24th INTERNATIONAL CONGRESS ON SOUND AND VIBRATION ICSV24JV\
23-27 July 2017, London T

LONDON CALLlNG
AN IMPROVED MULTI-HARMONIC BALANCE METHOD
FOR NONLINEAR DYNAMIC ANALYSIS FOR JOINT
INTERFACE

Wang Dong?, Feng Jiaquan?, Hu Jie®, Wan Qiang”,

Institute of Systems Engineering, China Academy of Engineering Physics, Mianyang 621999,
P.R.China

Email: king_east@sina.cn'; fjg@caep.cn?; gumu@mail.xjtu.edu.cn®; wanzhenyu@126.com*

Mechanics modeling for joints is a challenging problem for the complex multi-scale,
multi-physics, nonlinear behaviors of contact interface of the assembled structure. In
this paper, the dynamic governing equations of vibration system are conducted with
considering the nonlinear stiffness and damping of the joint interface. An improved
MHBM (multi-harmonic balance method, MHBM) is then used to analyze the steady-
state dynamic response under the periodic loading in time-frequency domain. The pro-
posed method is verified by a comparison with the direct numerical integration solution,
and the effect of the nonlinear parameter and periodic exciting frequency is also investi-
gated. The results show that the solutions solved by the proposed harmonic balance
method agree well with the direct numerical integration solution. With the increase of
the nonlinear parameter, the amplitude of the steady-state response will become smaller,
and larger exciting frequency will also induce smaller amplitude of displacement and
less area of hysteresis curve.
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1. Introduction

The problems of contact and friction modeling for of joint interface are of fundamental im-
portance in structural dynamics [1-3]. The existence of complex multi-scale, multi-physics and non-
linear behaviors of joint interface is mainly response for the complex dynamics of the assembled
structures. Modeling for joint interface is critical in the design, control and optimization of mechan-
ical engineering systems [4].

One of practical methods for simulating the nonlinear mechanics of joint interface is employing
the deduced-order physics-based models instead of the build-up structure. In this method, develop-
ing the physics-based constitutive models for the joint interface is a preparation for the dynamic
simulation and prediction. The constitutive models should reproduce the typical nonlinear behaviors
of joint interfaces [5, 6]. Several appropriate contact models have been proposed to simulate the
stick-slip behaviors [5, 7-12]. Among them are so called stick-slip frictional models, which allow
partial slip in contact area of joint interfaces. The Iwan model is commonly used to model the mi-
cro-slip behaviors and consists of an array of parallel springs in series with sliders called Jenkins
elements [13, 14]. Other frictional models are also used to describe the smooth transition from stick
to micro-slip and macro-slip, such as the LuGre bristle friction model, Dahl model, Valanis model
[1, 2, 10]. Compared with other constitutive partial slip models, lwan model can describe the micro-
slip of mechanical joint interface better, and the parameters of lwan model are almost physics-based.
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Therefore, the Iwan model has been widely used by many researchers to describe the sliding behav-
iors, such as Quinn [15], Deshmukh [16], Miller [17].

The aiming of this paper is to develop a modified lwan model that is capable of describing the
nonlinear softening stiffness and hysteresis behaviors of joint interfaces, which is considered to
conduct the governing equations of vibration system. The multi-harmonic balance method is used to
analyze the steady-state dynamic response under the periodic loading in time-frequency domain.
The proposed method is investigated by a comparison with the direct numerical integration solution,
and the effect of the nonlinear parameter and periodic frequency is also investigated.

2. Contact forces

The nonlinear partial-sliding behaviors of joint interface are modeled using the parallel-series
Jenkins elements. Figure 1a) shows the geometry of lab-type joint interface. The up moved part
connected to a fixed part with several parallel-series Jenkins elements consistent of spring-slider
units, called lwan model shown in figure 1b). Every Jenkins element has a same stiffness ki=k/n
with a different critical sliding inception force g;, i=1...n. Where n is the number of sliders, and k is
the total of slipping stiffness. When the tangential load is small, most of sliders keep stick, and the
rest sliders will slip for the recycle force of these springs is larger than sliding inception g;, called
micro-slip. With the increase of the tangential load, more and more sliders start slipping till all slid-
ers slip, called macro-slip.
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Figure 1 schematic of joint: a) lab-type joint interface, b) Iwan model
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Figure 2 schematic of modified lwan model: a) modified lwan model, b) hysteresis curve
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The lwan model can well describe the nonlinear stick-slip behaviors of joint interface, but ig-
nore the residual stiffness of the macro-slip. The Iwan model with an additional adjusted spring
ke=ak shown in figure 2a), is applied to describe the residual stiffness of joint interface during the
macro-slip.

