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Abstract. This paper is concerned with the identification problem of a certain mechanism’s
dynamic parameters in its operation. This mechanism can be simplified as three rigid body
structure joined by a prismatic pair, a revolute pair and a fixed constraint. The unrestraint dynamic
equations of the mechanism can be obtained by using multi-rigid-body theory. In order to acquire
unknown dynamic parameters, such as displacement, velocity and acceleration, a field experiment
was designed. Then by choosing limited memory least square method and using the experiment
results, one mass of rigid body could be identified. Finally, the calculative mass was compared to
the “real” mass which was consulted in the specification book of this mechanism. The whole
process shows that the rigid dynamic model of this mechanism and the method of identification
are both effective.

Keywords: multi-body dynamics, mass, identification, limited memory least square method.
1. Introduction

The structure of machinery is becoming more and more complex. As a result that the mass
matrix and the stiffness matrix of the whole system is also complex presenting time-varying. So,
it’s difficult for researchers to describe the dynamic model of some machinery accurately.

At present, research field is mainly divided into two direction, forward problem and inverse
problem. Based on mathematical model, forward problem is concerned with the structure’s
dynamic response under different excitation. Q. Chen analyzed a certain mechanism dynamic
response by using the wavelet transform method [1]. By means of multi-body transfer matrix
method, X. Rui obtained the model function’s accurate expression [2]. Inverse problem, namely,
dynamic parameter identification problem, uses some model class to find an equivalent model
upon input and output. X. Liu, D. Jing and W. Zhuang provide many identifying methods of
time-varying parameters in their papers [3-5]. Because of least square method’s simple principle
and fast convergence, it is widely used in identifying system parameters. As one of least square
method’s improved algorithms, limited memory least square method can effectively overcome
“data saturation” phenomenon when it is applied to time-varying identification. X. Chen and
C. Chen proved its effect in their work [6]. But, most of inverse problem dynamic equations lack
physical significance and it’s hard to examine the result of identification intuitively.

In this paper, taking a certain mechanism as the research object, we can identify the
time-varying mass effectively when combining mechanism dynamic model with limited memory
least square method. Because the mass has physical significance, the result of identification can
be compared to the static measurement in order to examine the method’s effect on time-varying
parameters.

2. Problem formulation
2.1. Dynamic model

It is supposed that the mechanical system is moving in the vertical plane of symmetry during
being operated and consists of three rigid parts [7], namely, recoiling part B3, tipping part B, and
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carriage part B,. Recoiling part moves linear relative to tipping part expressed as x while tipping
part rotates relative to carriage part expressed as 8 + . The whole mechanism’s motion is
expressed as the horizontal motion &, the vertical movement n and the rotation a. The external
force is made up of the gravity acting on each rigid-body, the breech force Py, working on By
and the constraining force coming from € and D points on the ground. The internal force consists
of the R, between B; and B,, the M. between B, and B;. So, the dynamic model can be
simplified into three-rigid-body structure and is shown in Fig. 1.

y(es)

n(e2)

x(es)

Fig. 1. The dynamic model of the mechanism

InFig. 1, oén is chosen as the inertial reference frame; the points C;, C,, C; are center of mass
on the rigid body B,, B,, Bs; the points C, A, A, are the base points; the coordinate system CXY,
AXY, A, XY is built on these base points; the unit base vector is expressed as ey, e,, €3, €y, €s, €4
and e,, where e, is established by right hand rule; m,, m,, m; represents each rigid body’s mass;
my, m,, my is the rotational inertia relative to C, A, A,; the force N¢¢ and N, is the constraining

force coming from the ground [8-10].
2.2. Dynamic equations

The absolutely velocity and acceleration of each rigid body is illustrated in Eq. (1):
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(Vpl = 531 + ney,

ap1 = 531 + fjey,

Vpy = &ey +1e; — Yyde; + Xyde,,

Ay, = Ee, +ije, — (Yad + X a2)es + (Xu0 — Yyde,,

Vp3 = éel +ne, — Yyae; + Xyde, — d(o’c + ﬁ)es —xes + (b — x)(o'c + ,[?)eﬁ,
ey +ije, — (Yad + Xpa?)es + (X4 — Yyd?)e,

