Real-Time Manipulation of a Hybrid
Serial-and-Parallel-Driven
Redundant Industrial Manipulator

The real-time implementation of path planning, trajectory generation, and servo
control for manipulation of the prototype UPSarm are presented in this paper.

H. H. Cheng The prototype UPSarm, which is primarily designed for studying the Seasibility

Assistant Professor, of loading packages inside a trailer, is a ten degree-of-freedom hybrid serial-
Department of Mechanical and and-parallel-driven redundant robot manipulator. The direct, forward, inverse,
Aeronautical Engineering, and indirect kinematic solutions of the UPSarm using three coordinate spaces:
Unlveggywsofg:lggglg, actuator space, effective joint space, and world Cartesian coordinate space are
Assoc. Mem. ASME derived for real-time path planning, trajectory generation, and control. The

manipulation of the UPSarm is based upon a general-purpose path planner
and trajectory generator. Provided with appropriate kinematics modules and
sufficient computational power, this path planner and trajectory generator can
be used for real-time motion control of any degree-of-freedom hybrid serial-and-
parallel-driven electromechanical devices. A VMEbus-based distributed comput-
ing system has been implemented for real-time motion control of the UPSarm.
A PID-based feedforward servo control scheme is used in our servo controller.
The motion examples of the UPSarm programmed in our robot language will
show the practical manipulation of hybrid serial-and-parallel-driven redundant
kinematic chains.

1 Introduction

-Most industrial robot manipulators are designed with se-  Sugimoto, 19887; Zhang and Song, 1991). Lee and Shah
rial kinematic chains which can provide large workspaces. (1987) presented the forward and inverse kinematic solutions
Much work on kinematics and real-time manipulation of for a three-degree-of-freedom fully in-parallel drive mecha-
robot manipulators with serial kinematic chains has been nism. In general, the workspace volume of the robot arm
reported in the literature (Cheng and Gupta, 1991; 1992;
1993; Featherstone, 1983; Hollerbach and Sahar, 1983; Luh
et al., 1980a; 1980b; Pieper, 1969; Tsai and Morgan, 1985;
Wang and Chen, 1991; Whitcomb et al., 1991; Whitney,
1969). However, a robot manipulator with a serial kinematic
chain generally provides less rigidity and load-carrying ca-
pacity in comparing with a robot with closed kinematic

consisting of only parallel kinematic chains is relatively
small. Currently, there has been an increasing interest in the
design of hybrid serial-and-parallel-driven robot manipula-
g p p
tors which can provide good features of both serial and
parallel kinematic chains. Hunt (1983) investigated possible
combinations of series and parallel kinematic chains. Wal-
chains. The design and analysis of robot manipulators con- d-r gneL s, (.1989) systematicaily pcrfon_ned pnematxc analy-
s . . : ; sis for a six degrees-of-freedom hybrid serial-and-parallel
sisting of four-bar-linkage-type closed kinematic chains are . . L . .
also available (Bottema and Roth, 1979; Litvin et al., 1986), Manipulator system with first three joints in serial drive and
The fully parallel manipulators such as the Stewart-platform Inst thrcejom_ts . fully p_ar.alle] gonﬁguratron. The manip Ul?'
have been investigated by many researchers (Fichter, 1986:  ©F they studied in detail is a six-degree-of-freedom hybrid
serial-and-parallel-driven robot manipulator, and they indi-
Contributed by the Dynamic Systems and Control Division for publication in cated that the final design of the system will be a nine
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1993. Associate Technical Editor: H. Kazerooni. The prototype UPSarm shown in Fig. 1 is a ten degree-of-
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Fig. 1 The prototype UPSarm

freedom hybrid serial-and-parallel-driven redundant robot
manipulator, it is designed recently for studying the feasibil-
ity of loading packages inside a flatbed trailer. In the final
design, a self-propelled carriage will support one or two
UPSarms inside the trailer to stack packages wall by wall
from the front to the rear of the trailer. The UPSarm will

