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Dynamic analysis and vibration control of a flexible slider—crank mechanism driven by
a permanent magnet (PM) synchronous servo motor are studied in this paper. Geometric
constraint at the end of a flexible connecting rod is derived and introduced into Hamilton’s
principle to formulate the governing equations of the connecting rod which is modelled by
Timoshenko beam theory. The coupling equations describe the rigid-body motion, flexible
vibrations and motor system. In order to control crank speed and reduce flexible vibrations
simultaneously, speed and tracking controllers are designed through a reaching law variable
structure control (VSC) method. By choosing proper parameters in control law, dynamic
responses of the flexible system in reaching mode can be controlled. Numerical results show
that the proposed controllers not only eliminate the dynamic deflections of the flexible
connecting rod, but also keep good tracking performances. Moreover, the robustness
against external disturbances can also be improved by employing the proposed control
scheme.
© 1998 Academic Press

1. INTRODUCTION

The need for higher manufacturing throughput has led to the design of machines operating
at higher speeds. Because of the higher operating speeds, mechanisms have been made
as lightweight as possible to reduce the inertial forces and the driving torque requirements.
At higher speeds, the rigid-body assumption is no longer valid and the links should be
considered flexible. In addition, motor drives used to control the motion of a variety
of machines usually contain flexible coupling. High-speed operations of these
machines lead to deflections which affect the dynamic behaviour and the accuracy of the
machines.

The slider—crank mechanism is widely used in gasoline and diesel engines, where the gas
force acts on the slider and the motion is transmitted through the links. Earlier research
work in analysis of elastic mechanisms can be found in many publications. Steady state
solutions and the elastic stability of a slider—crank mechanism were obtained [1-5].
Transient responses were investigated by Chu and Pan [6] on the basis of the ratios of the
length of the crank to that of the connecting rod, and rotating speeds of the crank to those
of the rod, etc. Sadler and Sandor [7] developed a method of kineto-elastodynamic analysis
by using lumped parameter models to simulate the moving components. Lieh [§]
investigated the dynamic behaviour of a slider—crank mechanism with the flexible coupler
and joint. However, the equations were linearized based on the small deformation
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assumption. Fung [9] described the dynamic analysis of a slider—crank mechanism with the
flexible connecting rod which is modelled by Timoshenko beam theory.

The dynamic analysis of a slider—crank mechanism has been studied extensively over the
past 30 years, with much of the research going beyond the current paper to include a totally
flexible mechanism. Wu and Mani [10] introduced the modelling of flexible bodies for
multibody dynamic systems by using the Ritz vector. Liu and Lin [11] developed a finite
element method based on the dynamic stiffness to investigate forced vibrations of a flexible
system. Fallahi et al. [12] also developed a finite element formulation to analyze a flexible
slider—crank mechanism system in which the local co-ordinate system was employed. A
co-rotational finite element formulation of a slender curve beam element was presented
by Hsiao and Yang [13]. Fung and Chen [14] presented a finite element method for the
dynamic analysis of a flexible connecting rod of slider—crank mechanism with
time-dependent boundary condition. In all the above references, the crank rotates with a
constant speed. However, the realistic operating condition is that as the crank is driven
by a PM synchronous servo motor, the rotation speed of the crank is not constant.

The computed torque method originally developed for rigid manipulators was tried on
the flexible link systems [15]. In order to assure system robustness, Flcola et al. [16]
presented a simplified strategy to implement the sliding mode control of a two-joint robot
with a flexible forearm. Choi et al. [17] applied a new sliding mode controller to the tip
position control of a single-link flexible manipulator. In recent years, advancements in
magnetic materials, semiconductor power devices, and control theory have made the PM
synchronous servo motor drive play a vitally important role in motion-control applications
in the low-to-medium power range. The desirable features of the PM synchronous servo
motor are its compact structure, high air-gap flux density, high power density, high
torque-to-inertia ratio, and high torque capability. Moreover, compared with an induction
servo motor, a PM synchronous servo motor has such advantages as higher efficiency, due
to the absence of rotor losses and lower no-load current below the rated speed; and its
decoupling control performance is much less sensitive to the parametric variation of the
motor [18]. To achieve fast four-quadrant operation and smooth starting and acceleration,
the field-oriented control [19], or vector control, is used in the design of the PM
synchronous servo motor drive.

As far as the mechanism is concerned, little work has appeared on the coupled system,
both from the point of view of the theoretical formulation of the problem and the vibration
control of the mechanism behaviour. In this paper, the main objective is focused on the
dynamic formulations and the vibration control of a PM synchronous servo motor coupled
with a slider—crank mechanism system. First, a slider—crank mechanism system actuated
by a PM synchronous servo motor is formulated. Next, in order to control the coupled
mechanical system with robust characteristics, a variable structure controller is designed
to control the crank with a constant angular speed and the desired trajectories. In addition,
the problem of vibration control is addressed by substituting a saturation function for the
control law. Numerical results show that the dynamic behaviour of the controller—-motor—
mechanism system not only reduces the dynamic deflections of the flexible connecting rod,
but also keeps good tracking performances. In addition, it is also found that the proposed
VSC is robust to external disturbances.

2. FORMULATION OF THE DYNAMIC MODEL

In this paper, the connecting rod is modelled as a Timoshenko beam, that is, the effects
of rotary inertia and shear deformation are considered. The dynamic analysis process of
the Euler-beam, simple-flexure and rigid-body models was given in reference [9] and a
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constant rotation speed was assumed. However, in this paper the driven motor operates
with non-constant speeds and the tracking trajectories. The flexible slider—crank
mechanism driven by a PM synchronous servo motor is shown in Figure 1, and consists
of the rigid crank O4 with length r; the flexible cylindrical rod 4B with length /; and the
piston with mass M,. For other symbols in this figure, see Nomenclature (Appendix E).

2.1. GOVERNING EQUATIONS

By using Hamilton’s principle, integration by parts and some algebraic relations, a
complete derivation of the equations of motion is given in Appendix A. The non-linear
dynamic equations of motion are

!
J\ — pAV{VH,, - [un + U¢tt + 2Ur d)t - (X + u)d)lz] Sin (H + d))
0

+[vi — (x + u)dpy — 2u, ¢ — ¢7 u] cos (0 + ¢)} dx

— M {10, — [ty + vy + 20, . — (I + u)p?] sin (0 + ¢)

vy — (L + w)pu — 2u, p, — ¢7 u] cos (0 + ¢)} + Ar cos 0

— M0, + g Kiif — g2 J, 0, — g B, 0,=0, (1a)

f {pA{[r0, sin (0 + ¢) + r0; cos (0 + ¢) — uy — 2v, ¢, — v, Jv

+(x + u) [r0, cos (0 + ¢) — r0} sin (0 + ¢) + v — 2u, ¢, — (x + u).]}
+pI(bu — Y+ b ¥ + 2¢ )} dx
+ M, {[r0, sin (0 + ¢) + 10> cos (0 + ¢) — u, — 2v, ¢, — v, Jv
+(I + u) [r0. cos (0 + ¢) — r0? sin (0 + ¢) + va — 2u, b, — (I + u)pu]}
— A cos ¢ — {EAv, (ux + 5v3) + KGA(v, — ) + My [r0, cos (0 + ¢)
—r0? sin (0 + ¢) — 26, u, — vP? + vy — (I + W JJu(l, 1) sec> ¢ = 0, (1b)
pA[r0? cos (0 + ¢) — 2v, . 4+ (x + u)p? + 10, sin (0 + ¢) — u, — v,
— Ciuy + EA(uy + vi04) =0, (le)

Figure 1. Slider—crank mechanism with a flexible connecting rod driven by a PM synchronous servo motor.
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v(l, t)

u(l, t)

Figure 2. At end point B, the displacement relationship among D,, U(1, 7) and V(l, 7).

pA[—r0, cos (0 4 ¢) + r07 sin (0 + @) + 2¢, u, + vd7 — v, + (X + u)P.]
—C, v+ EA[v, (o + 04 0) 4 0 (e +309)] + KGA(0e — ) =0, (1d)
pl(P2 Y + du — W) — Cy ¥ + KGA(v, — ) + Ely.. = 0, (le)
and the boundary conditions are
u(0,¢) =0, v(0, 1) =0, V. (0,2)=0, v (l,t)=0, (2a—d)
[(F — uN) sec ¢ — M a, (I, t) sec> ] — KGA[vx (I, t) — (I, 1)] tan ¢
—EA[u. (I, ) + 202 (1, D] (1 + v, (I, 1) tan ¢) = 0. (2¢)

