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Modeling and Control of Hybrid Machine Systems
— a Five-bar Mechanism Case

Hongnian Yu*
Faculty of Computing, Engineering and Technology, Staffordshire University, Stafford ST16 9DG, UK

Abstract: A hybrid machine (HM) as a typical mechatronic device, is a useful tool to generate smooth motion, and combines
the motions of a large constant speed motor with a small servo motor by means of a mechnical linkage mechanism, in order
to provide a powerful programmable drive system. To achieve design objectives, a control system is required. To design a
better control system and analyze the performance of an HM, a dynamic model is necessary. This paper first develops a
dynamic model of an HM with a five-bar mechanism using a Lagrangian formulation. Then, several important properties
which are very useful in system analysis, and control system design, are presented. Based on the developed dynamic model,
two control approaches, computed torque, and combined computed torque and slide mode control, are adopted to control
the HM system. Simulation results demonstrate the control performance and limitations of each control approach.
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1 Introduction

Robotics and intelligent machines have been identi-
fied as one of the five main important application areas
for control technology, in a recent expert meeting of the
control community!!!. The ideas and experiences from
research in robotics and intelligent machines can be ap-
plied in the design, modelling, analysis, and control of
hybrid machines (HMs). An HM is a useful tool to gen-
erate smooth motion, and is an adjustable mechanism
with two motors, a constant velocity (CV) motor, and
a servo-motor, which produces a programmable range
of highly nonlinear output motions>~*. HMs transmit
power from the servo and CV motors, and power sav-
ings are obtained over the case where an output shaft
is directly linked with a servomotor!®). Meanwhile, the
size of servomotor used in HMs can be minimized in
comparison to the size of motor required to drive a
load directly.

Output motion containing a dwell, is widely em-
ployed in common industrial applications, such as cut-
ting, printing, and stamping. A cut-to-length machine
is investigated in [4]. An HM for producing a recipro-
cating motion is studied in [2]. An HM with a five-bar
mechanism is investigated in [3]. The optimal design
for an HM with a four-bar mechanism for path genera-
tion, and motions with reduced harmonic content, is in-
vestigated in [6]. To produce more complicated paths,
an HM with a five-bar mechanism was also optimally
designed in [6]. An HM with a seven-bar mechanism
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was developed in [4]. Kinematics optimization for an
HM with a seven-bar mechanism, using fuzzy logic and
a neural network, was studied in [5], while basic con-
trol issues based on a simplified dynamic model were
discussed in [7]. The benefits of using HMs, and a com-
parison of torques produced by a direct servo motor and
an HM, were investigated in [7]. This work showed that
an HM required less torque and less power than a di-
rect drive motor when producing a required motion, as
shown in Fig. 1.

A dynamic model plays a very important role in
terms of system validation, analysis, and control sys-
tem design. However, unlike robots with open-chain
mechanisms, the derivation of dynamic equations of
motion for a generic HM suitable for control system
design, is still an active research topic; because of the
complexity of the kinematics and dynamics analysis in-
volved. The development of a dynamic model for HMs
has received intensive research in recent years!6~12l. An
approximated dynamic model of an HM with a seven-
bar mechanism was proposed in [7]. A full dynamic
model was developed using a Lagrangian formulation
in [8,9]. However, the developed model requires further
validation. Modelling of an HM with a five-bar mecha-
nism was investigated in [6,10] using a model reduction
approach. In [6,12,13], several basic control approaches
were proposed, based on the model in [6]. In this paper,
we follow the procedures proposed in [8,9] to develop
the kinematics and dynamic model for an HM with a
five-bar mechanism. One of the main aims is to provide
a validation means for the model developed in [8].

Based on the developed dynamic model, two well
known control approaches are adopted to control a
five-bar HM. The first approach is computed torque
controll' which gives excellent control performance
when there is no uncertainty. However, it is sensitive
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to model uncertainty and other disturbance. The sec-
ond approach is combined computed torque and sliding
mode controll’?, which provides good control perfor-
mance when there is uncertainty.