Nomenclature

operate in a constrained environment. [t loads and stacks
packages weighing up to 70 Ibs and ranging in size from
0.5 in. high to 26 in. wide and 48 in. long. Due to the
application-specific nature of this robot manipulator, the
design of the UPSarm is unique in its kinematic configura-
tion. The geometrical configuration of the manipulator is
shown in Fig. 2. Little literature on the kinematics and real-
time motion coordination of the kinematic chains of this
kind is available. The closed kinematic chain of the shoulder
subsystem provides the UPSarm with sufficient load lifting
capabilities. The wrist subsystem of the UPSarm consists
of two in-parallel actuators; it is quite different in design
from the parallel mechanism, investigated by Hunt (1983),
Lee and Shah (1987), and Waldron et al. (1989), which
is a fully parallel three-degree-of-freedom mechanism. A
numerical method is used to solve the wrist kinematics of
the UPSarm. To facilitate the kinematic analysis of hybrid
serial-and-parallel-driven redundant robot manipulators,
three coordinate spaces: the world Cartesian coordinate
space, effective joint space, and actuator space are intro-
duced. The manipulator end-effector can be represented in
one of the aforementioned three spaces. The 4x4 homoge-
neous transformation matrix defines the tool center point

B, By = offset angles for joint 3 used to
.. calculate ¢
b, d; b, b; b, d; = effective joint values, velocities,
and accelerations
6, one of D-H parameters
T, = the generalized forces provided
by the robot actuators
a; = one of D-H parameters
(b,, by, b)) = the position vector of the robot
base wrt. X, Y, Z O,
C = a Coulomb friction matrix
d; = one of D-H parameters
f(q, @) = the Coriolis and centrifugal
forces

(t,, t,, t.) = the position vector of TCP of
the end-effector w.r.t. the last
link

T} = the position and orientation of
the end-effector in XY, Z O,
T"' = D-H matrix transforms vectors
in X;YZ,0; t0 X, \Y;,Z;,0;,
T} = the transformation matrix from
XY, 2,0,t0 XY Z O,
T!® = the transformation matrix from
XY, Z0, 10 X,0Y 16210010
T, = the sampling time of the servo
control loop
T, = the trajectory update time

I, = the distance between actuator 1

M(q)
Py, ris Pay 11

Py, ver P, 16

and actuator 2

= an NxN inertia matrix
= position vectors for hinge points

Ry and L; in XepYer 28503
position vectors for hinge points
R and Lg in Xg,Ye, 25,03,

(P, Py, P,) = temporary vector for inverse ki-
nematics solution
PY = the position of vector TCP of

q.9: 9, 4: 4, §;

the end-effector in XW‘Y_waOW
actuator values, velocities, and
accelerations

(res 1y, 1) = temporary vector for inverse ki-
nematics solution
R} = the orientation of the end-ef-
fector in XY, 2,0,
s; = one of D-H parameters
S = the sum of the telescopic pris-

matic joints ¢, + ds + bg
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= the Tool Center Point of the

end-effector

V = a viscous friction matrix
(x50, Ypo) = the position vector of the pin
point P, on body 3 in X;Y3Z;04
(x,. ¥p) the position vector of the pin
point P, on bady 3 in
X3pY34Z3503
(%, ¥p) = the position vector of the pivot-
ing point F in X;,¥3,7,,03,
X3,Y3,Z4,05, = the temporary shoulder base co-
ordinate system
X, Y5, Z5,0x, = the temporary wrist base coordi-
nate system
X.YZ0, = the body coordinate system for
the ith link
X,Y,Z,0, = the base coordinate system of
the robot arm
X,Y,Z,0, = the world coordinate system of

the robot workcell
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Fig. 2 The schematic configuration of the UPSarm

