation frequency to the first-order natural frequency,
we introduce two detuning parameters o, and o, defined by
w, = w; + &0y, Q = w; + &0,. Substitution of (19) and
w, = w; + €0y, Q) = w, + €0, into (18) leads to secular terms.
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By eliminating these secular terms, the state equations are
obtained as follows:

—2A%iw, — 2u, Ajiw, + 2ujiw, A, exp (i0T,)
+1,A, exp (i0T,) - 35, A>A, +3b, A2 A, exp (i0T,)
+3b, A% A, exp (~iaT,) + 6b, A, A, A, exp (iaT,)
—6b, A\ A,A, - 3b A, AS exp (2i0T,) = 0,
—2A%w, — 2us Ayiw, + 2u, A iw, exp (~ioT,)
+ LA, exp (-ioT,) + 3b,A% A, exp (—ioT,)
- 3b,A%A, - 3b, A2 A, exp (<2i0T,) - 6b,A A A,
+6b,A A A, exp (—ioT,) + 3b,A, A2 exp (ioT,)

1
+ Ef exp (io, T} —io\T}) = 0,
(20)

where A! = D, A,, 0 = e0;. Introducing the polar form

1
A, = 2 0n €XP (i6,), n=1,2 (21)

into (20) and separating the equation into real and imaginary
parts result in the following four state equations:

, 1 . 3, 3.
- a,w; — U4, W, + U;W,a, COS Y + Ella2 siny + gbﬂz siny
3 3
+ gblafaz siny — gblalag sin2y =0,
1 3 3
2,0, @, — 1, w,a, sin y + Ella2 cosy — gblaf + gblag cosy
9 3 3
+ —blafaz cosy — —blala; - —b1a1a§ cos2y =0,
8 4 8
, 1 . 3. 3.
— Ay, — Ua,W, + Uyd; W, COSY — Elza1 siny - <bya, siny
3 3 1
+ gbzaf% sin2y — gbzaﬂ; siny + zf sing =0,
! . 1 3 3
a,w,0, + u,a,w, siny + Elza1 cosy + gbza1 cos y
3

3 9 3
- L—Lbzafa2 - gbzafaz cos2y + gbzalag cosy — gbzag

+ %f cosg =0,
(22)

wherey = 0Ty +0,-0,, ¢ = 0,1, —0,T, — 0,. At steady state,
a =6 = 0 and the average equations (22) become

3
— U] + U;W,aA, COSY — §b1a1a§ sin 2y
3 3 1 -
+ gblafaz siny + gblag siny + Ella2 siny =0,

_ 1 3., 3
a,0,w; — U;w,a, siny + zlla2 cosy — gblal + gbla2 cosy

9 3 3
+ gblafaz cosy — Zbﬂlag - gblalag cos2y =0,
(24)

3. 5 . 3., .
— U3A,W, + Uyd,W; COSY — gbzal siny + gbzal a, sin2y

1 3 1
- Elza1 siny — §b2a1a§ siny + Ef sing =0,
(25)

. 1 3, 3
a,w, (0, — 0,) + tya,w; siny + Elza1 cosy + gbzal cosy

3 3 3 9
- gbzag - gbzafaz cos 2y — :}bzafaz + gbzalaz2 cosy

+ %fcosq) =0
(26)

which provide the steady-state amplitudes and phases.

5. Simulation Analysis

The numerical simulation is to analyze the relationship
between the vibration amplitudes of the stretcher base
and carriage and the parameters of tracked ambulance. To
establish the accuracy of the average equations, simulation
analysis is performed for the parameters shown previously
[8]. For w; = w, = 34.8 rad/s, the 1:1 resonance
may occur. In Figure 5, we show the comparison between
numerical solutions, obtained by the Runge-Kutta method,
and perturbation solutions.

In Figure 5, the trend and resonance position of perturba-
tion solutions and numerical solutions are the same, but the
amplitudes are different. This is because we only use the first-
order approximation, and it does not affect our qualitative
analysis of the dynamic behavior of the system. The damping
system amplitude-frequency curve is similar to the linear
results, where jump phenomenon does not occur. Figures 6-
10 show the impact of the tracked ambulance’s parameters on
the damping effect, where a, and a, represent the vibrating
amplitudes of the carriage and the stretcher base.

As can be seen from Figure 6, when the amplitude of
the exciting force becomes bigger, the vibration amplitudes
of stretcher base and carriage all become bigger.

