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The real-time implementation of path planning, trajectory generation, and servo
control for manipulation of the prototype UPSarm are presented in this paper.
The prototype UPSarm, which is primarily designed for studying the feasibility
of loading packages inside a trailer, is a ten degree-of-freedom hybrid serial-
and-parallel-driven redundant robot manipulator. The direct, forward, inverse,
and indirect kinematic solutions of the UPSarm using three coordinate spaces:
actuator space, effective joint space, and world Cartesian coordinate space are
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-
rial kinematic chains which can provide large workspaces.
Much work on kinematics and real-time manipulation of
robot manipulators with serial kinematic chains has been
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
chains. The design and analysis of robot manipulators con-
sisting of four-bar-linkage-type closed kinematic chains are
also available (Bottema and Roth, 1979; Litvin et al., 1986).
The fully parallel manipulators such as the Stewart-platform
have been investigated by many researchers (Fichter, 1986;
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Sugimoto, 19887; Zhang and Song, 1991). Lee and Shah
(1987) presented the forward and inverse kinematic solutions
for a three-degree-of-freedom fully in-parallel drive mecha-
nism. In general, the workspace volume of the robot arm
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-
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-
dron et al. (1989) systematically performed kinematic analy-
sis for a six degrees-of-freedom hybrid serial-and-parallel
manipulator system with first three joints in serial drive and
last three joints in fully parallel configuration. The manipula-
tor they studied in detail is a six-degree-of-freedom hybrid
serial-and-parallel-driven robot manipulator, and they indi-
cated that the final design of the system will be a nine
degree-of-freedom redundant manipulator.

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. It loads and stacks
packages weighing up to 70 lbs 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 Bo

offset angles for joint 3 used to
calculate &,

b, b ¢ d)l-; b, d)‘ effective joint values, velocities,
and accelerations
6, one of D-H parameters
1, = the generalized forces provided

a;

(b, by, b,)

C
g,

f(q, Q) =

l

by the robot actuators
one of D-H parameters

= the position vector of the robot

base wrt. X, Y, Z, O,

= a Coulomb friction matrix

one of D-H parameters

the Coriolis and centrifugal
forces

the distance between actuator 1
and actuator 2

M(q) = an NxN inertia matrix
Py, r1s Pg, 1y = position vectors for hinge points
Ryand L, in XeoVerlapOsp
Py, ze» Pay.16 = position vectors for hinge points
R and Lg in Xy, Y5, 25,0,
(P, Py, P,) = temporary vector for inverse ki-

q,9; 4, 4 4. q;

nematics solution

the position of vector TCP of
the end-effector in XWIYIWZ“_OW
actuator values, velocities, and
accelerations

temporary vector for inverse Ki-
nematics solution

the orientation of the end-ef-
fector in XY, Z,0,,

= one of D-H parameters

the sum of the telescopic pris-
matic joints ¢y + g + by
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the position vector of TCP of
the end-effector w.r.t. the last
link

the position and orientation of
the end-effector in XY, Z O,

T!"' = D-H matrix transforms vectors
in X;Y,Z,0; t0 X, Y, ,Z;,0;,
T) = the transformation matrix from
XbYHZbOb to XwYuZwOw
T!? = the transformation matrix from
XY,2,0, 0 X\oY 6210010
T, = the sampling time of the servo
control loop
T, = the trajectory update time
TCP = the Tool Center Point of the
end-effector
V = a viscous friction matrix
(Xp0+ ¥p0) the position vector of the pin
point P, on body 3 in X;Y,Z,0,
(x,, ¥,) = the position vector of the pin
point P, on bedy 3 in
X3p Y3230
(x5 ) the position vector of the pivot-
ing point F in X3, Y5, 75,05,
X3, Y3,Z4,04, = the temporary shoulder base co-
ordinate system
X, Y, Z5,0g = the temporary wrist base coordi-
nate system
X,YZ.0, = the body coordinate system for
the ith link
X,Y,Z,0, = the base coordinate system of
the robot arm
XY 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
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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 = [q,, ¢, .. ., q10)"
and ¢ = [, by, ..., d)lO]T, 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 (gq, ¢,0) and the roll angle (g;) 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
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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 O, 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 | 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, 8,, 65, and 6 are constants
with zero values. For prismatic joints 1, 4, 5, and 6, the
translational distances s,, s, 55, and sg are effective joint
variables. For all other effective joints of the UPSarm, the
distances d/s are fixed constant values and angles ;s are
effective joint variables. The transformation matrix which
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Table1 Denavit-Hartenberg parameters of the UPSarm
in effective joint space