Equations (la, b) describe the rigid-body motions of the crank and the connecting rod,
respectively, while equations (1c, d, e) describe the flexural vibrations of the connecting rod
which is modelled by Timoshenko beam theory. It is seen that the rigid-body motion and
the flexural vibrations are coupled. The non-linear partial differential equations (Ic, d, e)
include the second order spatial derivatives of all the variables u, v and . The five
boundary conditions equations (2a, b, ¢, d, ) and one constraint condition equation (A4)
are satisfied to solve the equations (Ic, d, ¢). Boundary condition equation (2d) states that
there is zero moment at revoluting joint B, while equation (2¢) describes the dynamic
behaviour of the slider in the X-direction.
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Figure 3. Schematic of the motor-gear-mechanism.
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2.2. VARIABLE TRANSFORMATION
Defining the following dimensionless variables and parameters as

U=%, V=% ¢=7 R=j  t=orL
4 4
, mEI , T'EA _ M, _ M
wT_pAl4a wp = pAlzs S4 pAla S2 pAla
C2=w2T ,  m'KGA ,  OF PR
w;’ C pAP w3’ pAlw7’
_c _G G p_Fewy
f= pAwr’ ©@= pAws’ = pAwr’ F= pAPw:’
« S KT & =~ _ & B,
Ir= pAPw} " pAPR " pAPwy

and substituting into equations (la—¢) and (2a—e) and the constraint condition (A4), we
have the dimensionless governing equations

J ' R{RO. — [U.+ Vo + 2V b — (€ + UNg2]sin (0 + ¢)

+[Vee = (€ + U)pee — 2U. . — ¢ Vcos (0 + )} d&

—Si R{RO: — [Usi + Ve + 2V e — (1 + U)7] sin (0 + ¢)

+ [Vie = (1 + U)pe — 2U. . — ¢7 V] cos (0 + ¢)} + AR cos 0
—18R0.—7,0.—B,0. = —IF, (3a)

0

J] {[RO.. sin (0 + ¢) + RO cos (0 + ¢p) — Un. — 2V. . — V.1V

+(€ + U) [RO cos (0 + ¢) — RO sin (0 + ¢) + Ve — 2U: . — (& + U)xc]
+ (e — Voo + b V2 4 2. P V) dE

+ Sy {[RO.. sin (0 + ¢) + RO? cos (0 + ¢) — Ure — 2V p. — V. ]V

+(1 4 U)[RO.. cos (0 + ¢p) — ROZsin (0 + ¢) + Ve — 2U. . — (1 + U)¢p.]}

1
—ACOSQb—{nz‘CZVS(Ug-F;VE)—F

7.54

1172 (V. — W) + S4[RO.. cos (0 + )

—RO?sin (0 + ¢) —2¢. U, — V2 + V.. — (1 + U)(bn]}U(l, ) sec’ ¢ = 0,

(3b)
U.+ ¢ U — RO cos (0 + ¢) + 2¢. V. — (¢ + U)p?

_ RO sin (0 + ¢) + Ve — n%& (U + V. Vi) = 0, (3¢)
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Vet &V,— RO?sin (0 + ¢) —2¢. U, — ¢ V — (€ + U)pe + RO cos (0 + ¢p)

i R S P A
_75452 (Vi Utig +3 Vi V::i + Ué V;é) 7[4172 (V4g ng) - 0: (3d)
1 5 1
E(’n-l—%'f’rf-inwzéz(g’— Ve) — ¢¥'P—nTCz'P:§—¢n=Os (3e)
and the boundary conditions

U@,7)=0, ¥(0,71)=0, ¥.(0,71)=0, (4a—)
W, (1, 7) =0, (5a)

Fsec ¢ — Si A, (1, 1) sec ¢ —n%nzm (1.7) — P(1, 7)] tan ¢
(U (LD V2 (L D)1+ Ve (1,0 tan ) =0, (5b)

where

A, (1,7) = %1’2:) = — RO, sin (0 + ¢) — RO cos (0 + ¢)

+ Un + 2V1 (;b‘[ + V(brr - (1 + U)d)rza

and the dimensionless constraint conditions in equations (A4), (A5), (A8) and (A9) are

V(l,7) = U(1, 1) tan ¢, (5¢)
D(p) = Rsinf —sin ¢ =0, (6a)
@D, @. = RO. cos 0 — ¢, cos p =0, (6b)
D, ¢.. = RO sin — P sin ¢p = y. (6¢)

In order to apply the Galerkin method, it is necessary to simplify and change the boundary
conditions (5b) and (5¢) from non-homogeneous to homogeneous by using the following
variable transformation [9] as

U(1, 1) = h(x), (7a)
U, t)=UE 1)+ & hx), (7b)
V(E 1) =V( 1)+ & h(t) tan ¢. (7¢)

The physical interpretation of /i(r) is the non-dimensional axial deformation of the
connecting rod at ¢ = 1. Substituting equations (7a—) into equations (3a—¢) and using
equation (5c), one obtains the following equations of motion

1
j — R{RO. — [Uee 4+ Voo + 2. Ve — $> U + E(hee + 2. . tan ¢
0

+h(¢. tan ¢ + ¢ + 2¢7 sec? p) — ¢2)] sin (0 + ¢)

+[Vee — Upoe — 2. U. — ¢p2 V + E(hee tan ¢ + 25, . tan® ¢
+h(p.. tan> ¢ + @7 tan Pp(2 sec’> ¢ — 1)) — ¢..)] cos (0 + ¢)} d¢&
—8s R{RO. — (Uc + Voo + 2¢. Vo — 2 U + (hee + 2h. §. tan ¢
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+h(¢p.. tan ¢ + @7 + 2¢? sec’ ) — )] sin (6 + @)
+ [V — Upe — 2. U. — $2 V + (. tan ¢ + 2k, ¢. tan’ ¢
+h(¢. tan’ ¢ + §7 tan ¢p(2 sec® ¢ — 1)) — )] cos (6 + ¢)}
+ARcos 0 —1S, R0, — J, 0. — B, 0. = —I*, (8a)

Jl {[ER((h + 1) cos (0 + ¢) + h tan ¢ sin (0 + ¢)) + R(cos (0 + ¢)U

+ sin (0 4+ )]0 + [E3(h sec> p — 2h — 1) + E((h sec> ¢ — 2(h + 1)U

—2h tan ¢pV) — U* — V* + 2292 + ). — (V + Eh tan ¢)U.,

+(U+ QA + h)V.. + [ tan ¢ + E(tan ¢U — V)h,, — PP,

+[2Eh sec® (¢ tan ¢ + tan ¢U — V)]|p> + [ER(h tan ¢ cos (6 + ¢)

—(h+ 1)sin (0 + ¢)) + Rcos (0 + )V — Rsin (0 + $)U10? + 2[E%h, tan® ¢
—&((h+ 1)U, — h, tan*> ¢U + tan (V. h + Vh.)) + C¢p. ¥ — UU. — VV.]¢.} dx
+ 8, {[R(h + 1) cos (0 + ¢) + h tan ¢ sin (0 + ¢)) + R(cos (0 + ¢)U

+sin (0 + (13)17)]011 + [(hsec* p —2h — 1) + (h sec* p — 2(h + 1)1

—2htan ¢V — U — V.. — (V + h tan ¢)U.. + (U + (1 + h)) V..

+[tan ¢ + (tan ¢U — M))h.. + [2h sec® p(tan ¢ + tan pU — V)]¢p?

+[R(h tan ¢ cos (0 + ¢) — (h + 1) sin (0 + ¢)) + R cos (0 + $)V

—Rsin (0 + ¢)U010? + 2[h. tan> ¢ — (h + 1)U, — h, tan> ¢ U + tan ¢(V. h + Vh.))
— U0, — VV.]p.} — {Si R cos (0 + ¢p)0.. + Si[(h tan® ¢ — 1) — Ul

+ S84 Voo + Sutan ¢h.. + 284 (h. tan®> ¢ — U.)p. — Sy R sin (0 + ¢)0?