Figures 7 and 8 clearly show that the damping of zero
stiffness damper has a great impact on the vibration ampli-
tude of stretcher base, but little on the vibration amplitude of
carriage and the damping of rubber damping shock absorber
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FIGURE 5: Amplitude-frequency curve.

has a great impact on the vibration amplitudes of stretcher
base and carriage. The damping is greater and the amplitude
is smaller. Hence, increasing the damping of rubber damping
shock absorber, to some degree, is more effective reducing
vibration.

Figures 9 and 10 show that the stiffness of zero stiffness
damper only has a major impact on the vibration amplitude
of stretcher base, and the stiffness of rubber damping shock
absorber only has a major impact on the vibration amplitude
of carriage on the premise of meeting 1:1 internal resonance
roughly. However, both stiffness of zero stiffness damper
and rubber damping shock absorber affect the resonance
frequency. Increasing the stiffness of zero stiffness damper or
decreasing the stiftness of rubber damping shock absorber
can increase the resonance frequency, which is helpful in
decreasing vehicle vibration [9]. With comprehensive com-
parison of Figures 7-10, damping has a great influence on the
amplitude of vibration, and stiffness has a great impact on the
resonance frequency.

6. Stability Analysis

To analyze the stability of the system in the primary reso-
nance, we need to convert the average equations in polar
form into a rectangular form by introducing [10-14] p, =
a,cos(y + @), q; = a;sin(y + @), p, = a,cosg, and g, =
a, sin ¢ resulting in

b 2 h () e,

D) = — U py + U Py —
)2 1P1tupy 20, 8,

3
— 04 — gbl (Pf + QT)%
1

3
-—b (‘111’; - qg‘h - 2P1PzQ2)

8w,

3 3
- Ebl (PrP2 + 1 42) 91 + Ebl (p§ + qg)ql

+ 8ia)1b1 (Pf + ‘ﬁ)‘h)

l
—2q, - ibz (Pf + ‘ﬁ) q

D, = — Uz, + Uy Py —
j2) 3Py t Uy Py 20, 8,

3
~(0y-0y) g, + gl’z (2P1Q1P2 - Pf‘b + ‘ﬁ‘b)
2

3 3
"3l (P +d))ai + 8y (£5+43)

3 3
+ @bz (Pf + ‘ﬁ) 4 = Ebz (P12 + 9192) 92>

l_lpz + ibl (P; + qg)Pz

11 = —uq; tuqy +
Ut 191 192 20, 8w,

3
t0oyp 8_w1b1 (Pf + Q%)Pz

3
- S_bl (Plpg - qul + 2%132‘12)
Wy

3 3
+ Hbl (PrP2 + 0192) P — 4_w1b1 (p§ + qg)Pl
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FIGURE 9: The influence of zero stiffness damper’s stiffness.
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FIGURE 10: The influence of rubber damping shock absorber’s stiffness.

3
- S_wal (P% + ‘ﬁ) Pr>

. L
= - + + —=
92 Usq + U, 5 2Pl

3 2 2 f
+ 8_a)2b2 (pi+ai)py + 20,

3
- S_wzbz (Pf‘h - ‘1? + 2P1‘11‘12)

3
+ S_bz (P; + qg)Pl +(0y-0y) P,
W,

S b () p- by () P

8w, 4w,

3
+ @bz (P1P2 + 0142) Po>

(27)

where the average equations become more complex and the
exact analytical solution cannot be obtained. At steady state,
pp=0,p, =04 = 0,and g, = 0, and we use the
Newton Method to calculate the value of the equilibrium
point of the average equations (22) by repeatedly changing
the initial value of the equilibrium point. There are three sets
of equilibrium points

¢, ={-3.9041, -1.2622,2.0696, 1.8797} ,

9
45
— K, = 2520418 N/m
-~ K, = 2200000 N/m
K, = 1830418 N/m
(b)
¢, =1{12.1124,7.7186,-13.7048, -10.4106} ,
¢; = {—10.9811,-6.7073,11.9741, 8.9831} .
(28)

The stability of the system at the equilibrium point is
governed by the eigenvalue of the Jacobian matrix of (27)
based on the singularity theory. The eigenvalues are obtained
as follows:

Ay = {—13.5988 + 22.7426i,—13.5988 — 22.7426i,
—4.0362 + 5.5237i,-4.0362 — 5.5237i},
A, =1{-31.75+120.174,30.18,-31.75 — 120.17i,-1.95} ,

A = {-28.95 + 103.88i,-1.70,~28.95 — 103.88i, 24.33} .
(29)

Equation (23) is the Jacobian matrix of (22) at equilibrium
point, where the expressions of n;; (i = 1,...,4, j = 1,...,4)
are given in the appendix:

A= (30)

After singularity analysis, the system is only stable in
the first equilibrium point. Since there is only one stable
equilibrium point, the jump phenomenon does not occur.
The Runge-Kutta method is used to validate the singularity
analysis. Figure 11 presents the final stable position of (22) at
three equilibrium points.
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FIGURE 11: System stability location.