K & i - 4, 0,
1 0 0 &, 0
2 -90° 0 0 b,
3 90° a, 0 :
4 90° 0 b, ]
5 0 0 bs 0
6 0 0 b 0
7 0 0 0 b,
8 0 a; dy by
9 90° 0 0 by
10 90° 0 0 b

transforms the position specified in the body coordinate
system X;Y.Z.0; to the body -coordinate systemX,_,
Y1210, can be formulated by (Craig, 1989)

ch; -50; 0 a;_,

io1_ | $9icoyy B, -sa, -sa;_d,

T, = 505, cBisa;; ca; ca,_d, (1)
0 0 0

where ¢8; and ca,_; represent cosf; and cos «,_;, and 50,
and sa;_; 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,

bi=q; (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, =9, (3)

(bz:tan—l (QI[ QZ) (4)

1
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,,¥,,Z;,0,, defined in Fig. 4 will be
coincident with the body coordinate system X3Y3Z,0, 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)ir defines
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the pin point P, in the body coordinate system X,Y,Z.0,
and the position vector F = (x;, y)" defines the pivoting point
F in the temporary base coordinate system X Y3,25,0;,.
According to Fig. 4, if the actuator value g4 1s known, the
effective joint value &, can be obtained by

by3=B-B (5)

where = ZFO5P and B = ZFO,P,. Using the cosine law,
the angle 8 can be calculated by

2 2, .2 2 2

V[ XF Y+ Xt Y 0-a)
2. 2. [ 3
2\/xf+yf \/xpo‘*)’po

and the angle B, is a constant value which is calculated by

B =cos”

(6)

By =tan™' (:—zﬁ) —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 effective joint values dy, by, and
$,o when the actuator values gg, go, and g,y 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,Yg,Zq, Oy, is fixed on body 7 shown
in Fig. 6. The wrist base coordinate system XepYerZgyOgs
will be coincident with the body coordinate system XY Z,0,
when &g = 90°. The hinge points R, and L, on body 7 can
be defined in the wrist base coordinate system by

Poyri = Xy r1s Yoo r1r Zap p1)" (8)
and
Psa,u = (Xsb.Ll’ Yab‘u: ZSb.Ll)T (9)

respectively. Both Py, . and Pg, 1, are constant position
vectors. The hinge points Ry and Lg on body 10 can be
expressed in the body coordinate system X,,Y,,Z,,0,, by

P1o.r6 = (X10.r6: Y 10,86 Z10.r6)" (10)
and

-
Piors= (X!(}.LG’YIO,LG'ZiO.LG) (1)
respectively. These two position vectors are also constant
vectors. Points Rg and Lg defined by the position vectors
P, reand P,y ;4 in the body coordinate system X10Y10Y100,0
can be expressed in the wrist base coordinate system XgpYgp-
Z4,0g, by
8bm 8 9
Py, ke =T ToT (0P ks
T
= (Xs5.r6> Y8b. R6» L3, r6) (12)
and
8br 8 9
Poy1s=Tg ToT 10P 10,26
T
= (Xsp. 16 Y86, 16+ Zsp, 16) (13)

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

chg —sdbg 0 0 sbg cdg 00

Tg;,: sdy chg 00 - —chyg sbg 0 0 (14)
0 0 10 0 0 10
0 0 01 0 0 01
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with ¢g = &g + 90° because the wrist base coordinate system
Xg,, Y525y O is coincident with the body coordinate system
XgYyZ30y at bg.= 90°.

It has been shown in our extensive simulation that two-
in-parallel drive chains of the wrist can be modeled by
two extendible links shown in Fig. 5. The translational and
orientational deviation due to this simplification are much
smaller than the error tolerance of our system. By this simpli-
fication, the actuator values for gg and g,, are equal to the
length of two extendible links shown in Figure 5, which can
be formulated as

49 = lPssb.m = PSb,Rﬁl =

3
\j(XSb,m - XSb,R6)2 +(Ygpp1 — YSb.R6)2 +(Zgp g1 — Zsp re)
(15)

q10="Pgp 11— Pyp 16l =

'\kxﬂb.Ll - Xs.h,m)2 + (Ygp 11— Y, Sb.bﬁ)z +(Zgp 11— Zgb,m)2
(16)

where (Xyq gs: Y10,r6: Z10,x6) 304 (X5, 160 Yo, 16> Zap, 1) 2re
obtained from Egs. (12) and (13), respectively. When the
actuator values gz = &g, gq, and g, are known, we can
express joint variables ¢4 and &, as functions of actuator
variables gg, o, and g, through Egs. (15) and (16) as follows

Asbg+ Ajedg+Aysd g+ Aycd g+ Aschgcd g
+Agedosd o+ Asdocd o+ Assdosd g=A, (17)

B sbg+ Bycdg+ Bysd g+ Bycd o+ Bschocd g
+ Bgcdosh o+ Bosbgcd o+ Bisdgsd g =By (18)

where coefficients As and B s are functions of the actuator
values gy, gq, and g, which are known in the wrist direct
kinematics. Let

x=tan(%),y=tan(%&) (19)

Equations (17) and (18) become the following polynomial
equations

ax’yt + azxzy + a3xy2 +axt+ a5y2 +agxy
+a;x+agy+ag=0 (20)

bl)czy2 + bzxzy + b3xy2 - b4x2 + b5y2 + bgxy
+bx+bgy+by=0 (21)

where ajs and bs are functions of coefficients Ajs and
B's in Eqgs. (17) and (18).