1

+ S, [h tan (2 sec> p — 1) — V]p> + e (htanp — ¥ + V)

+n4i§2 [(h + 2 1 tan® $)7. + 1 tan $(Lh tan® ¢ + 1) + V- (0 + 1 72)

+htan ¢p(U. +3V)|}hsec’ p — A cos ¢ =0, (8b)
U‘rr + € UT —+ 2(]51 171 — Ql’)f (7+ d)ff 17— TC%/Z(U& + 175 1755 =+ h tan ¢I7§§)
+&{h. [e1 + 2¢. tan @] — h[¢p? (1 — 2 sec” @) + ¢ tan ¢] + h. — 7}
— RO? cos (0 + ¢) — RO, sin (0 + ¢) =0, (8c)

Pt Vo= 2. 00= 67 = 6.0 = o (P = 00)
—n%éz[ﬁg Ugé =+ h tan (]5(7{5 +%(I7§ + 2h tan ¢I7§ =+ /’lz tan2 (l))ﬁgg

+U: Ve + V] + E{h. tan ¢ + h. [e; tan ¢ + 2¢. tan’ ¢]

+hle ¢ sec? p — P2 tan (1 — 2 sec? ) + ¢ tan’ ) — .. }
— RO? sin (0 + ¢) + RO, cos (0 + ¢) =0, (8d)
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s 1
lp”_|_€2gl + = ZCZ(lII V) (ﬁ?'fl_n,Té/z'Péé (8e)
and the boundary conditions are
0(0,7) = V(0,7) = ¥: (0,7) = 0, (9a—c)
U1,7)=V(1,7)=%:(1,7) =0, (10a—c)

and (5b) becomes
hee + 2¢. h. tan ¢ + n%nzlcosz ¢ tan ¢[V: (1, 7) — P(1, 1)] + h{(2 sec’ ¢ — 1)¢?
4

1.,
2§4s1nq’>+

1T

4€2icos G[1 +2V.(1,7) tan ¢

+3 72 (L o) tan’ ¢ + U (1, 1) tan’ §1} + —5 - cos” ¢ {3 tan' ¢

éz
+imtan® p[1 + V. (1, 7) tan ] + [U: (1, 1) + 1 P2 (1, 0] [1 + V. (1, 7) tan )}

— RO, sin (0 + ¢) cos* ¢ — RO? cos (0 + ¢) cos* p — ¢p? — chosq’)—O (11)

After the variable transformations (7a, b, ¢), the non-homogeneous boundary conditions
(5b, c) are changed to homogeneous boundary conditions (10a, b, ¢) and one additional
equation (11), which describes the axial deformation of the connecting rod at & = 1.

2.3. GALERKIN METHOD

Satisfying tile llomogeneous boundary conditions equations (9) and (10), the nth mode
solutions of U, V' and ¥ are

0.0 = Y £ (1) sin (nmc),

7E 0 =Y g @) sin (1md),

n=

P(E )= Y ¥, (1) cos (nnd). (12)

Substituting equation (12) into equations (8a—e) and equation (11) and then applying the
Galerkin method, one obtains

[—R(Si+ 1) —3S R — T, 10 + [<\I/€§ i an &n + R(Ss + 3)h tan ¢> sin (0 + ¢)

m=1

+<—\%mil A for — R(Ss + 1) (h tan’p — 1)) cos (0 + d’)](ﬁ

J S a,sin (0 + ¢)f + \% S cos (0 + ¢)én

m=1 m=1
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+[R(Ss + 1) (sin (0 + ¢) + tan ¢ cos (0 + ¢))hi — B, 0

[fRZagq’) \/5 3 S @ fu $* + R(2h tan ¢ + (h — 1)¢?

+2h¢52sec2¢>(s4+;)]sin<9+¢)+[ﬁ S a fm¢+\/ S dngn

n=1

—2Rh¢ tan® ¢(S; + 1) — R tan ¢p(2 sec> p — 1) (Ss + H)¢p*] cos (0 + ¢)
+ARcos O = —I*, (13a)

[R((h + 1) cos (0 4 ¢) + htan ¢ sin (0 + ¢)) (Ss + 1) + \% <cos @+ ¢ i A fon
+sin (0 + ¢) i s G ) — S, Rh sec? ¢ cos (0 + ¢):|9'
+[(h sec?p —2h— 1) (Ss+ 1) + \[((h sec’ ¢ — 2(h + 1)) z Cn fon

0 0 0 2 ©
—2htan¢ Y Cmgm>—§<2f3,+ Y g,zn>+C2 Y v+
m=1 m=1 m=1 m=1

% 00

—s4hsec2¢<(htanz¢—”_¢2 - "f”’ﬂd) ¢2<J2 -

thtand Y e o \/<\/Zf+(1+h)Zc—S4hsec¢z >

+ |:S4 h sec? qﬁ(\k ngl Qw gn — h tan ¢(2 sec’ ¢ — 1)) + 2h sec? ¢<tan ¢(Ss + §)>
+[(S4+§) tan ¢ +\k<tan¢ Y Cnfu— i Con Gn ) Sy h sec? ¢ tan d)]h
+\% tan ¢ é‘] Confou — \/i Z::l Cin G } [R(h tan ¢ cos (0 + ¢)

_(h+l)sm(0+¢))(S4+2)+jzcos(9+¢) Z a2

_jz S0+ ¢) Y anfou+ Sy Rhsec’ ¢ sin (0 + ¢)}9’2 + 2[(& + Y tan® ¢
m=1
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1
I (h + l) Cm m h tan ¢ Cm m
<\/§ mz 1 \/ mzl

0 )

+tan 7/1 Cm 8m N y m&m —1 3 m .m —1 m 'm
¢<\fm. g \[g g>>22ff 1) &né

m=1 m=1

f)]qﬁ—{ }z(h g~ 3 (-

+ Z (—1)"’(mn)gm>+ e [(/1 +3 /7 tan® @) Z (= 1D)"(mm)g,

m=1 m=1

\\[\/]8

1
— S, h sec? ¢<h tan® ¢ — 7

+h*tan p(3 htan® ¢ + 1) + (Z

m

X ()4 Y Y (-

1y m=1n=1

x (mr'm)g? )gm 4 h tan qs( S (— 1) fy+3 Y (mnyg) ﬂ}

m=1 m=1
xhsec> p — A cos ¢ =0,
For = /200 RO sin (0 + ¢) + (g0 — /200 h tan )b + /2¢, i + €1 fo + 24,

(13b)

+fcmelh+< s (mn)? — d))f + = s [—i ikmmgignJr(mn)zh tand)gm}

n=1i=1

2 {c, [2h¢ tan ¢ — hd*(1 — 2 sec® ) — ¢*] — Raw 0% cos (0 + ¢)} = 0,
G+ ﬁam RO cos (0 + ¢) — [fu + ﬁcm (1 — htan> )] + ﬁcm tan ph + & g,

#3260 & tan 6 = 24, = $, + i (nng, — (nm) )

1 1 0 0 o0 o0 o0
e [\ﬁ Y. 2 kwifi g — (mn)'h tan ¢f, + 3 <é Y2 D i & &g

n=1i=1 n=1i=1j=1

+\;§h tan (,b Z z kmni gi gn - (}/’/”T)zh2 tanz d)gm > + \}’ z z kmm gl n

n=1i=1 n=1i=1

(13¢)

— h(mm)’g,, ] + ﬁ (¢ (2N tan® ¢ + h(e, § sec®  — ¢ tan p(1 — 2 sec’ §))]

—Ra, 0*sin (0 + ¢)} =0,

1 (2 L 2 1 —
lpm + C 'Ilm + <7I4172§2 — ¢+ e (mm) >l‘"m - R (mm)g, =0,

(13d)

(13e)
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i — RO sin (0 + ¢) cos® ¢ + h¢ tan ¢ + 2¢h tan ¢ + 7T4L172SLCOS2 ¢ tan ¢
4

« [Z () (—1yg, — Y (— 1), ] + h{(z sec® ¢ — )¢ + n}nzs%sinz ¢

n=

+3 i i (in) (nm) (—1)"*'g; g, tan® ¢ + i (nm) (—1)"f, tan? qﬁ}}

n=1i=1 n=

+n‘}CzSLCOS2 ¢ {3 I’ tan* ¢ + 3 h? tan? d)[l + Z (nm) (—1)"g, tan ¢:|
4 1

n=

+[i (1) (= 1fot5 3.3 ) () (— 1) g, J[H Y. () (~17g, tan qs]}

n=1

—R92003(9+q§)0052¢—qSZ—S%Fcosd):O, (130
where () and ()’ represent derivatives with respect to the dimensionless time t and space
&, respectively. For details of a,, b, . .., L.;, see Appendix B.