Qs = [+ dG@+B) + b —x)(a + )| es

+[0 )@+ §) — d(a +B)’ — 25(a + ) es @
Vep = ée, + ne, — Yiaes + X de,,
ac, = ey +ije, — (Vi + XD e; + (X, — Yyd?)e,,
Vey = éel +ne, — Yyae; + X ae, — dz(o’c + ,6")85 + sz(d + B)eG,

A

_ Eey +1je, — (Vad + XaaPes + (X, — Yya?)e,
2 7= (e + B) + s2(@ + B)| s + [s2( + B) — o + B)| e’
Ve3 = Ups,
ac3 = ap3.

According to Eq. 1, the base vector is expressed in Eq. (2):
€16, 0 0 0
e; = [6182 XAe4 - YA€3 0 0 ] (2)
€163 —YAe3 + XAe4 - des + (b - x)e6 _des + (b - x)eG —€g

The absolutely angular velocity and angular acceleration of each rigid body is obtained in
Eg. (3):

w, = @e,,
w, = dey,
Wy = (a + B)e7l
) @, = (@ + ﬁ)e7, ®)
w3 = (d + 6)67,
@z = (@ +f)e.

According to Eq. (3), the angular base vector is expressed in Eq. (4):
0 0 e 0 0
e*=10 0 e e, 0l 4
0 0 €& e 0

The principal vector and principal moment of the external force is shown in Eq. (5) and Eq. (7):

Ry

R’ = R2 , (5)
R3

where:
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—(N¢gcospy + Ngypsingy + fNp,cospy + Npysing; + m, gsing,)e;
! +(NC§sir1¢1 — N¢ycosey + fNp,sing; — Np,cos¢; — mlgcosg‘bl)e4 ’

R, = —Rres — m,gsing,es — m,gcose, e, ©)
R; = —(PKH — Rf)eS — mzgsing,e; — mzgcosg,e;.
p1
Ly = |Lpz|, @
Lys
where:

Ly, = (MC — NDnLcosqﬁ1 + fNDaninqb1 —mygX cosp; + mnglsin¢1)e7,
Ly, = (—MC + Red; —mygs,cosgp, + ngszsin¢2)e7, (8)
Lpl = (Pxye)e;.

The principal vector and principal moment of the inertia force is shown in Eq. (9) and Eq. (11):

my 0 0 Acq —mqQcq R;
R* = —MaC = —[ 0 m, 0 l [aczl = [_mzacz] = R; (9)
0 ms

—mzQcs R}

where:

R; = —my[ée; +ije, — (V& + X1dPes + (X1d — Yid?)e,),

. Eey +ijey, — (Yol + Xya?)es + (Xudt — Yade,
=-m " . " . ,
2 |- [da(i+ B) + s2(a+ )| es + [s2( + ) — do(a + £)] e
< é:el + ﬁez - (YA(Z + XAdz)e3 + (XAa’ - YAd2)64 (10)
R; = —ms ! —[5&+d((’i+,§)+(b—x)(d+B)2]e5 g
+[ - (a+f) - da+p) - zx(oz +8)] es
_ pcr O my 0 7[%1 Cfpl
Ly, = —pc X Ma, — G, = — 0 pcz l [ m2 Olapzl— Gy
;e Grs (11)
Pc1 X (_mlapl) - Gpl —Pc1 X (_mlapl) + Gpl
= |Pc2 X (_mzapz) - sz —Pcz X ( mZapZ) + sz = )
Pcz X (_m3ap3) - Gp3 —Pc3 X (_m3‘1p3) + Gp3
where:
[L* = {m1(X15in¢1 + Y1C05¢1)$ — my (X;cos¢, — Y;sing, )ij —]1d}e7,
m,(s,sing, + d2C05¢2)$S — my(s,c05¢), — d,sing,)ij
i Ly, =11 + my($:X4 + dyYy)cos(d, — 1) + my(s,Yy — doXy) X sin(g, — @py)ld ey, (12)
/2B — my[(5,X4 + dyYp)sin(p, — 1) — (52¥a — dyXy)cos(p, — ¢py)d?]