(TCP) and orientation of the end-effector in the world
Cartesian coordinate space by the 3x1 translational vector
and 3x3 orientational submatrix, respectively. The effective
joint space is used to represent the manipulator in an effective
serial kinematic chain. An effective joint may not be a physi-
cal joint and is a virtual joint such as the second effective
joint of the UPSarm. The introduction of the effective joint
space is mainly for simplifying the design and analysis of
hybrid serial-and-parallel-driven kinematic chains. The actu-
ator space locates the end-effector by specifying actuator
angles or translational distances in actuator axes which may
be directly connected to motor shaft axes. Unlike an effective
joint, the defined actuator joint always physically exists. The
actuator value is a linear function of the encoder count of
- a motor encoder mounted on a motor shaft. Our experience
indicates that distinction of effective joint space and actuator
space for a redundant manipulator involving both serial and
closed kinematic chains is very useful for design and
analysis.

In this paper, a practical real-time implementation for
manipulation of the hybrid serial-and-parallel-driven redun-
dant UPSarm will be presented. It will show how information
in actuator, effective joint, and Cartesian coordinate spaces
are integrated in our path planner and trajectory generator
for real-time control of the UPSarm. Although the kinematic
formulations of the UPSarm are application-specific and
manipulator-dependent, the developed path planner and tra-
jectory generator are general-purpose and can be used to
control any electromechanical device so long as appropriate
kinematics modules are provided. The ideas and principles
presented in this paper are also general and should be appli-
cable to other serial-and-parallel-driven electromechanical
devices, for which the numerical kinematic solutions may
be involved.

The rest of the paper is arranged as follows. Section 2
describes the kinematic representation of the UPSarm in
actuator space, effective joint space, and world Cartesian
coordinate space. The direct, forward, inverse, and indirect
kinematic solutions of the UPSarm based upon these three
coordinate spaces are given in Section 3. The algorithms for

Journal of Dynamic Systems, Measurement, and Control

ACTUATOR 1
Zy

.
L
S\&)
body 3 /(“*—i—:bj.acwﬂon 2

Z, L‘Pﬁ‘ Yy

| }\b;\
X 4. X%

T77

92 =%,
|

B

I

Fig.3 The schematic diagram for actuators 1 and 2 of the UPSarm

path planning and trajectory generation of hybrid serial-and-
parallel-driven robot manipulators are addressed in Section
4. The simplified dynamic model and servo control algorithm
for the UPSarm presented in Section 5 are essential elements
of a real-time distributed computing system implemented in
Section 6. Practical manipulation examples of the UPSarm
programmed in our robot language will be demonstrated in
Section 7. Finally, results of the paper will be discussed in
Section 8.

2 UPSarm in Three Coordinate Spaces

The mechanical configuration of the UPSarm is depicted
in Fig. 2. Both shoulder and wrist subsystems of the manipu-
lator are designed with closed kinematic chains primarily
due to considerations of rigidity and high payload-carrying
capacity of the manipulator. Figure 2 also shows the transla-
tional actuator variables of the UPSarm in its actuator space.
In this paper, the actuator values and effective joint values
of the UPSarm are represented by q = [gq,, g5, - . ., g0l”
and & = [$), &,, ..., db,,]", respectively. The schematic
representation for actuators 1 and 2 is shown in Fig. 3, which
is part of the top view of the UPSarm. The direct schematic
representation fer actuator 3 is shown in Fig. 4, which is
part of the side view of the UPSarm. In fact, the mechanical
device for actuator 3 is essentially a slider-crank mechanism.
The three redundant prismatic joints 4, 5, and 6 provide
the UPSarm with long reachability, large workspace, and
dextrous maneuverability which is desired since the arm will
operate inside a trailer with a constrained working space.