The Runge—Kutta numerical method will be used to integrate the above ordinary
differential equations for the transient solutions of ¢, 0, h, f., g, and ¥,,. By substituting
the solutions into equation (12) and using equations (7b, ¢), the transverse and longitudinal
displacements, U(%, t) and V(3, 1), of the midpoint of the connecting rod are obtained
respectively.

Then, equations (13a—f) can be rewritten as the following non-linear coupled set of
ordinary differential equations

M(B)B + N(B, p) + @} 4 = BU, (14)
where
B=[p 0 h f g Y|,

and f=[fi fo--ful,g8=1g & " gul, ¥ =[P ¥, - ¥,]. The elements of M, N, @,
B and U are given in Appendix C.

The constraint position (6a), velocity (6b) and acceleration (6¢) must be held at any time.
By using equations (6¢) and (14), the equation in the matrix form is

M @/ |[f]_[BU-NGB, B
o, [P

This is a system of differential-algebraic equations and the matrices element can be found
in Appendix C.

2.4. REDUCED SYSTEM OF DIFFERENTIAL EQUATIONS OF MOTION

The differential-algebraic equations of mechanism motion derived above are
summarized in the matrix form of equation (15) and the constraint equation (6a). An
implicit method will be employed to solve the differential-algebraic equations of the system.
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Equations (15) and (6a) may be reordered and partitioned, according to the
decomposition of p =[¢p 6 h f g W]". If the constraints are independent, the matrix ®;
has full row rank, and there is always at least one non-singular submatrix ®; of rank 2
[20]. Gauss—Jordan reduction of the matrix ®; with double pivoting defines a partitioning
of p=[p" q'1", p=1[¢], q=[0 h £ g ¥]" such that ®, is the submatrix of ®, whose
columns correspond to elements p of B, and ®, is the submatrix of ®; whose columns
correspond to element q of B. The elements of the vectors p and q, and matrices @, and
@, are detailed in Appendix D. Thus, equations (15) and (A7) can be rewritten as:

M7p + M + @ 4 =B'U — N,

M + M + ®7 A = B'U — N,
D, p+D,G=1. (16)

Eliminating A and p in the above equations yields
M(q)j + N(q, ¢) = QU, (17)
where
M =M% — M*®,' ®, — ® (&, ) [M" — M?®," ],
N =[N — ®! (®,)'N] + [M” ®,' — ®] (D, )’ M"®, ']y,
Q=B — o) (@, )P, U = [I¥].

The result is a set of differential equation with only one independent generalized
co-ordinate q. The equation is an initial value problem and can be integrated by using the
fourth order Runge—Kutta method.

2.5. STATE VARIABLE REPRESENTATION

Let X = [q, q]” be the state variable vector. Then one can rewrite equation (17) in terms
of X as

X = 4(X) + bU(1), (18)

where

3. DESIGN OF THE VSC CONTROLLER

The variable structure system is a special class of non-linear systems characterized by
a discontinuous control action which changes the system structure on the state reaching
the switching surface. The major merit of these systems is their insensitivity to parameter
variations and external disturbances. In this section, the first object is to design the
reaching law VSC via the design of switching functions, the next step is to design the
reaching mode and the overall control law which give a desired system dynamics in
the reaching mode. The main requirement in the design is that the controller should satisfy
the reaching condition, which guarantees the existence of the sliding mode on the switching
surface.
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3.1. SWITCHING SURFACE SCHEME

In switching surface design, it is essential to use the error signal and its derivatives to
form the co-ordinates and the switching surface. When the state variables slide on the
switching surface and to the origin, the system error goes to zero and the desired target
state is reached.

In this paper, only one input is needed for the motor—mechanism coupled system.
Rewriting equation (18) as

4 = a(q, 9) + b(QU(7), (19)

where a(q, ) = —M~'N, b(q) = M~'Q and U(r) is the control current input I*.

To control the speed vector ¢, many more sophisticated schemes will be necessary.
Unlike conventional VSC, the integral variable structure control (IVSC) applied in the
speed controller is suitable for the first order system without any information on the
acceleration. Furthermore, if one wishes to track the trajectories required for the specified
motor revolution, then the tracking controller is designed by the desired motion. The two
cases will demonstrate the good performance of the reaching law VSC system. The design
procedure can be divided into two subcases as follows.

3.1.1. Speed controller design
Let the speed error vector be

e = q — q[,’ (20)
where the desired speed vector ¢, is a constant vector. The resultant error state equation is
¢=4—d,=alq, q) +b@U — §s. (21)

Since there is one control input, a single switching surface S(e) will be constructed for
the speed control system. By using a scalar function with an integration of the speed error
vector e, one has the switching surface [21]

Se)=Cie+ C, f e(y) dy. (22)

0

It is noted that for the one control input in the first order system (21), only one switching
surface (22) is needed. Figure 4 shows the block diagram of the constant speed controller
applied to a flexible slider—crank mechanism driven by a PM synchronous servo motor.
The controller is called the integral variable structure control (IVSC). Substituting
equation (21) into the time derivative of S(e), one obtains

S = C] é + Cz e = C] [a(q, q) + b(q)U — q(/] + Cz e. (23)
u(ly PM 7, | Flexible q
IVSC »|synchronous |—{slider-crank -
servo motor mechanism

Figure 4. Block diagram of the constant speed controller applied to a flexible slider—crank mechanism driven
by a PM synchronous servo motor with IVSC.
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3.1.2. Tracking controller design
The tracking error vector of the motor revolution is

é:x_xﬁzﬁﬂ=[?%} (24)
€; q—qu

where X, = [qu, 4.]", and the first and second derivatives of & are defined as the following
E=8&=q4—q, (25a)
&=8&=4— Gs=a(q.q + b@U — d,. (25b)

A single switching function S(e) for the second order system equation (25) is

S®=%=wfmﬁ

]

:| = C,‘ é,‘ + C,’ é,’, (26)

Substituting equations (25a, b) into the time derivative of S(€), one can obtain
S=C&+Cé&=C&+Clag q + b@U — d,]. (27)

The position control can also be obtained in the tracking control as if the desired
position, speed and acceleration are time-independent in the control process. Figure 5
shows the block diagram of the tracking controller.

3.2. REACHING MODE DESIGN AND CONTROL LAW

The treatment given here is to define the reaching law with proportional plus constant
power rates:

S=—PS—0Q|SFFsgn(S), O0<k<lI, (28)

where P and Q are positive constant coefficients. This reaching law decreases the reaching
time and increases the reaching speed when the state is far away from the switching surface
[22, 23].

Thus, by using the above reaching law (28), the state is forced to approach the switching
surface faster and the chattering is also suppressed. It is noted that the selection of equation
(28) guarantees the convergence of the trajectories to the switching surface. Sliding will
occur along the hyperplane S = 0 as long as the necessary hitting condition [24]:

S5 <0 (29)

exists. By substituting equations (22) and (23) into equation (29) for the speed controller
and substituting equations (26) and (27) into equation (29) for the tracking controller, the

u(y) PM 7, | Flexible
q a ) q
VSC »|synchronous |—{slider-crank -
servo motor mechanism

Figure 5. Block diagram of the tracking controller applied to a flexible slider—-crank mechanism driven by a
PM synchronous servo motor with VSC.
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convergence condition (29) is always satisfied regardless of the signs of equations (22) and
(26). Thus, one can obtain the control laws as follows.

3.2.1. Speed controller design
The single input for the speed controller design is

U= —(Cib(q)'[C.e+ Ci(a(q, q) — §.) + PS+ O|S|*sgn (S)]. (30)

3.2.2. Tracking controller design
The single input for the tracking controller design is

U= —(Cb@)'[C: &+ C(alg. 4) — §a) + PS+ OIS|"sgn (S)]. @31

In the conventional VSC, there exists the undesirable steady state error owing to the
non-ideal sliding mode. The proposed IVSC scheme for speed control gives the additional
advantage of improving the steady state performance.

In order to reduce the chattering, the sgn (S) in the discontinuous control laws (30) and
(31) is replaced by a saturation function inside the boundary layer [25]. The saturation
function is

sat (5) = {Sgé‘(S), SIS (32)

where 4 is a boundary layer width.

4. NUMERICAL RESULTS AND DISCUSSIONS

In the numerical simulations, parameters of the slider—crank mechanism are chosen as:
[ =01524 m; d = 0-00635 m; R = 0-3, M, = 0-2 kg, M, = 0-03781 kg, p = 0-007834 N - s?/
m*, E=2-068 x 10" N/m? G = 80 x 10° N/m? K = 0-886, I = 7-981 x 107" m*, ¢, = 0-2,
=02, ¢=0001, gg=1, k=03 and 4 =0-5. The parameters of the motor are:
K. =06732N-m/A, J,=132x10*N-m-s* B,=578 x 107* N - m - s/rad.