kLpS = {]35& +]3c.g}€7-

The generalized force and the generalized moment of force in the whole dynamic model can
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be expressed in Eq. (13) and Eq. (14):

e e 21
[ez e, €z } R,
(eg)T ‘R'=|0 Xjie,—VYies —Yies+Xye,—des+ (b—x)eg|- (R,
lO 0 —des + (b — x)eq R
0 0 —eg
e; - (R + R, + R3) (13)
[ ez (R + R, +R3)
= [(X4es — Yae3) - Ry + [-Vje5 + Xpe, — des + (b — x)eg] - Rz |,
[—des + (b — x)eg] - R;
—es - R,
0
0 0
0 0 Lyy 0

. (14)

0 € e L €7 (Lpz + Lys)

0 0 0 0

0 o0
(e®)T - L,=le; e; ey|- Ly, | = le7 . (Lpl + Ly, + Lp3)
p3

The generalized inertia force and the generalized inertia moment of force is obtained in a
similar way.

Then, by substituting Eq. (1)-(14) into Eq. (15)-(16), the generalized force and the generalized
inertia force is established in Eq. (17)-(27):

_T,R’: v\ g T .

o= [f]- @ wer s, o
—Ma, T p

0= |t ) = 8 M0 =@ (cpex =6, (10

= (ez',’)T “R*+(e”)" - Ly,
(@1 = —Pgpcos¢, — Neg _fNDrp
Q2 = —Pgysing, — (my + my + m3)g — Neg — Npy,
Pyyle +d — Xysin(p, — 1) + Yycos(¢p, — ¢p1)] — myg(Xicosgp, — Yising,)
—(my + m3)g (X cos¢, — Yysing;) — myg(s,cosp, — dysing,) , (17)
—mzg[(b — x)cosp, — dsing,] — Np, Lcosp, + fNp, Lsing
Q4 = Pgy(e + d) —myg(s,cosd, — dysing,) — mzg[(b — x)cosp, — dsing, ] — M,
Qs = Pgy — Ry + m3gsing,,
Qi = —(my +my + m3)é + (M Xy + muX, + myX,)sing, + (m,Y; + m,Y,
+ m3Y,)cosgp, + [m,s, + mg(b — x)]sing, + (m,d, + myd,)cos¢p,}d

193

e 18
+ {[mys, + mg(b — x)]sing, + (m,d, + myd,)cosg,}B + mscosg, % + f; (18)
= A8 + ag3d + af + agsX + fi,
where:
fi = {m X, + myX, + mzX,)cospy — (myY; + m,Y, + myY,)sing,
+ [mys, + mg(b — x)]cosp, — (m,d, + myd)sing, }a? (19)

+ {[mys, + my(b — x)|cos¢p, — (m,d, + m3d)sinq.’>2}([;’2 + Zd[;’)
— 2myx(d + B)sing,,
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Q; = —(m; + m, + my)ij
—{(m; X; + myX, + mzX,)cos¢p, — (m,Y; + m,Y, + my¥,)sing,
+ [mys; + m3(b — x)]cosp, — (myd, + mad)sing,}d (20)
— {[mys, + mg(b — x)]cosp, — (m,d, + mzd)sing,}f + mssing, X + f,
= Qgaff + A3 + Az + aysX + f,

where:

f2 = {mX; + myX, + mgX,)sing; — (mY; + m,Y, + myY,)cose,
+ [mys, + my(b — x)]sing, — (m,d, + mzd)cos¢, }i?
+ {[mys, + my(b — x)[sing, — (m,d, + myd)cosg,}(B? + 2dp)
- 2m35c(d + B)cosd)z,
Q3 = {(my X1 + myX, + m3X,)sing, + (m,Y; + myY, + msY,)cosg,
+ [mys, + ms(b — x)]sing, + (m,d, + mad)cosp,}é
—{(m Xy + mypXy, + mgXy)cospy — (my Yy + m,Y, + m3¥y)sing,
+ [mys; + m3(b — x)]cosp, — (Mm,d, + mzd)sing, }ij
= Ui+ 2+ Jac + (my + ma)(XF + Y2) + mg[(b — x)? + d?]
+ 2[m,s, + m3(b — x)][X4 cos(gp, — @) + Yy sin(gp, — ¢4)]
— 2(myd; + m3d) [ X, sin(g, — ¢y) — Yy cos(d, — ¢y)]}d
— o+ Jac + m3[(b — x)* 4+ d?] + [m,s, + m3(b — x)]
X [X, cos(¢py — 1) + ¥y sin(¢, — ¢1)] - (m,d, + msd)
X [Xy sin(p, — ¢1) — Yy cos(¢, — ¢3S
+ {mS.[XA sin(gp, — 1) — Y, ?_05((152 — ¢ —mzd}xk + f3
= ag3.§ + azpf) + Az3d + azef + azs¥ + f,

(21)

(22)

where:

f3 = {[mys, + m3(b — x)][Xysin(¢p, — @) — Yycos(¢, — ¢1)] )
+ (Mmpdy + mad)[Xacos(p, — 1) + Yysin(g, — ¢1)]}(ﬂ2 + 'Zdﬁ) (23)
+ 2mg[X,cos(d, — ¢1) + Vysin(g, — ¢y) + (b — x)]k'(d +5),

Qi = {[mzs; + m3(b — x)]sing, + (m,d, + mzd)cosp,}
—{[mzs; + m3(b — x)]cosg, — (m,d, + mzd)sing, }ij
= {2 +J3c + ms[(b — x)* +d*] + [mys;, + ms(b — x)]
X [Xac08(¢2 — 1) + Vysin(¢, — ¢1)] — (myd; + mad) )
X [Xsin(@z — ¢1) — Yacos(p, — )} — { + Jac + ms[(b — )% + d?[3f

+ m3dx + f;l, = a41€. + a42ﬁ + a43d + a4,4,ﬁ + a455€ + f,

(24)

where:

fo = —{[mas; + m3(b — 0)][Xusin(@, — P1) — Yycos(Pp2 — ¢1)] )
+ (m,d, + T.nsd)[XACOS(d)z — ¢1) + Vysin(p, — ¢;)[}d? + 2ms (b — x))'c(d +ﬁ).

Qs = mgcosp,§ + mg_Sind)zﬁ +ms [XASin(d’g_ — ¢1) — Yycos(p, — Pp)]d — mzdfp (26)
—mgX + f = as5;:§ + asyfj + as3d + a5y + ass¥ + fs,

(25)

where:

fo = —ms[Xacos(¢, — ¢y) + Yasin(p, — ¢1)]1d? — ms(b — x) (& + B). (27)

Finally, the whole mechanism dynamic equations are established as Eq. (28):
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Aj =F, (28)
where:
a;; Q12 o Qs
a=|tr fmo s (29)
as1 Qsz * Qss
a=[ 1 a p AT, (30)
F=[-(Q:+f1) —Q:+f) —@Qs+f) —(Qi+f) —(Qs+f)]". (31)

3. Field experiment

In order to identify the time-varying system parameters, like time-varying mass, a field
experiment is designed and conducted.

3.1. Experimental equipment

Experiment Equipment mainly consists of two parts, the data collection system and the
high-speed photography system.