This paper provides two contributions. First, a full
dynamic model of an HM system with a five-bar mech-
anism is provided. The modelling method is based
on a Lagrangian formulation. As a result, systematic
and quantitative HM dynamics, i.e. a relation between
the Lagrangian formulation (including the inertial ma-
trix, the vector of centripetal and Coriolis torque, and
the vector of gravitational torque) and linkages is pre-
sented. The properties of the dynamic model are sum-
marised. The second, is that two control approaches
are applied for controlling an HM system based on the
developed dynamic model. Simulation results show the
effectiveness of the investigated HM and control ap-
proaches.
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Fig.1 Comparison of the torque and power produced by a
direct servo motor and an HM

The paper is organized as follows: Section 2 devel-
ops the kinematics and dynamics for a five-bar mecha-
nism. The dynamics development is based on a La-

grangian formulation. The computation procedures
and properties of the developed dynamic model are
also presented. Two control approaches are presented
in Section 3. When the parameters of the HM are
known, the computed torque control approach pro-
vides a good control policy and generates good track-
ing performance. However, when the HM parameters
are unknown or changing with the environment, the
computed torque control approach cannot provide an
acceptable result. The sliding mode control approach
is a good and simple robust control policy which can
overcome system uncertainty well. To demonstrate the
above argument, simulation results are presented in
Section 4. Conclusions are given in Section 5.

2 Modelling an HM

This section concentrates on the development of the
kinematics and dynamics for the five-bar HM shown in
Fig. 2. Based on the developed model, several proper-
ties which will be used in the control system design in
Section 3 are also provided.

(@p, yp)

Fig.2 An HM with a five-bar mechanism
2.1 Lagrangian equation

The general equation of motion for a mechanical
linkage system, which is the basic structure of an HM,
can be conveniently expressed through the application
of Lagrangian equations!'®. Lagrangian equations for
an HM are shown in Fig. 2, and can be written

d (0L oL
i () - = .

where L = K — P is known as a Lagrangian function;
K and P are respectively the total kinetic energy and
potential energy of the linkage system, and 7; is the
generalised force or torque associated with the gener-
alised co-ordinate ¢; (angular displacement (rad)). The
system has five links, L1,---, Ls. Since link 5 is fixed,
it can be neglected in the development of the dynamic
equations. Let g; denote the angle with respect to the
reference position of the link parallel to, and having
the same direction as the x co-ordinate shown in Fig. 2.
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Then the kinetic energy of the HM system is:

1 4

K= 23 M0+ mili? +3)] = 50h00n ()

=1

[\)

where I; includes the inertia of the motor armature,
the inertia of the load, and the inertia of the linkages,
x; is the z co-ordinate of mass centre of linkages L;, y;
is the y co-ordinate of mass centre of linkages L;, m;
is the mass of linkage L;, Q12 = [¢1  ¢2]T is a vector
which represents two independent joints (inputs), i.e.
the inputs from the server and CV motor respectively,
and D is the generalised inertia matrix (which will be
developed later). Potential energy is:

4
P= Zmigyi =gMTY (3)
i=1

where g is gravity acceleration, M = [m1 ma m3 my]T

is the mass vector, and Y = [y1 y2 y3 y4]T. By inserting
(2) and (3) into (1) we have:

DQ12+DQ12—@+m = DQ12+CQ12+G = 112
(4)
0K

is a vector containing

where CQ12 = DQ12 — 6@12

the effects of the Coriolis and centripetal torque, G =
OP

Q12
a vector of the generalised torque of joints one and two,
respectively. Our objective in dynamic development is

to determine the details of the representation of D, C,
and G in (4), for the HM shown in Fig. 2.

is a vector of gravity torque, and T2 = [11 72| is

2.2 Kinematics of an HM

There is a loop LiLsLsLsLs in the HM shown in
Fig. 2, which can be used to set up kinematic equations.
Two equations from the loop are:

L1C1+ L3C3 — L202 — LAC4A— L5=0  (5)
LSy + L3Sy — L3Sy —L4Sy=0 (6)

where C; = cos(¢;) and S; = sin(g;) for simplicity rea-
sons. Equations (5) and (6) can be used to determine
the kinematics of the HM shown in Fig. 2.