By using the Runge—Kutta method, equation (18) is solved for the motor-mechanism
coupled system. Numerical results are divided into two parts: (1) dynamic analysis and (2)
vibration control. Each part includes a constant angular velocity and a trapezoidal angular
velocity of the crank rotation.

4.1. DYNAMIC ANALYSIS

4.1.1. Constant angular velocity

The crank rotates with a constant angular velocity 6(t) = 0-2. The initial conditions are
p(0) = p(0) = q(0) = 0, and q(0) = [0-2 0 0 0 0]". The results in Figures 6(a)—(f) show the
transient amplitudes of the first (solid line), the second (dash line) and the third
(dash-dotted line) modes. It is seen that the responses of the higher modes are only small
percentages of those of the first mode. The transverse amplitude g in Figure 6(b) is about
500 times of the longitudinal amplitude fin Figure 6(a). The transient rotary angles yy due
to bending are shown in Figure 6(c). The longitudinal amplitudes at the end point of the
connecting rod are shown in Figure 6(d). Figures 6(e)—(f) represent the transverse
responses at &£ = 1/2 and & = 1, respectively. In Figures 6(a) and (d), the system oscillates
violently first and then approaches a stable state because of the introduction of damping
terms ¢;, & and ¢;.
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Figure 6. Transient displacements of the first three modes of the flexible connecting rod for a constant angular
velocity 6 = 0-2: (a) longitudinal amplitudes f: (b) transverse amplitudes g; (c) rotary angles y; (d) axial
deformation /(t) at the end point B; (e) transverse deformation V(1, 7); (f) transverse deformation V(1/2, 7).
(First mode , second mode ----, third mode ——.)

4.1.2. Trapezoidal angular velocity

In many applications, a motor is used to drive the flexible systems. Usually, the velocity
input is a trapezoidal shape. As show in Figure 7(b), the prescribed angular velocity is
94 (T) is

0-2¢ O<t<1,
T1
N 02 < < 25
9,/(1?)=<02 TI<TST
M -L-2 <7 < T:‘,,
(2 — 1)
0 7 <T.

-

The initial conditions are p(0) = p(0) = q(0) = q(0) = 0. Figures 7(a)-(h) compare the
transient amplitudes between the results of Case 1: 7, = 40, 7, = 110, 73 = 150 (solid line)
and Case 2: 7, = 50, 7, = 100, 7; = 150 (dash line). Because Case 1 has a faster speed-up
and faster speed-down in the transient processes (0 <t <40 and 110 <t < 150), it is
observed that the amplitudes of Case 1 are larger than those in Case 2. In the constant
angular velocity
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Figure 7. Tip transient displacements of the flexible rod for a trapezoidal angular velocity: (a) desired angle 0;
(b) desired angular velocity 0, (c) longitudinal amplitude fi; (d) transverse amplitude gi; (¢) rotary angle ; (f) axial
deformation /(t) at the end point B; (g) transverse deformation V(1, 7); (h) transverse deformation V(1/2, ).

(Case 1| ——, Case 2 ----.)

process the amplitudes of both cases are equal but with a time (r = 10) shift. After t > 150,
the motion-induced vibrations occur, and both amplitudes gradually decrease to zero. This
is because part of the energy of the rigid-body motion goes into the flexible deformations
of the links and is dissipated by the viscous damping.
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4.2. VIBRATION CONTROL

Yeung and Chen [26-28] used the pole placement method to obtain good dynamic
responses of flexible robot arms. However, their method has only been applied to linear
systems associated with the constant symmetry inertia matrices. In this paper, the
non-linearity and asymmetry inertia matrices are included in the system, and the
traditional trial-and-error method will be applied to choose the gains of the control laws
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Figure 8. Constant angular velocity controlled by the proposed VSC law: (a) crank angle 0; (b) crank angular
velocity 0; (c) crank angular acceleration 0; (e) longitudinal amplitude f; (f) transverse amplitude g;; (g) rotary
angle ¥; (h) axial deformation /(t) at the end point B. (Controlled , uncontrolled ----.)
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negligible, the first-mode amplitude of the connecting rod will be considered only in the

in the following sections. Since the responses of the higher modes are small enough to be
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Figure 9. Constant angular velocity controlled by the proposed VSC law with external disturbance F
, uncontrolled ----.)

during 50 <t <200: (a) crank angle 0; (b) crank angular velocity @; (c) crank angular acceleration 0
(e) longitudinal amplitude fi; (f) transverse amplitude gi; (g) rotary angle y; (h) axial deformation /(t) at the

end point B. (Controlled
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4.2.1. Constant angular velocity control
By trial and error, the gain matrices for the switching function are chosen as
C:=[006 003 0-02 0-008 0-005],
C=[05 065 08 —005 —0-02],

P =0-003 and Q = 0-0002. The transient responses are shown in Figures 8(a)—(h).
Figures 8(a)-(c) show the crank angle, angular velocity and angular acceleration,
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Figure 10. Controlled tip deflection for a prescribed trapezoidal angular velocity; (a) crank angle 0, (b) crank
angular velocity 0; (c) crank angular acceleration 6; (e) longitudinal amplitude fi; (f) transverse amplitude gi;
(g) rotary angle v; (h) axial deformation /() at the end point B. (Controlled , uncontrolled ----.)
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respectively. Figure 8(d) shows the dimensionless current input. It is seen that the angular
velocity and acceleration, and the dimensionless current input have the observable
chattering at the start process. In Figures 8(¢)—(h), it is shown that the proposed VSC law
decreases the longitudinal and transverse amplitudes, rotary angle and axial deformation
at end point (solid lines). The responses for speed control with an external disturbance
(F =49 N) applied during 50 < © < 200 are shown in Figures 9(a)—(h). In Figure 9(b) the
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Figure 11. Controlled tip deflection for a prescribed trapezoidal angular velocity with external disturbance
F =49 N during 50 <t < 200: (a) crank angle 0; (b) crank angular velocity 0; (c) crank angular acceleration
0; (e) longitudinal amplitude fi; (f) transverse amplitude g:; (g) rotary angle ¥; (h) axial deformation /A(t) at

the end point B. (Controlled

, uncontrolled ----.)
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angular velocity response is completely robust with perfect rejection of disturbance, but
the larger amplitudes of I during 50 < 7 < 200 as shown in Figure 9(d) are diminished
at sacrifice of the disturbance rejection. The transient behaviours of the longitudinal
amplitudes f;, transverse amplitudes g; and rotary angles ¥, in Figures 9(e)—(g) are almost
the same as Figures 8(e)—(g).

4.2.2. Trapezoidal angular velocity control

The desired trapezoidal trajectory is assumed to be the same as Case 1 in section 4.1.2.
By choosing the proper gain matrices C;, C; and constant coefficients P and Q, the flexible
deflections will be bounded in an allowance range. The gain matrices for the switching
surface are

C,=[5 6 12 008 005, C =[50 10 30 075 035],

P =005 and Q = 0-:0025, which are chosen by trial and error. The transient responses
(dash line, without control) for the desired trapezoidal angular velocity are shown in
Figures 10(a)—(h). In order to suppress the deflections in Figures 10(e)—(h), the crank angle,
velocity and acceleration have slight changes with respect to the desired trapezoidal
trajectories. The current input in Figure 10(d) also has chattering. The
suppressed amplitudes are shown by solid lines in Figures 10(e)—(h). Figures 11(a)—(h)
show the robustness with respect to the external disturbances. The external force
(F =49 N) is considered as a disturbance during 50 <t < 200. In order to reject the
disturbance, the control input in Figure 11(d) is larger than that in Figure 10(d). In
Figure 11(d), it is obvious that the higher control input provides the higher torque to
the mechanism during impacting disturbance. The deflections in Figures 11(e)—(h) only
have slight changes as compared to those in Figures 10(e)—(h). This means that the
proposed controlle—motor-mechanism coupled system is robust to the external
disturbance.