The three degree-of-freedom wrist of the UPSarm in-
volves two in-parallel drive chains. Figure 5 shows the con-
nections between the wrist base and the end-effector. The
wrist consists of a platform which is connected to the end-
effector, two extensible links for actuators 9 and 10, one
ball joint formed by one universal joint and actuator revolute
joint 8, and a base connecting the wrist to the positioning
structure of the robot. The platform is connected to two
extensible links through two universal joints L, and Ry, and
to the wrist’s base by another universal joint at point Oy, .
The other ends of two extensible links are connected to the
wrist’s base through two universal joints L1 and R1. By
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Fig. 5 The schematic diagram of the wrist

varying the link lengths (g,, ¢,) and the roll angle (gg) of
the ball joint, the platform can be manipulated with respect
to the wrist’s base. In order for the wrist to operate as a
three degree-of-freedom mechanism, each extensible link
was designed with six-degree-of-freedom and the ball joint
has three-degree-of-freedom. It can be verified that the wrist
structure shown in Fig. 5 has three-degree-of-freedom. The
in-parallel actuation has greatly enhanced the rigidity and
load-carrying capacity of the designed wrist, but it provides
very small joint space for joint 8. The redundant joint 7 of
the manipulating is thus introduced which will provide the
UPSarm with more dexterity and workspace. Joint 7 is redun-
dant and has essentially the same functionality as joint 8.
As one can see that the UPSarm is a hybrid serial-and-
parallel-driven redundant manipulator. To facilitate the kine-
matic analysis, an effective joint space is introduced. Figure
6 is the equivalent kinematic representation of the UPSarm
in a so-called effective joint space. in this effective joint
space, the UPSarm is modeled as a ten-degree-of-freedom

ean /I\/al 11R NFECEMRFER 1994

Fig. 6 The UPSarm in effective joint space

serial kinematic chain. Therefore, many algorithms devel-
oped for manipulation of redundant serial robot manipulators
can be used. The wrist of the UPSarm shown in Fig. 6
is modeled as three effective joints with three joint axes
intersecting at a common point Oy, in Fig. 5. When the
manipulator is represented in this effective joint space, the
D-H notation (Denavit-Hartenberg, 1955) can be used to
parameterize the geometrical information of the UPSarm.
According to the D-H notation definition, the coordinate
systems used for motion coordination of the UPSarm are
shown in Fig. 6, where X,Y,Z,0, is the base coordinate
system of the arm. The body coordinate system X;Y,Z,0; is
attached to body i which is the physical link between axes
i and i + 1. The D-H parameters of the UPSarm shown in
Fig. 6 are listed in Table 1 where o, is the angle between
Z,and Z,,, measured along axis X;, a; is the shortest distance '
between Z; and Z,, measured along X;, d; is the shortest
distance between X, | and X along Z;, and 6, is the angle
between X,_, and X, measured along Z;. The joints 1, 4, 5,
and 6 of the UPSarm are prismatic joints. Therefore, the D-
H parameters of angles 6,, 6,, 85, and 84 are constants
with zero values. For prismatic joints 1, 4, 5, and 6, the
translational distances s,, s,, 55, and s are effective joint
variables. For all other effective joints of the UPSarm, the
distances d’s are fixed constant values and angles 6;s are
effective joint variables. The transformation matrix which
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Table 1 Denavit-Hartenberg parameters of the UPSarm
in effective joint space

- a

[~}
]
(=%
<>

1 0 0 b, 0
2 -90° 0 0 b,
3 90° a, 0 N
4 90° 0 b, 0
5 0 0 bs 0
6 0 0 bg 0
7 0 0 0 b,
8 0 a4 dg by
9 90° 0 0 by
10 90° 0 0 by

transforms the position specified in the body coordinate
system X;Y.Z,0; to the body coordinate systemX,,
Y;1Z;10,, can be formulated by (Craig, 1989)

I

ch; -56, 0 a;_,
i1 s0ca;y cbico | —sa; -so;_d, )
LT s8sagy cBsa,, cap coy_d,

0 0 0

where ¢6; and ca,_; represent cosf; and cos o, ,, and 56,
and s, stand for sinf; and sina,_, , respectively. According
to the above definition, body 0 is the base of the robot
manipulator.

The robot manipulator may also be represented by a trans-
formation matrix T;, which defines the TCP and orientation
of the end-effector of the robot arm in the world Cartesian
coordinate system. In the following section, formulations
for transformation of the kinematic information presented
in actuator space, effective joint space, and world Cartesian
coordinate space will be derived for the UPSarm.