2.2.1 Computation of g; and g,

This HM has two degrees-of-freedom, and four joint
variables q1, q2, g3, and g4. As discussed earlier, only ¢1
and ¢o are independent, while the rest of the joints (g3
and ¢4) are functions of joints ¢; and g2. The objective
of this section is to find a representation for joints g3
and g4 in terms of ¢; and ¢2. Using (5) and (6) and a
simple algebra, we can find representations of g3 and
g4 in terms of ¢; and go as:

g3 = arctan (g) - 051 (7)

where a = L101 — L5 — LQCQ, b= L151 — L2S2, A=
L3—(a®+b%+L3%), C = 2L3va? + b2, 31 = arctan(a/b).
Inserting (7) into (6), we have:

b+ L3S3
= arct — ). 3
qq = arc an(a+L303 (8)
2.2.2 Computation of 94 and 04; for : =3,4
q 0q,

Taking the partial differentiation of (5) and (6) with

0
respect to g1, and considering that a—q2 = 0; since ¢1

and g2 are independent of each other, we have:

0 0
I .[/353ﬂ - .[/454ﬂ =0
Oq Oq
9] 9]
LCL + Lgcgﬁ — L4C’4ﬁ =0.
oq oq
Solving these two equations gives:
943 .
8(]1 _ —L353 L4S4 Sl - 1
% B Ll |:—L303 L4C4 Cl B L1A34 Sd
Oq
(9)
_ | —L3S3 L4Ss _ T
where A34 = [—LgCg L404] and Scl = [Sl Cl] .
Taking the partial differentiation of (5) and (6) with
0
respect to g2, and considering 8—(]1 = 0, we have:
qz
943 .
9g2 | _ 4 |—L3Ss LaSy Sal 41
% B L2 |:—L303 L404 CQ B L2A34 SC2
992

(10)
where SCQ = [SQ CQ]T.

2.2.3 Computation of ¢; and ¢,

Taking the derivatives of (5) and (6) with the re-
spect to time, gives:

L151G1 = LaSago + L3S3¢3 — L4S44s = 0
LiCig1 — LaCago + L3Csg3 — LyCygs = 0.

Writing the above equations in vector form gives:

Gs | _ | —LsSs  LaS4 LS LS [@
44 —L3Cs  L4Cy LiCy —LoCo| | G2 |

1,51 —LsS
_ T _ 191 292
Let Q31 = [g3 q4] ", and App = |:L101 —LQCQ]'
Then the above equation can be written

Qsa = A3l A15Qra. (11)
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In system design, it is necessary to avoid singular val-
ues of Agy, therefore its inverse is used in (9)~(11). We
can set g3 # q4 to avoid the singular value issuel®. The
singular value issue was not discussed in [12,13].

2.2.4 Computation of &; and y, where ¢ =
1,2,3,4

From Fig. 2, we can easily obtain:

x1 = LaCy, y1 = LSt

x9 = LoCo, Y2 = Lc2So
w3 = Le3Cs + L1Ch, y3 = L3Sz + L1151
rg = LeaCy + LoCay ya = LeaSa+ LaSo

(12)

where L¢;(i = 1,2, 3,4) are the distances from the joint
to the centre of mass for the ith link. Taking the deriv-
ative with time for the above equations, we have:

1 = —L1S141,
Tg = — L2524, Y2 = Le2Coqo
@3 = —L¢353G3 — L151G1, 93 = Le3Csqs + L1C1qr
&g = —Le3S4Gs — L252G2,  Ya = LeaCugy + LaCaqo.

71 = LaCiqa

The above equations can be rewritten in vector form
as:

> || _ | LaS 0 i
XH_LTJ_ { 0 chsz] {42}_ AsQu2

(13)
e AR R A R
Using (11), we have:
X34 = Bﬂ = —(AzaA3 Aa + A Q10
(15)

Y4 = [Zi] = (Ac34A§41A12 + A) Q12 (16)

AS:[LdSl 0 ]

0 LS
A= [LCBQ LCSCJ
Aggs = [chsg ch&]
At = [Lc%cg LCSCJ'
2.2.5 Computation of 0y and 9y
q dq,

From (12), and considering that ¢; and g2 are inde-
pendent of each other, we have the following:

0y 0y
_— = _— = LC
oq 0 9q2 2C2
Y3 0qs 0ys3 Jg3
— = L3C3—+ L0y, —=—— = L.3C5—
oq 7% 0g Y 9 % 0
Oy 0qs  Oys Jq4
_— = LC ) - = LC he— L .
o nen 9 90 1Cy 902 + L2Co
Rewriting the above equations in vector form gives:
8Y12 - _Lchl .
o | 0 = LaC1B; (17)
2 [ 0
= = L.CsB 18
o | L, | = Lacap: (18)
6}/34 o chcg 0 . 8(]1 + Llcl _
oq B L 0 LeaCo| % 0 a
L 8q1 d
L1Ac34A§413c1 +L,C1 By (19)
- % -
Mo _[LaCy 0 ] _|0a |, [ 0 ]_
g2 0 LeaChy O0qa LyCy
L 8q2 4
— LQAC34A§4IS¢32 + L2O2B2 (20)

2.3 Dynamic model of an HM

In this section, we will develop the dynamics of an
HM using the kinematics described in Section 2.2.