5. CONCLUSIONS

The dynamic analysis and vibration control of a flexible slider—crank mechanism driven
by a PM synchronous servo motor have been studied in this paper. Hamilton’s principle
is employed to derive the governing equations of the whole system including the
slider—crank mechanism and the servo motor. The boundary condition of the connecting
rod moving with the slider is the time-dependent boundary support, but not the purely
simple support. When the rigid crank rotates, the motion-induced vibrations occur at the
flexible connecting rod. To suppress the vibrations, we have successfully designed a new
method called reaching law variable structure control (VSC) method.

The significant contributions of the flexible slider—crank mechanism system are
summarized as follows. (1) The controller, motor and slider—crank mechanism coupled
system have been derived completely with the crank operating with a non-constant speed.
(2) A transformation method is successfully used to treat the non-homogenous
boundary condition. (3) The design procedure of vibration control can also be applied
to any other mechanism with more than one flexible connecting rod. (4) The design
procedure of VSC is simple. Numerical results have shown that the proposed VSC not only
eliminates deflections of the flexible connecting rod, but also keeps good tracking
performances. (5) Robust control performances of the controller-motor-mechanism
coupled system are obtained by the proposed controllers with respect to the external
disturbance.



FLEXIBLE SLIDER—CRANK MECHANISM 627
ACKNOWLEDGMENTS
The authors are greatly indebted to the support of the National Science Council R.O.C.

through contact no. NSC 87-2212-E-033-016 and Chung Yuan Christian University
through contact no. CY 85-RG-004.

10.

1.

12.

13.

14.

15.

16.

17.

18.

REFERENCES

. P. W. Jasinskr, H. C. Lee and G. N. SANDOR 1971 Transactions of the American Society of
Mechanical Engineers, Journal Engineering for Industry 5, 636—644. Vibrations of elastic
connecting rod of a high-speed slider—crank mechanism.

. Z. G. ZHu and Y. CHEN 1983 Transactions of the American Society of Mechanical Engineers,

Journal of Mechanism, Transmissions and Automation in Design 105, 637-640. The stability of

the motion of a connecting rod.

M. Baprant and W. KLEINHENZ 1979 Transactions of the American Society of

Mechanical Engineers, Journal of Mechanical Design 101, 149—153. Dynamic stability of elastic

mechanism.

. B. V. Viscomi and R. S. ARYE 1971 Transactions of the American Society of Mechanical

Engineers, Journal Engineering for Industry 93, 251-262. Nonlinear dynamic response of elastic

slider—crank mechanism.

S. Y. Lu, I. HAQUE and A. LAKSHMIKUMARAN 1995 Journal of Sound and Vibration 182, 3-22.

An investigation of the dynamic stability of a slider—crank mechanism with link and drive train

flexibility.

. S. C. CHu and K. C. PaN 1975 Transactions of the American Society of Mechanical Engineers,

Journal of Engineering for Industry May, 542-550. Dynamic response of a high-speed

slider—crank mechanism with an elastic connecting rod.

J. P. SADLER and G. N. SANDOR 1973 Transactions of the American Society of Mechanical

Engineers, Journal of Engineering for Industry May, 549-557. A lumped parameter approach to

vibration and stress analysis of elastic linkages.

. J. LieH 1994 Mechanism and Machine Theory 29, 139—-147. Dynamic modeling of a slider—crank
mechanism with coupler and joint flexibility.

. R. F. FUNG 1996 Transactions of the American Society of Mechanical Engineers, Journal of

Vibration and Acoustics 118, 687-689. Dynamic analysis of the flexible connecting rod of a

slider—crank mechanism.

H. T. Wu and N. K. Mant1 1994 Transactions of the American Society of Mechanical Engineers,

Journal of Mechanical Design 116, 437-444. Modeling of flexible bodies for multibody dynamic

systems using Ritz vectors.

T. S. Liu and J. C. LiN 1993 Transactions of the American Society of Mechanical Engineers,

Journal of Vibration and Acoustics 115, 468-476. Forced vibration of flexible body systems: a

dynamic stiffness method.

B. FaLrani, S. Lar and C. VENKAT 1995 Transactions of the American Society of Mechanical

Engineers, Journal of Dynamic Systems, Measurement, and Control 117, 329-335. A finite

element formulation of a flexible slider crank mechanism using local coordinates.

K. M. Hsiao and R. T. YANG 1996 Journal of Sound and Vibration 190, 177-194. Effect of

member initial curvature on a flexible mechanism response.

R. F. FunG and H. H. CHEN 1997 Journal of Sound and Vibration 199, 237-251. Steady-state

response of the flexible connecting rod of a slider—crank mechanism with time-dependent

boundary condition.

J. Y. S. Lun, M. W. WaLker and R. P. Paua 1982 Transactions of the American Society of

Mechanical Engineers, Journal of Dynamic System, Measurement and Control 102, 126-133.

Resolved motion force control of robot manipulators.

A. FLcora, M. L. Cava and P. MURACA 1992 IFAC Motion Control for Intelligent Automation

Perugia, Italy October, 27-29. A simplified strategy to implement sliding mode control of a

two-joints robot with a flexible forearm.

S. B. CHor, C. C. CHEoNG and H. C. SHIN 1995 Journal of Sound and Vibration 179,

737-748. Sliding mode control of vibration in a single-link flexible arm with parameter

variations.

B. K. Bose 1988 Institute of Electrical and Electronic Engineers, Transactions on Industry

Electronics 35, 160-176. Technology trends in microcomputer control of electrical machines.



628 R.-F. FUNG AND K.-W. CHEN

19. W. LEONNARD 1986 Automatica 22, 1-19. Microcomputer control of high dynamic performance
ac drives: a survey.

20. R. A. WEHAGE and E. J. HAuG 1982 Transactions of the American Society of Mechanical
Engineers, Journal of Mechanism Design 104, 247-255. Generalized coordinate partitioning for
dimension reduction in analysis of constrained dynamic systems.

21. S. K. CHUNG, J. H. LEg, J. S. Ko and M. J. YouN 1995 Institute of Electrical Engineering
Proceedings—Electronics Power Application 142, 361-370. Robust speed control of brushless
direct-drive motor using integral variable structure control.

22. W. Geo and J. C. HUNG 1993 Institute of Electrical and Electronic Engineers, Transactions
on Industrial Electronics 40, 45-55. Variable structure control of nonlinear systems: a new
approach.

23. W. J. WaNG and J. L. Leg 1993 Journal of Control Systems and Technology 1, 19-25. Hitting
time reduction and chattering attenuation in variable structure systems.

24. U. Itkis 1976 Control System of Variable Structure. New York: Wiley.

25.J. J. StomiNe and S. S. SastrY 1983 International Journal of Control 38, 465-492.
Tracking control of nonlinear systems using sliding surface with application to robot
manipulators.

26. Y. P. CHEN and K. S. YEUNG 1991 International Journal of Control 54, 257-278. Sliding-mode
control of multi-link flexible manipulator.

27. K. S. YEUNG and Y. P. CHEN 1989 International Journal of Control 49, 1965-1978. Regulation
of a one-link flexible robot arm using sliding mode technique.

28. K. S. YEUNG and Y. P. CHEN 1990 International Journal of Control 52, 101-117. Sliding-mode
controller design of a single-link flexible manipulator under gravity.

29. 1. G. TapsBakHsH and C. J. YOuNis 1986 Transactions of the American Society of Mechanical
Engineers, Journal of Mechanism, Transmissions and Automation in Design 108, 487-496.
Dynamic stability of the flexible connecting rod of a slider crank mechanism.

30. N. MoHAN, T. R. UNDELAND and W. P. ROBBINS 1989 Power Electronics. New York: Wiley,
second edition.

APPENDIX A

The displacement field of the deformed beam is shown in Figure 1. i, j are the unit vectors
of the fixed co-ordinate system (OXY), and e,, e, and e;, e; are the unit vectors of the
moving co-ordinates with origins at O and A respectively.

The displacement field of the Timoshenko beam is

U (xsya [): u(x, [)_ylp(xs t)a (Al)
w(x,y,t) =v(x,t), (A2)

where u and v represent the axial and transverse displacements of any point on the
connecting rod, and  is the slope of the deflection curve due to bending deformation
alone. The position vector of one arbitrary point P on the connecting rod is

R(x, p, 1) = re, + (x + w)e; + (v + w2)e;
=[rcosO0+ (x+u—ypy)cosd + (y+v)sin ¢li
+ [rsin@ — (x +u — yy)sin ¢ + (y + v) cos PJj.