3 Manipulator Kinematics

3.1 Direct Kinematics. The robot direct kinematics is
a process which calculates the effective joint values ¢ when
the actuator values q of the robot arm are given. For actuators
4,5,6,7, and 8 of the UPSarm, the effective joint values
equal their corresponding actuator values. Hence,

=g, (2)

fori=4,5,6,7, and 8. The direct kinematic solutions for
joints 1, 2, and 3 of the shoulder subsystem of the UPSarm
are straightforward. From Fig. 3, one can easily obtain the
following relation for joints 1 and 2.

b, =g, (3)

-1({q—-4
¢:=tan 1(—’172)

(4)

where ¢, and ¢, are joint values in effective joint space, and
4, and g, are actuator values in actuator space for actuators 1
and 2, respectively, and /, is the distance between these two
actuator axes shown in Fig, 3.

The mechanism used for joint 3 is basically a planar slider-
crank mechanism as is shown in Fig. 4. The temporary base
coordinate system X,,Y;,7,,0,, defined in Fig. 4 will be
coincident with the body coordinate system X3Y3Z,04 shown
in Fig. 6 when ¢, = 0. Points O, and F in Fig. 4 are the
fixed points on body 3. The position vector (xp0r ypo)T defines
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the pin point P, in the body coordinate system X, Y3Z,0,
and the position vector F = (xf, yf)r defines the pivoting point
F in the temporary base coordinate system X3 Y3,25,05, .
According to Fig. 4, if the actuator value g4 1s known, the
effective joint value ¢, can be obtained by

d3=B - B (5)

where B = ZFO4P and B = ZFO,P,. Using the cosine law,
the angle B can be calculated by

2 2, 2 2 2

L[ XY+ X0t Y045
2 3 2 2
2\/xf+yf\fxp0+ypo

and the angle By is a constant value which is calculated by

B=cos” (6)

B, =tan™ (:—iﬁ) —tan™! (%ﬁ) (7)

The wrist subsystem of the UPSarm consists of actuators
8,9, and 10. The wrist direct kinematics of the UPSarm is
a process which will find effecti\ig joint values dg, &y, and
¢yp when the actuator values gg, gy, and 4,9 are known.
The following derivation will get the wrist direct kinematic
solution of the UPSarm. In Fig. 5, the temporary wrist base
coordinate system Xg, Yy, Z,, O, is fixed on body 7 shown
in Fig. 6. The wrist base coordinate system KXoy Yo Zg,04,
will be coincident with the body coordinate system X 3YgZg0g
when ¢ = 90°. The hinge points R, and L, on body 7 can
be defined in the wrist base coordinate system by

PBb,Rl = (XSb,Rl’ Ysb,Rl’ Zsz;,m)T (8)

and

Psb,Ll = (Xsb.u’ YSb,Lls ZSb.Ll)T (9)

respectively. Both Pg, p, and Pg, ;, are constant position
vectors. The hinge points Rg and Lg on body 10 can be
expressed in the body coordinate system X10Y10Z100,0 by

Pio.re = X10.86:Y10.86:Z10.6) (10)

and

(11)
respectively. These two position vectors are also constant
vectors. Points Rg and Lg defined by the position vectors
P, gs and P, ;4 in the body coordinate system X10Y10Y10010
can be expressed in the wrist base coordinate system XgpYgs-

24,04, by
PSb. re=T nggT ?oPm, R6

_ T
Pio.6= X016 Y10.16Z10.16)

= (XSb,R()' YSb‘RG’ZSb-.Rﬁ)T (12)

and
PBb,LG = TnggT ?opm_ L6
(13)

respectively, where the transformation matrix TS is de-
fined by

T
= (Xgp. 16 Yab, 16 Zsb, 16)

chg -sdg 00 sbg cdg 00

Tg”: sbg cdg 00 _| —cdg sdg 00 (14)
0 0O 10 0 0 10
0 0 01 0 0 01
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