2.3.1 Dynamic model

Kinetic energy (2) can be rewritten

K =2 ) [Lig7 +mi(a} +97)] =

N =
-

Il
-

1. . 1. . 1. .

§Q1T2[12Q12 + §Q3T4134Q34 + §X1TQM12X12+

1. . 1. . 1. .

§X?$1M34X34 + §Y1T2M12Y12 + 53/},2M34Y34
where 112 = diag[[l IQ], I34 = diag[lg 14], M12 =
diag[My Ms), M3y = diag[M3 M,]. Using the re-
sults obtained in Section 2.2, kinetic energy can be
written:

1. . 1. .
K = 5@?#12@12 + 5Q?QA?2A§4TIB4A§41A12Q12+

1. .

§Qr1r2A;rM12AsQ12+

1 1 T -1 :
5@12 (AszaAzy Ao+ Ag) " Msy(AssaAsy Ao+ As)Qra+
1 .

§Q1FQACTM12ACQ12+

1. —1 T 1 :
5Q12(AC34A34 Ara+Ac) Mza(AczaAzy Ar1a+Ac) Q2 =

%QEDQM (21)
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K can also be represented as:

1
K 25[(11 +my L2 +msL?)i + (I + maLy+

m4L§)q§ 4+ 2msLaoLcaCh_3G14s + (Ig + m3L§3)q'§+

2maLoLeaCosGogs + (I +maL2,)d3). (22)
Using (22), we have:
0K
OK 1 oq | _
Q12 | 9K
g2
[ —2m3L1Le3S1-3d1 0 :
. +
I 0 —2myLoL4S2-4G2 (s
_[% %] 2m3L1L.351-3G1 0
g1 a1 0 2muLoLeaSa_ugo 0O
Ly 2m3L1LesS1-3qu 0
|94z Daz 0 2myLoLcaSo_4Ga
= Cy34Q34 + C34Q34 =
(Cs3a + C34) A3 A12Q12 = CroQ12 (23)
where
Cunt = —2m3L1Lc351-3¢1 0
53 0 —2myLoLcsSa—_4go
C3 =
i [ 9gs %} 2mg3L1Lc3S51-3¢1 0 17
9q1 ¢ 0 2myLoLcsSa—aqs |
[% %} 2mg3L1L351-3¢1 0
| [P0 D 0 2maLoLesSa—4Ga | |
T 2msL1 LesS1—34 0 17
1 T 3L Le301-341
(L1434 Ser) { 0 2ma Lo Lc4S2—4Go)
_ 2ms L1 Le3S1_3q 0 ]
1 T 3L1Lie301-341
_(L1A34 Se2) { 0 2maLlioLeaS2-4Go| |

Crg = (Csza + C34) A3, Ara.
From (21), we can easily obtain:
D = Lip + (A3 A12) T 134 A3} Ara + AT Mia A+
(As34A§41A12 + AS)TM34(A534A§41A12 + A+
AT M2 Ac + (AcaaAgy Ava+
Ao) T Msa(AczaAsy Ara + Ae). (24)
Taking the time derivative of D, we have:
D = 2(A5) A12) T34 A5 (Arg — Azg Az Avo)+
2AT My Ag 4 2(Ag3a Az Avo + A)T My ((Agza—
A534A§41A34)A§41A12 + As34A§41A12 + As)"’
2AT M2 A, + 2(Acza Azl Aro + Ag) Mg (Acsa—
Awza Az} Azd) Agl Ao + Aeza Azl Ara + A,)
where