A uniform distribution of critical sliding force is proposed as

L 0<g<2f,
¢(Q) =12 fq (l)
0, else

where, fq is the ultimate slipping force when all of the Jenkins elements slip.
The recycle force of all Jenkins elements can be calculated by

F (9 = [ ap(@)da + kx| p(a)dq + ak )

Substituting Eq.(1) into Eq.(2) yields
k2x?
FO0 = L+ a)kx— a1, , 0=<x<2f /K 3)

fq+ akx x22fq/k

The first part of Eq.(3) is the contribution of Jenkins elements, and the second part is additional
adjusted spring’s linear recycle force, akx.

In Ref. [6, 9, 18, 19], the parallel-series lwan model satisfies the Masing hysteresis condition,
shown in figure 3. When the joint interface is subjected with oscillatory loading, the recycle force of
reloading and unloading process is defined according to the amplitude of recycle force Fq as

Fa(¥)=-F +2F[¥] x>0 reloading

4)
X —Xx) .

Fon (X) =F, —2F o) xs 0 unloading

where, xo denotes the amplitude of relative displacement, related to the amplitude of recycle force
Foand defined as
Fy = F (%) )
By substituting Egs. (1)(2)(5) into Eq.(4), the recycle forces of reloading and unloading process
are given by
k(% -x)/2 o

kxg
Fa()== [ ag@)da+kx [ ga)da+ake+ [ (a+kx—kx)g(a)dg
0 kxo k(xp—x)/2

(6)

K(x+x)/2 o ke
Fa)= | ad(a)da+kx [ ga)dg+aker [ (ke +kx-0)g(q)dg
0 kg k(%o +)/2
3. Nonlinear solution methods
The dynamic governing equations of vibration system in time domain are established with the
consideration of the local nonlinear behaviors of joint interface, defined as
m-X+c-x+K-x=F, (% 1) +F(t) (M
where, m. c. k are separately the mass, linear damping and stiffness matrices. x is the response vector of the

system degrees of freedom. f,, is the vector of the nonlinear contact force of joint interface. f is the vector of the
external force.

The steady-state response in time domain can be reached by the multi-harmonic balance
method and defined as
X(®) = X© +m[i7m> j ®)
h=1
In this method, the nonlinear contact force and external force are also expressed as a series of
harmonic terms.

ICSV24, London, 23-27 July 2017 3
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— H _ )
1:n (Xl Xlt) = fn(O) + ER (z fn(h) . e'hm j
h=1

., 9)
f(t)=f° +~R[Zf‘“) -e‘””‘]
h=1
where, H is the number of harmonic terms. o, ¥ and x® are the Fourier coefficient.
Substituting Egs.(8)(9) into Eq.(7), and transforming Eq.(7) into frequency domain yields
k.-x© —FO L FO
A 10
[—(h-a))z.m+i-h.w.c+k].i(h>:f<h>+fn<“> (10)
where,
y(h) — F(h) ,f(h) +F(h) _fn(h)
(11)

o :[-(h.w)z-m+i-h-w.c+k]l

With the results of steady-state response vector in frequency domain, the vector of the velocity
can be given by
(h)

X" = jwx

y
x(t) = X© +m[2>—k<“> gt

J 12)
The interval of the discrete frequency is relatea to the external oscillatory frequency fe.
w=nx27xf, (13)
where, n is the discrete number per cycle, n>10.
The main steps of the algorithm for getting the steady-state solution x(t) is summarized as fol-
lows:
(D Calculate the steady-state solution x(t) of linear system by Eq.(11) without considering the non-
linear contact force f,, in Eq.(8), and get the velocity by Eq.(13).
(2 Calculate the nonlinear contact force f, in time domain, and transform it to frequency domain by
fast Fourier transforming.
(® Calculate the steady-state solution x’(t) by Eq.(11) once more, and also get the velocity by
Eq.(13).
@ Calculate the error by comparing the steady-state solution of x(t) and x ’(t).

x()-x(1)
X(t)

(B Remark the error, if A<0.01, stop calculating and export the results of step (3), else goto the step
(@ and recycle the following steps till the error A less than 0.01.

4. Dynamic governing equation
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Figure 4 schematic of lap joint: a) contact area of stick and slip, b) simplified jointed structure

When the jointed structure is forced by the normal and oscillatory tangential load synchronous-
ly, the contact area can be divided into stick and slip zones shown in figure 4, for the un-uniform
distribution of contact stress. The modified lwan model in Section 2 is applied to describe the non-
linear behaviors of joint interface. Substituting Eqgs.(3)(6) into Eq.(7), the dynamic governing equa-
tions of lap joint system under oscillatory loading are defined as

mX+cx+(1-y, ) kx+y, x f, (X, x,t) = asin (27 ft) (15)

4 ICSV24, London, 23-27 July 2017
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where, ys is the proportional coefficient of linear and nonlinear contact force, related to the residual
stiffness coefficient «, ys€[0,1]. f s denotes the recycle force of unloading and reloading process. a
is the amplitude of external exciting force, and f is the frequency.