Figure 11 clearly illustrates that the system is only sta-
ble in the first equilibrium point and diverges to infinity
(Figure 11(b)) or converges to the stable equilibrium point
(Figure 11(c)) at an unstable equilibrium point. Therefore,
the system is impossible to get a stable state in the unstable
equilibrium point.

7. Conclusion

This paper established the dynamic model of a tracked ambu-
lance damping system containing cubic nonlinear terms.
We utilized a multiscale method to investigate the dynamic
model and obtained the average equations. Average equations
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were corroborated with the actual parameters. The influence
of damping system parameters on the damping effect as well
as the stability of the damping system was analyzed. The result
explained the reasons why there is no jump phenomenon.
This analysis method is suitable for multidegree-of-freedom
bearing motion system, particularly suitable for vehicles.
The research results are valuable for the vehicle damping
system design as well as forecast the damping system dynamic
behavior.

Appendix
Consider
n =y 3bg, + 3biqx P, B 3biq, P, N 3biq,
11 1 4w, 4, 4w, 4w, >
o 3b,9,p, _ 3b, (29, p, — 2p195)
12 =4 4o, 8w,
_ 3biq, + 3bi1q, P,
4(01 2(01 ’

2 2
3bgpq, 3by (pZ - 612) o 3b, (P12 + 4192)

2

2w, 8w, 4w,
V(pra) s 36 (el +d)
4o, 4w, 8w,
I L 3b,q5 ~ 3b, (P; + q%) B 3b (Pf +‘ﬁ)
H 20; 4w, 8w, 8w,
3 3b,q) + 3b, (P12 + 0192) + 3b,9,9,
4w, 4w, 2w,
3b 3b -
Ny = thy — 2Py 20 (41P2 — P192)
4w, 4w,
+ 3b,p19,  3bypad,
2w, 4w,
3b 3b 3b 3b
My = ity + 201 2%Pdy | %l 2P1Q2,
4w, 4w, 4w, 4w,
- L 3b,q° B 3b, (Pf + ‘ﬁ) B 3b, (P§ +‘1§)
> 2w, 4w, 8w, 8w,
+ 3b,q,49, + 3b, (P1P2 + 4192) B 36,45
2w, 4w, 4w,
3b, (-pi+4i)  3b
My = ( ! 1) _ 20919 —

8w, 2w,

b, W (eg) b (pie )
4w, 8w, 4w,

_3b (P1p2 + 219)
4w, ’

1

3bipapy 3b, (P% B qﬁ) tot 3by (p1pr + 0192)

2

N3 =

2w, 8w, 4w,
B 3b (Pg +‘1§) B 317117% B 3b, (P% +6]f)
4w, 4w, 8w, ’
b gy 3bi(piedr) 3h(el+a))
32 2w, 4w, 8w, 8w,
N 3b,p} _3b (pip + D) _3bipap
4w, 8w, 2w,
3b 3b
1 1
N 3big,p1 3bigip,
4w, 4w,
3b 3b -
Hay = 9y + ;Z,ZPZ _ 1(‘115(20 P1%)
1 1
+ 3bigipy 3bigyp
4w, 2w,
L byt 3b(pirdl) 3b(p+a)
4 2w, 4w, 8w, 8w,
3 (piprtaidn)  3bypips N 3b, 5
4w, 2w, 4w,
2, 2
- 3b,p,ps o - - 36, B 3b, (pZ +QZ)
2 2w, 2 4w, 8w,
2, 2
_ 3b, (Pl + ql) N 3b, (p1p2 + 0192)
4w, 4w, ’
3bpyq, 36 (Pl -390 +2p14y)
s =t dw, 8w
2 2
_3bagip, + 3b,p245
2w, 4w,
=y 3b,p19, + 3,p 9, 3b,pag, + 3b,pad,
44 4w, 4w, 4w, 4w,
(A1)
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