LiCigy
—L1S1¢2

—L2Coqo

A = :
12 L2552

A — —LaCiga 0
s 0 —Le2Cao
i - —LaiS1¢a 0
¢ 0 —L:252¢0
A — L3C343 0
s34 0 LcaCuiy
Ann — | LeaSads 0
e3d 0 Lc4S4da
Ay = {—L?,Osqs L4Clyqs } _ [Q3T4A34]
L3S343  —L4S44a Q34434 ]"
Let D = di diy , and we have:
dia  da2 |
i rOdi1 7 rOdiz 7T
3T oq 3T oq
12 | 9dyy 12 | 9dyy
, L gz 4 L Oga
D= (25)
rOdia 7 r Odaa 7
T oq 3T oq
12 | 9dlys 12 | dyy
L L Jg2 | L Ogo J
r rOdqp T rOdiaq
T oq T oq
12 | 9y, 12 | Adys
. L Jqz L Og2 1 | |
DQ2 = Q12 =
r Odia T r Odas T
5T oq 3T oq
12 | Odyy 12 | Helay
L L g L Og2 1 |
[ rOdii  Odig T T
or | 91 Oqr |
121 0dy1 Odia @12
L 8(]2 8(]2 _
[ Odi2  Oda T
ot | O Oqr | o
121 Od12 Odaa @12
L L Og2  Oga i
r rodiy  Odia 7 T
or | 91 Oqr |
12| dyy iy | 912
oK 71 L 0q2 Oqy | B
Q12 2 rodii  Odiz 7
or | Og2  Oga |
121 Ody2  Odaa @12
L L Og2  Ogo i
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i rOdi1 T rodiaq
st | Oq ot | Oq
12 | 9dyo 12 | 9dyy
1 L Oq1 | L g1 .
3 Q12
rOdqq 7 M Odia 7
3T g2 3T g2
Q12 ddro Q12 Ddosy
L L Jg2 | L Ogz
Using the above two equations, we have:
- 0K
D _——_—— =
Q12 901
r Od11 Ody2 T
QT oq T oq
12 3d11 _ Odyo 12 23d12 _ Odao
1 5(12 oq g2 Oq .
3 Q12
2(96512 Odi1 6d22 O0dq2
5T dq1  0ge 5T 3Q1 9q2
12 ddyo 12 ddas
L 02 g2 n
Therefore, C' in (4) is:
C p—
i r Odi1 T r O0di2 17
5T o 5T o
12 3d11 _ Odyo 12 3d12 _ Odgo
1 5112 Oq1 5112 Oq1
2 aCll2 ~ Odin 6d22 ~ Odig
5T 3q1 92 5T 3q1 92
12 ddys 12 dos
L L g2 i L O0qo 1]
D — Cko. (26)

Using the results in Section 2.2.5, the terms of gravity
torque are:

OP 0Y12 0Y3y

el Moot g, 2034
o= (38|~ | am, L |-
el M 12 M 34
g2 g0y Oq2 T Maas 3Q2)

gL1C1My12B1 + gL Myza(Acza Ayt Ser + C1By)
gLe2CoyMg12Bo + gLoCo Mgz B — gLoM 34 Acgs A

(27)

where Mg12 = [m1 mg], and Mg34 = [mg m4].

We can summarise the procedures of computing the
dynamics of HM (4) as follows:

1) Input the parameters of the mechanical linkage
system, Li, Lci7 myg, Ii, for i = 1, 2, 3, 4.

2) Loop: Perform the following computation, for
t=1,2,--- N

a) Input the two independent joint variables ¢; and
q2, velocity ¢; and ¢q, acceleration ¢; and §s.

b) Compute the other joint variables g3 and g4 using
(7) and (8).

c¢) Compute D using (24).

d) Compute C using (26).

e) Compute G using (27).

f) Compute 712 using (4).

The above procedures are very useful for system
analysis, simulation study, and controller design.

2.3.2 Properties

It can be proved that (4) has the following proper-
ties:

a) Inertia matrix D is symmetric, positive definite,
and bounded above and below, i.e. DT =D, XTDX >
0 (X is an arbitrary vector), and there exist constants
dp, and dypy, such that dp, I < D < dpyI (Tisa2x2
identity matrix).

b) Matrices D and C' satisfy:

M15(D = 2C)Q12 = 0.
¢) The term CQ1» has:
[CQuall < d| Q12|

where d is a scalar constant.
d) The gravity term G is bounded above, i.e.:

1G] < d

where d, is a scalar constant.
e) Dynamics (4) defines a passive mapping from the
input 712 to the generalised velocity @12, i.e.:

t
/0 QlTQ(u)Tlg(u)du >0

f) Dynamics (4) can be linearised in terms of un-
known (or uncertain) parameters as follows:

712 = DQ12 + CQ12 + G = OW + W

The above properties are very useful in control sys-
tem design, and to validate the design of an HM. Their
proofs are given in Appendix.