The data collection system consists of Briiel&Kjer acceleration sensor, Qiwei angular
acceleration sensor, Lianneng pressure sensor, Kistler charge amplifier, Dewetron data collector,
Dewetron software and so on.

The high-speed photography system consists of an IDT Y3-S2 high-speed camera, a high-light
LED light, a nikkor 50 mm/1.2D camera lens, a nikkor 400 mm/2.8D camera lens, ProAnalyst
dynamic target capture software and some other ancillary equipment.

3.2. Experiment results

The angular velocity of the recoiling part is shown in Fig. 2 and the active force of the
mechanism system is shown in Fig. 3.

40 -
a ~
\g 20 04 o T~
8 o
Sy S sl
3 < 52
= = /f
R f
< 3
S 204 B J
a g 104 J
3 ! g, /
& -0+ I J
& f
(Y
-60 — 1]
0.0 0.1 0.2 03 0.4 -20 T T y T T 1
time/s 0.00 0.02 0.04 0.06

time/s
Fig. 2. The angular velocity of the recoiling part Fig. 3. The active force of the mechanism system

4. Numerical calculation
4.1. ldentification method

The model can be expressed in Eq. (32) [11-13]:

Az Dy(k) = Bz Dy(k —d) + £k, (32)
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where & (k) is white noise, and the structure parameters m, n, d are known. And:

-1\ — -1 -2 -m
{A(z Y=14+az7t +az7% + +a,z7 ™, (33)

Bz Y)=by+az7t+a,z72+ - +az ™

The target of identification is to establish m + n + 1 parameters according to the measurable
input and output. The model can be described in least square method and is expressed in Eq. (34):

y() = —a;y(k = 1) = —ay,y(k = ng) + bou(k — d) (3
+ o Fbpulk —d —np) + (k) = @7 (K6 + (k)
where @ (k) is the data vector, 6 is the parameter need to be identified. And:
@(k) = [=y(k = 1)+, —y(k = ng), u(k — d), -, u(k — d —n,)]" € RMatmp+x,
0 = [ay, QAng» bg, -+, bnb]T € RMatmp X1, (39)

So, the identification equation of the rigid body mechanism model can be expressed in Eq. (36):
ms§ =F'. (36)
4.2. Identification results

The time-varying identified mass of the recoiling part is illustrated in Fig. 4.

1200

1000

mass /kg

400

200 r T X T Y 1
0 3 10 15

time/ms
Fig. 4. The time-varying identified mass of the recoiling part

The angular velocity data contains the stress wave noise, as a result that the identified mass of
the recoiling part consists of calculative deviation. Although, this time-varying identified mass
can reflect the calculative consequence ignoring physical significance.

A relative percentage error (RPE) is defined to compare the result of the identification which
is expressed in Eq. (37):

_ Elmtrue - midentifyl
Z'Inltruel

x 100%. (37)

In Fig. 4, the identified mass of the recoiling part is about 740 kg. After comparing with the
“real” mass which was consulted in mechanism specification book, the RPE is finally established
at about 5.4 %.
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5. Conclusions

In this paper, the multi-rigid-body theory and the limited memory least square method is
applied to identify the time-varying mass of the recoiling part.

The mass of the recoiling part has physical significance so that the result of identification can
be compared to the static measurement which is consulted in mechanism specification book.
Limited memory least square method can overcome “data saturation” phenomenon effectively and
it can be applied to time-varying identification in this situation. The result reflects that limited
memory least square method and the process of establishing the mechanism dynamic equations
are accurate in identifying the time-varying mass. At the same time, a new kind of identification
method is provided to make the parameters more intuitive and can be applied in identifying
dynamic loads which is difficult to measure.

At the present stage, the dynamic model is described as rigid body model. In the future, this
model would be instead of flexible multi-body model to make the equations more accurately. And
more parameters would be identified such as the mass and the stiffness of the structure, the active
force from the propellant powder, the inertia force of the mechanism.
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