Transforming Eq.(15) into dimensionless set, the governing equations is multiplied by (k/mfy).

k k k f k .
R i 2t x4+ (1— 2 B 2 lun _ R 2 16
qu+ Ew 3 x+(1-y,)w 3 X+ Y, X® T, asin (27 ft) (16)
where, o=(k/m)*?, 2éw=c/m.
The dimensionless contact force Eq. (3) is given by
non y2
- F -, 0<y<2
f(y)=—= =3 y (17)
g 1 y>2

where, y =kx/ fg-
Substituting Egs.(4)(17) into Eq.(16) yields
J+2L0y+(1-y, )@’y + Yy, xa’ f,, =asin(2z ft) (18)
where, z is the dimensionless amplitude of external exciting force, a - ka/mf, .
The dimensionless contact force of reloading and unloading process is given by
) f0”°”—2{¥—(y°2_yjz} y<0

- (19)

2
_fonon+2{y+2yo_(y02+yj } y>0

u/l

where, Yo is the maximum dimensionless response. ¢~ is the maximum dimensionless recycle
force, ¢ <1, related to yp.

For Eq.(17), the maximum dimensionless contact force is 1. As a result, the recycle force of re-
loading and unloading process predicted by Eq.(19) is also less than 1. Hence, Eq.(19) is only suita-
ble for micro-slip, and the recycle force of macro-slip is defined as

- -1 y<0

fun :{1 y>0 (20)
5. Results and discussion
5.1 Method investigation

In order to validate the proposed multi-harmonic balance method in time-frequency domain, the
response of vibration system with the consideration of the nonlinear behaviors is calculated and
compared with the direct numerical integration solution. Firstly, the iteration results are shown in
figure 5, and the simulated parameters are listed as {w=1, ¢=0.02, y;=0.2, =20, f=0.5}.
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Figure 5 iteration results of proposed MHBM
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Figure 5 depicts the steady-state displacement response of 13 iteration cycle. With the increase
of iteration cycle, the steady-state response of displacement is convergent till the results satisfy the
accuracy. In this paper, the iteration accuracy is 0.001 calculated by Eq.(14). What’s more, the ac-
curacy of the proposed method is verified by comparison of displacement, velocity and recycle

force with the direct numerical integration solution, shown in figure 6.
1.5
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Figure 6 comparison of steady-state response between proposed MHBM and direct numerical integration
solution: a) displacement; b) recycle force; ¢) velocity d) recycle force and displacement

The steady-state response is extracted to investigate the precision by a comparison between the
proposed MHBM and direct numerical integration solution shown in figure 6. The results, including
displacement response, velocity and recycle force agree well with the direct numerical integration
solution. As seen from the relation between the contact force and response shown in figure 4d), with
the increase of displacement response, the slop of curve become less and less, inducing a softening
stiffness of joint interface.

5.2 Parameters investigation

The effect of the nonlinear parameter ys and exciting frequency on the steady-state response is
also investigated. The steady-state response with different nonlinear parameter y; and the recycle
force with different exciting frequency are separately shown in figure 7 and 8.

6 ICSV24, London, 23-27 July 2017



ICSV24, London, 23-27 July 2017

y A\

y, increase AN
N

\

Velocity, m/s

y=0.10, Ite =4

E— yS:O.lS, Item:Q

—y=0.20, Ite =13
y=0.25, Ite =17
S num

——y=0.30, Ite =29 6

y=0.35, Ite. =65

S 8 num

Displacement, m

-3 1 I 1 1 -8 1 1 1 1 )
495 496 497 498 499 500 495 496 497 498 499 500

Time,s Time,s

Figure 7 effect of nonlinear parameters on steady-state response: a) displacement, b) velocity
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Figure 8 effect of oscillatory frequency on contact force of joint interface

Figure 7 expresses the effect of the nonlinear parameter on steady state displacement and veloc-
ity. As seen from figure 7, larger nonlinear parameter ys will induce smaller displacement amplitude
and velocity amplitude, but more cycle number of iteration. The cycle number of iteration at y;=0.1
is 4, while the iteration cycle number is 65 for the case at y;=0.35. Figure 8 depicts the oscillatory
frequency on the relation between the contact force and steady-state response. As the oscillatory
frequency increases, the amplitude of the steady-state displacement becomes smaller, result in less
area of the hysteresis curve and less energy dissipation per cycle.

6. Conclusion

In this paper, the modified Iwan model is applied to describe the nonlinear behaviors of joint
interface, which is used to conduct the governing equations of vibration system. The multi-
harmonic balance method is used to get the steady-state response of jointed structure under oscilla-
tory loading in time frequency domain. The proposed harmonic balance method is verified by a
comparison with the numerical integration solution, and the effect of the nonlinear parameter and
periodic frequency on the nonlinear behaviors of joint interface is also investigated. The results
show that the solutions solved by the proposed harmonic balance method agree well with the direct
numerical integration solution. With the increase of the nonlinear parameter, the amplitude of the
steady-state displacement and velocity will become smaller. As the periodic frequency increases,
the amplitude of displacement will become less, inducing less area of hysteresis curve and less en-
ergy dissipation per cycle.
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