3 Control of HM

The highly non-linear nature of HM dynamics (4),
means that a linear control approach will only pro-
vide local and approximate results. In order to ob-
tain global results, more advanced and quite different
techniques from non-linear control theory are required.
Many nonlinear based approaches have been proposed
to control robot manipulators, e.g. geometric control,
computed torque control, and sliding mode control, etc.
In these approaches, a non-linear control law can be
derived either using a feedforward (computed torque),
or a feedback (feedback linearization, inverse dynam-
ics) method, from which the intent of linearization and
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decoupling of non-linear robot dynamics can be estab-
lished. Computed torque (also called inverse dynamics)
is commonly referred to as a special case of feedback
linearization in robot control.

In this section, we introduce two control approaches
to control an HM. One is the popular computed torque
control method, while the other is a combination of
computed torque and sliding mode control.

3.1 Computed torque control of an HM

To control the HM dynamic model (4), a selected
computed torque control law is:

712 = DQ, + CQ12 + G (28)

where Q, = Qq12 — Kyé12 — Kpeia, e12 = Q12 — Qai2,
Qa12 is the desired (or reference) trajectory vector of
@12, and K, and K are linear control parameters. In-
serting control law (28) into dynamic (4), gives:

D(le — Qa12 + Kyéra + Kpei2) =0.

Using property (a) in section 2.3.2, we have the follow-
ing error equation:

€12 + Kypéio + Kpeia = 0. (29)

Therefore, standard control methods from linear con-
trol theory can be used to design gains K, and K,,, and
to achieve desired tracking performance. If the gain
matrices K, and K, are chosen as diagonal matrices
with positive elements, then the closed-loop system is
linear, decoupled, and exponentially stable. This is a
very appealing control approach. However, the chief
drawback of the computed torque control approach
arises from the fact that it relies on an exact cancella-
tion of non-linear terms in order to obtain linear input-
output behaviour. Therefore, we have to combine com-
puted torque control with robust control - sliding mode
control, in order to improve the robustness of the closed
loop system.

3.2 Combining computed torque and slid-
ing mode control for an HM

Since the dynamic parameters of an HM in a real
system are difficult to obtain, we can only use estimated
values. Therefore, the following combined control law
is adopted:

Tia =712+ 7 = Do+ Cv+ G — Kysgn(s)  (30)

where D,. C’, G and are estimations of D, C, and
G, v = Qg12 — Pise1s is reference desired joint sig-
nal, s = é12 + Pisejo is reference error, Pjo is a pos-
itive matrix selected by a designer, K, is a positive
sliding gain matrix, and sgn(-) is a signal function.
s = é12 + Pioe1s = 0 is also called the sliding surface
in [6].

Theorem 1. For HM (4), if combined control law
(29) is applied and the following condition satisfied:

ki = |D(Q12)0 4+ C(Qr2, Q12)Q12 + G(Q12)]i +m: (31)

where D=D—D, C = C'—C, G = G'—G, and 7;, are
small positive values, then for a reasonably small pos-
itive constant, all signals in the system are bounded,
and tracking error ejo tends to zero as time tends to
infinity.

Proof. Define a Lypunov-like positive function:

1
V =-s"Ds.
55 Ds
Taking the derivative of the above equation with re-
spect to time, and using the properties in 2.3.2, control
law (30) and (31) have:

) 1 ..
V =sTDs+ isTDs =
. . . 1.
sT(112 — CQ12 — G — DQa12 + DPioéra + §DS) =

sT(Dv+ Cv+ G — Kesgn(s) — Cv — Cs — G—
Do + %Ds) =

2 2
sT(Do+Co+G) = > Kalsil = =Y milsil.
=1 1=1

Hence s; — 0 as t — oo. This leads to e;o — 0 as
t — oo. ]

4 Simulation study

The purpose of the simulations in this paper is 1) to
test and validate the adopted control approaches, and
2) to compare the combined computed torque control
and sliding model control approach with the computed
torque control approach.