Since the slider moves along the X-axis, the point B, where the connecting rod is pinned
to the slider, also moves along the X-axis. Thus, the constraint condition of point B is

0=R®O0,7)-j

=rsinf — [/ + u(l, t)] sin ¢ + v(l, t) cos ¢,
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which means that the displacement is always zero in the Y direction. Substituting the
geometric relation

rsin 0 = [sin ¢, (A3)
into the above equation, one has
v(l, t) =u(l, t) tan ¢. (A4)

The above displacement relationship at point B can also be obtained from the geometric
plot shown in Figure 2.
The holomonic constraint equation is

®(p)=rsinfh — [sin ¢ =0, (AS)

where @ = [0 ¢]” is the vector of generalized co-ordinates.
The kinematic velocity and acceleration are obtained by taking the first and second
derivatives of equation (AS), respectively, as

®,0 =0, (A6)
and
D, 0u = —(Py @)y ¢ =7, (A7)
where
D, @, =r0, cos 0 — Ip, cos ¢, (A8)
D, @, = r0; sin 0 — I} sin ¢. (A9)

It is seen that u(/, t) = v(/, t) = 0 for the assumption of a simply-supported end [6, 29]
is also included in equation (A4). If the axial displacement u(x, ¢) is negligible (i.e., only
the transverse displacement v(x, ¢) is considered), the constraint condition at point B
becomes v(/, t) = 0, and it becomes a simply supported end. In the present work, the axial
and transverse displacements are considered simultaneously; u(/, ) and v(/, t) are not
independent and related by equation (A4). Taking the variation of equation (A4), we have

ov(l, t) = ou(l, t) tan ¢ + u(l, t) sec® po¢. (A10)
Substituting equation (A10) into 6R(x, y, ), taking x =/ and y = 0, one has
OR(1, 0, t) = ou(l, t)e, + dv(l, t)e; = du(l, t) sec ¢i.

Differentiating R(x, y, ¢) with respect to time, one gets the absolute velocity of the arbitrary
point P on the connecting rod as

R (x,y,t)=r0, e+ (u,— y.)e;+ v, e
— e X [(x +u— e+ (v +v)e)]
=[—r0,sin (0 + @) +u, — W, + ¢, (y + v)les
+ [r0,cos (@ + @) + v, — ¢, (x + u— yp)le;. (A11)

Because the slider moves in the X direction and the component of the acceleration of
the connecting rod in the Y direction is zero, the acceleration of point B can be written
as

R, (1,0, 1) = a. (I, 1) sec $i,
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where
a.(l,)=R,(1,0,1) - e
= —r0, sin (0 + ¢) — r0; cos (0 + ¢)
+ uy + 20, ¢+ vy — ([ + u)P;. (A12)

The kinetic energy of the connecting rod can be expressed as

!
T;zéJ‘pR, x,»,0) R (x,, t)deJ T* dx, (A13)

vV 0

where
T — % (=10, sin (0 + ¢) + t, + v + [0, cos (0 + ¢) + v, — b, (x + W}
oL~y + o2y Al4
+ 20— vy + 3 0] (A14)
The Lagrangian strains are

Cxx = Uy — yw\ + %U.%: (AIS)
6, =0, (A16)
Ex) = % [_l// + vx + (u.\' - y'ﬁ\) (_l//)] ~ % (Ux - l//)> (A17)

where the higher order terms u, {r, . are neglected in ¢,,. The strain energy of the
connecting rod can be expressed as

1
U}ZEJ‘O','/&,'dV:J‘ U*dx, (A18)
Vv 0

where
U* =3 [EA(u, + 3 v1)* + KGA(v. — §)* + EN3]. (A19)
The kinetic energy of the crank with mass M, is
Ty=3(GM:1)07 =5 My 1207 (A20)
The kinetic energy of the slider is
Ty=3M,R,(,0,8)- R, (1,0,1). (A21)

Figure 3 shows a PM synchronous servo motor system including a motor-gear
mechanism and the output torque is applied to a flexible slider—crank mechanism. It is
noted that g, is the gear ratio, K, is the motor torque constant, i;* is ¢g-axis current, J, is
the rotor moment of inertia and B,, is the damping factor. The virtual work done by the
external force F, and the friction force u/N acting on the slider, and the driving torque t,
applied on the crank [30] is

SW* = [(F — uN)i + NjloR(l, 0, £) + 7, 80
= (F — uNYou(l, 0, t) sec ¢ + g (K, i* — g, J» 0, — g B 0,)00.  (A22)
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The generalized constraint reaction force can be obtained in terms of the Lagrange
multiplier as:

Q =, 1,
where
®, =[rcosf —1Icos ¢]. (A23)
Thus, the virtual work by all constraint forces is
oW =00"Q". (A24)

By using Hamilton’s principle, one can write
(2} i
OZJ {f oL dx+5Tz+5T4+5W4+5WC}dt, (A25)
1 o

where L(0, 0,, ¢, ¢, u, u,, u, v, 0, 0, Y, Y, ) = T* — U* is the Lagrangian density of
the servo motor and the slider—crank mechanism.

The point (x, y) = (0, 0) is the common revoluting joint of the rigid crank and the
flexible connecting rod, and the values u(0, ) = 0 and v(0, t) = 0 are specified, thus one
have ou(0, 1) = 0 and 6v(0, t) = 0. The slope angles s at the end points x = 0,/ of the
connecting rod are free, therefore oy (0, ) # 0 and oy (/, t) # 0.

Substituting equations (A13, A18, A21, A22) into equation (A25), using the constraint
condition (A10) at x =/ and introducing the damping terms C,, C, and C,, which are
proportional to the relative velocities u,, v, and ., one obtains the governing equations
(la—¢) and the boundary conditions (2a—¢).

APPENDIX B
Define
Y, (&) = /2sin(mné),  Z, (&) = /2 cos (mn),
Y, (&) = /2sin (mné),  Z, (&) = /2 cos (nmé),
and

a,n=JYn,(f)df l Sy,

by = J Z, (é) d& = 09

_[ _N2 e
Cm _L éY’H (é) dé = mn (_1) 5

I I, if m=n,
dmn - ﬁ Yfl (6)Y’” (é) dé - {0, lf m # nv
1 1, lf m=n,
Cpn = £ Zﬂ (é)z’” (é) dé - {0, lf m 75 n’
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] 0’ if m=n,
Som = L Y, (&)Y, (&) dE = {2mn(cos (mzf) COSZ(’"”) =D it men,
n—m
) .
— " _ _(nn)Z’ if m= n,
gmn - j\) Y"l (é)Y”l (f) dé - {0, lf m ?é na
) .
— ” _ _(nn)l’ lf m=n,
hmn - | Z” (é)ZW (5) dé - {0’ lf m Sé n,

—nn, if m=n,

Z, ()Y, (9 d¢ = {o, if m+#n,

Ly

1
I
1 nrw if m=n
Jan YH (6)2’” (é) dé - {O, if m #n,

~
—Ag ni‘n®, ifm=i+n,

Feni = f YOV OYa(©)dE=< /2

5 i, ifm=n—1i,

0, others,

-

' —innt, fm=n+it+jm=i—n+j,
Lo = J Y, (OY (Y] (Y, (&) dE=nidjnt, it m=n—itjm=—n—i+],
0 0, others.

APPENDIX C

The elements of matrices M, N, ®;, B and U are given as follows.