Simulation studies were conducted using the five-
bar HM shown in Fig.2. Numerical values for link
parameters used in the simulations were as shown in
Table 1. The estimated values of the link parameters
used in the control law were shown in Table 2. During
simulation, the servo and CV motor were instructed to
complete the following motion:

qa1 = 7/8+ 1.5t
qa2 = 0.6 sin(0.57¢t) + 0.3 sin(1.57¢t) 4 0.1 sin(37t)

Table 1  Parameters for a five-bar HM
Link ¢ L;(m) L¢i(m) m;(kg) I;(kg:m?)
1 0.08 0.006 0.91 0.000 847
2 0.1 0.028 0.28 0.000 63
3 0.25 0.125 0.38 0.004 002
4 0.25 0.125 0.38 0.004 002
5 0.25 - - -
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Table 2  Estimated parameters for a five-bar HM
Link i  Li(m)  Le(m)  my(kg)  Ii(kgm2)
1 0.08 0.006 0.90 0.0008
2 0.11 0.025 0.29 0.000 6
3 0.24 0.12 0.39 0.004
4 0.26 0.13 0.37 0.0035

5 0.25 - - -

The trajectories qq1, 42, qa3, and gq4, are shown in
Fig. 3.

8

Radian
N

2F= <

4

Fig.3 Desired joints for an HM

4.1 Computed torque control

The parameters of the computed torque control law
were: K, = {100 400] and K, = {500 180} When
there was no parameter uncertainty, i.e. true link pa-
rameters were used, tracking performance was good.
When estimated link parameters were used, simulation
results were as shown in Fig.4. It can be seen that
there are significant errors.

Error of joint one Error of joint two

0.1
01 -0.5
-0.2 -1
0 1 2 3 4 r 2 3 4
Time (s) Time (s)
Control input of joint one Control input of joint two
_ 2 = 2
g £
Z
% 0 o 0
g 3
Q Q
% -2 % -2
< o)
= =
-4 -4
1 2 3 4 1 2 3 4
Time (s) Time (s)

Fig.4 Tracking performance of a computed torque
controller

4.2 Sliding mode control

The parameters of the sliding mode control law
100 0 20

were: P = 0 200! K, = [0 8} and 1 =

12 = 0.4. When the estimated link parameters were

used, the simulation results were shown in Fig.5. It

can be seen that the tracking performance shown in

Fig. 5 is much better than that shown in Fig. 4.

Error of joint one Error of joint two

0.4
g 02 g o
T 0 g
&= 05
-0.2 e
-0.4 -1
i3 3 4 2 3 1

Time (s) Time (s)

Control input of joint one Control input of joint two

o

20

Torque one (N-m)

Torque two (N-m)
(=

—_
=)
,
o

(=)
—_
[\
w
IS
=

1 2 3 4

Time (s) Time (s)

Fig.5 Tracking performance of a sliding mode controller

5 Conclusions

In this paper, a general dynamic model for an HM
with a five-bar mechanism has been developed using
a Lagrangian formulation. The dynamic model has
a closed form, and can be used to validate mechan-
ical systems, to design a controller, and to perform
simulation studies. Several important properties have
been obtained from the dynamic model. These prop-
erties, which are similar to those of robot manipula-
tors, can play an important role in advanced control
system design. Furthermore, two popular control ap-
proaches, computed torque control, and sliding mode
control, have been adopted based on the developed dy-
namic model. Simulation results have demonstrated
good control performance.

Appendix

Proofs of the properties presented in Section 2.3.2
are given below. It is easy to prove that D is symmet-
ric, positive definite, and bounded above and below.
The symmetric and positive definite properties of D
are straightforward, since matrices 12, I34, Mi2, and
M3y, are diagonal and positive definite. The bound-
edness of D is due to the fact that all elements of the
matrices in (23) are sine or cosine functions of joint
variables. We have already proved property (a).

Using (25) and (26), we can prove property (b). Us-
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ing (24) and (26), and the boundedness of the sine and
cosine functions, we can show property (c).

Property (d) can be shown using (27).

Property (e) may be shown using Hamilton’s equa-
tion of motion!'4). Let Hamilton’s H be:

1. )
H:K+P:§Q1T2DQ12+P.

Taking the derivative of the above equation with re-
spect to time, gives:

;e . 1 oo o o OP
T =Q1,DQ12 + §Q1T2DQ12 + Q?zm =
. .. 1. . oP
T : g
12(DQ12 + 5 D@z + 8@12)' (A1)
Using (4), we have:
- o . op
Qa2 = Qi2(DQ12 + CQ12 + —). (A2)
0Q12

Comparing (A1) and (A2), and using property (b), we
have

dH .t

o~ Qe

Integrating the above equation gives:

AQHW@@M—H@—H@>—MW

This proves the passivity of the mapping between 712
and Q[1124].
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