B Mll M]2 M13 M14 M]5 Mlﬁ T B Nl ]
M, My, M,; My My, My N,
M3l M32 M33 M34 M35 M36 N3
M="1M, Mo Mo My Mi My, |° N7 | N |
MSI M52 M53 M54 M55 MSG N5
L Mo Ma Mg Mg Mg Mg | L No |
T —cos¢p |7
R cos 0
0
O, = s B=[0 —1 0 0 0 0], U =[],

o @
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where M are the (2 + 3m) x (2 + 3m) matrices, N and @} are the (2 + 3m) x 1 matrices,
M, My, M5, My, M»,, M»;, M5, Ms,, M;; are chosen as the 1 x 1 matrices, My,
Mis, M, Moy, Mos, Mo, My, Mss, My are chosen as the 1 x m matrices, My,
M., My, Ms;, Ms,, Ms;, Mgi, Mg, Mg, Ny, N5, Ny are chosen as the m x 1 matrices,
M.y, Mys, My, Msy, Mss, Mss, Mg, Mgs, M are chosen as the m x m matrices and

M, = [(/1 sec’ p —2h — 1) (Sa+3) + f ((h sec’ ¢ — 2(h + 1)) Z Con fm

m=1

0 el 0 2 @
—2htan¢ ) cmgm>—§<z DY gi)—{—z S WL 42— Sihsec ¢

m=1 m=1 m=1 m=1

X <(h tan>¢p — 1) — \}2 i A fon >:|,

M, = [R((h + 1) cos (0 + ¢) + htan ¢ sin (0 + ¢)) (Ss + 1) + \% <cos 0+ ¢) i G oo

m=1

m=1

+ sin (6 + ¢) i A G > — Sy Rh sec? ¢ cos (0 + qﬁ)}

0

M = |:(S4 Dtan ¢ + \}— <tan 0] Z Cnfn— Y, Cm gm> — Sy h sec? ¢ tan qﬁ],

m=1 m=1

e fesmme £ )

MB:k(k Yt (41 Y = Sihsecd 3 )

m=1 m=1 m=1
M15:0,

0

My = <\% Y @ gn+ R(Si + 3)h tan qb> sin (0 + ¢)

m=1

G fro — R(Ss +3) (h tan® ¢ — 1)> cos (0 + ¢),
(5L

m=1
My = [_RZ(S4 + 1) _%SZ R — jm]a
My = [R(Ss + %) (sin (6 + ¢) + tan ¢ cos (0 + ¢))],
_ R
\/Em
MS] :h tan ¢, M32: —R Sin (0+¢) COS2 ¢, M33: 1, M34:M35:M36:0,
My = gn — ﬁcm h tan ¢, M, =g, — \/Ecm h tan ¢,

Mg

an sin (0 + ¢), M, = \/ Z a, cos (0 + ¢), M, =0,

m=1

1
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My = —/2a, Rsin (0 + ¢), Mu=./2¢,, Mu=1,  My=My=0,
M;, = —f, + ﬁcm (htan®> ¢ — 1), Ms, = ﬁa,,, R cos (0 + ¢),
Ms = /2¢,tanp, My=0, Ms=1, Ms=0,

M61 = Mcz = M63 = M64 = Mss = 0, Mse = ls

N, = [54 h sec? ¢<\/ Z Ay &n — h tan ¢(2 sec’ ¢ — 1)> + 2h sec? ¢p(tan ¢(Ss + 1)

m=1

m=1

ftamﬁ Z Cn f — f 2 Con & }qﬁ + [R(h tan ¢ cos (0 + ¢)

—(h+ 1)sin (0 + $)) (Ss + 1) +\%cos O+0) Y ang

m=1

— \1/% sin (0 + ¢) i G frn + Si Rh sec® ¢ sin (0 + (]5)}0'2 + 2[(& + Y tan® ¢

m=1

1 | v
l) am m T h tanz ¢ Cnyfl‘n
~(J30 0 £ ol gty 3

m=1 m=1
+ tan N h m .m +— h m&m -3 mjJm 3 m .m
¢<\/§ mgl ¢ g \/i mgl “ g >> ? mglf f ? 2:: g g

— Sy h sec? ¢<Ii tanzqﬁ—\k i A frn ﬂqﬁ—{ Z 2<h tan ¢ — Z (=H)"y,

m=1

+ i (—1)"1(mn)gm> 70 [(h+ h? tan® ¢) Z (= D)"(mm)g,,

m=1 m=1

+ h*tan ¢ (X A tan® ¢ + 1)+(i

m

Y (= 1y ),

In

+ i i(—l)"‘(mnzﬁ)gi )gm+h tan ¢><i (— 1y (mn)f,

mn=1n=1 m=1

+2 i (mm)’g? >]}h sec’ ¢,

m=1
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N,= —B,0+ [\/ER i A 8 O \[ z [ > + R(2h¢ tan ¢ + (h — 1)¢>

m=1 m=1

+ 2hp? sec® ) (S4 + ;):| sin (0 + ¢) + [ﬁ i @ frn  + \k i o G P

m=1 m=1

— 2Rh¢ tan® ¢(Ss + 1) — R tan ¢p(2sec’ ¢ — 1) (S, + ;)gﬁz] cos (0 + ¢)

Ny =2$h tan ¢ + #SLCOSZ ¢ tan q’)[i (nm) (—1)'g, — i (— 1)"'1’,,]

n=1

+h{(2sec2¢> N + ; sin ¢ + }C;

X [1 +2 i (nm) (—1)'g, tan ¢
(in) (nm) (—1)"*'gi g, tan® § + i (nm) (—1)f, tan® ¢]}

+ }C 51, cos ¢{ I’ tan* ¢ + 3 h* tan? (]5[1 + i (nm) (—1)'g, tan (ﬂ

n=1

[i () (1Y +3 Y Y (m) (nn)(—l)"“gfgn}

n=1i=1

x [1 + i (nm) (—1)"g, tan ¢]} RO? cos (0 + ¢) cos® p — > — lF(:OS(p

n=

N4 - 6l_fn + 2¢gm + fcn1 (S h - 2ﬁ11 + 4{2 |:(mn)2fl‘n - Z Z kmm g: gn

n=1i=1

+ (mn)*h tan ¢g,, } +/2{cn 2 tan ¢ — h*(1 — 2 sec” ¢p) — ¢7]
— Ra,, 0> cos (0 + ¢)},

, . . . 1
Ns=6g,+ ﬁcm & tan oh — 2¢f, — d*gn + ﬂT’f ((mn)’g,, — (mm)¥,,)

4&2 |:\/2 Z Z kmmf gn (mﬂ:)zh tan ¢ﬁ1 + % <£ Z Z Z lmni/' g/' gi gn

n=1i=1 n=1i=1j=1

Th tan ¢ Z Z Komi i g — (mm)*h* tan? ¢g,, > + \1/ Z > Koi G fo

n=1i=1 n=1i=1
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— h(mn)’g, ] + ﬁ {c 27 tan> ¢ + h(c: ¢ sec® ¢ — p* tan (1 — 2 sec® ¢))]

— Ra,, 0?sin (0 + ¢)},

€ 1 I 1 2 1
N, = P ¥+ <W _ ¢2 + TCTCZ (nqn)')‘]/m — W (mn)gm,

APPENDIX D
Choose p=1[¢], q=[0 h f g ¥], ®,=[Rcos8 00 0 0] and ®, =[—cos ¢]. The
entries of matrices in equation (36) are

M = [Mll], M7 = [Mlz M|3 M14 MIS Mlé],

My My My My My
My, My Mi M My
M? =[M, M My Ms Mg, M = My, My My My Mg |,
M, Ms; Ms, M Mg
Mg Mea Mo Mg Mg |
N'=[N].  N=[N, N; No N5 NJ', B’ =[0].

Where the elements (e.g., My, My, ..., M, N1, N2, ..., Ng) are the same as in
Appendix B.

APPENDIX E: NOMENCLATURE

A cross-sectional area of the connecting rod

B, motor damping coefficient

C.,G gain matrices for the switching function of the speed control
C,C gain matrices for the switching function of the tracking control

C,,C,, C, coefficients for viscous damping

d flexible connecting rod diameter

E Young’s modulus

e the speed error vector for the speed controller

& the position error vector for the tracking controller
[ the speed error vector for the tracking controller
€, unit vectors in the x and y directions, respectively
e, e unit vectors of the rotation co-ordinates originated at O
F external force acting on the slider

F€ the generalized constraint reaction force

g gear ratio

h(t) non-dimensional axial deformation of the connecting rod at & = 1
1 area moment of inertia about the neutral axis

i,j unit vectors in the X and Y directions, respectively
I¥ non-dimensional input current

i g-axis current

I motor moment inertia

K shear deflection coefficient

Ky motor torque constant

/ length of connecting rod

M,, M, mass of crank and slider, respectively

N reaction force

P,Q positive constant coeflicient
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the vector of generalized co-ordinates

length of the crank

dimensionless crank length

position vector related to XOY co-ordinate system

switching function

sign function

saturation function

the kinetic energy of the crank

the kinetic energy of the flexible connecting rod

the kinetic energy of the slider

time

control input

the strain energy of the flexible connecting rod

longitudinal and transverse displacements of the rod, respectively
moving co-ordinate system

global co-ordinate system

boundary layer width

holonomic constraint equation

Lagrange multiply

Lagrangian strains

angle between X-axis and undeformed axis of the flexible connecting rod
constant coefficient between 0 and 1

the coefficient of sliding friction

crank angle

mass density of connecting rod

dimensionless time

torque applying to the crank

motor torque

dimensionless crank length parameter

the slope of the deflection curve due to bending deformation alone