The Newton-Raphson method has been used to solve two
simultaneous nonlinear Eqs. (20) and (21). For the Newton-
Raphson method, good initial values are critical for conver-
gence and computational efficiency of this numerical itera-
tive algorithm. In our control software implementation, an
efficient memory-saving three dimensional look-up table for
initial values of the algorithm is introduced. For a given set
of actuator values gg, gq, and g, the initial values for ¢,
and &,, will be obtained from the look-up table to numeri-
cally solve two simultaneous nonlinear Egs. (20) and (21)
when the relation between effective joint values and actuator
values are completely unknown such as at the system startup
or at the boundaries of a motion segment during path plan-
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ning of the robot motion. During the trajectory generation
phase for a motion segment, the joint values of the previous
set point can be used as initial guesses for ¢y and & . It
has been shown in simulation that under maximum actuator
velocity, acceleration, and deceleration constraints of the
UPSarm, the numerical solutions using the joint values &,
and ¢, of the previous set point as initial guesses for the
wrist direct kinematic solution are more efficient and have
the same accuracy as those obtained by using the look-up
table. Therefore, whenever possible, the table look-up for
the wrist direct kinematic solution will be avoided during
the trajectory generation. As a matter of fact, the direct
kinematic solution is normally not needed at the trajectory
generation phase for the real-time manipulation of the UPS-
arm no matter whether the target position of a motion seg-
ment is specified in actuator space, effective joint space, or
Catesian space. However, it may be required for data logging
and performance analysis. The direct kinematics is also
needed when the feedback by the vision sensor is integrated
into the system.

3.2 Forward Kinematics. The forward kinematics of
the robot manipulator is a process which calculates the TCP
location and orientation of the end-effector with given effec-
tive joint values ¢. The forward kinematic solution for the
UPSarm is straightforward. When the effective joint values
b =[d,, by .. .d)m]]r are given, the forward kinematic solu-
tion of the UPSarm can be simply expressed as follows.

[R:‘ P
0 1

T =

f

|=mprtr - Tpmimy T
(22)

where the rotation matrix R} gives the orientation of the
end-effector and vector P} locates the TCP of the end-
effector represented in the world coordinate system XY, -
Z,,0,,. The coordinate transformation matrix T}, is defined
in Eq. (1). The transformation matrix T} transforms the base
coordinate system to the world coordinate system and trans-
formation matrix T'® transforms the coordinates expressed
in the tool coordinate system X,YZ,0, to the coordinates
expressed in the body coordinate system X yY,0Z,,0,o- Ac-
cording to Figs. 2 and 6, these two transformation matrices
can be expressed as

-1 00 b,
1o 01 b,
=0 100 (23)
0001
and
100«
010 r,
T'=1001 1 (24)
0001

where b, b, 1., t,, and f. are constant values, and b_is
a variable which will be updated during operation of the

UPSarm.

3.3 Inverse Kinematics. The inverse kinematics refers
to the process which computes effective joint values ¢ when
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the TCP position vector and orientation of the end-effector
in the world coordinate system are given. The pose of the
end-effector is usually specified by the transformation ma-
trix T;". For a redundant robot manipulator, multiple effec-
tive joint values from the inverse kinematic solution exist
for a-given TCP location and orientation of the end-effector.
Much research has been done in resolving this redundancy
resolution by using various optimization schemes (Whitney,
1969; Kazerounian and Nedungadi, 1987) or for collision
avoidance (Oh et al., 1984). The redundancy of the UPSarm
is resolved by our application-specific rules. In order to
solve the inverse kinematics problem, we can rearrange Eq.
(22) as -

T3)™ (T (T = T8, (25)
or
R P R, P]
=Tb( 10 10) 26
(0 1) o 1 (26)

where Lransformatlon matrices T}, T/, and T! are known.
Ifwcdeﬁne [P, P]T_Pand [r r]— 1o = [a,
0, a‘s] then the translatlona] part of Eq. (26) can be described
by equation

~
]

(TH™| | =13 (27)

r

- "o v e

—atet

Using Eqgs. (1), (23), and (24), and D-H parameters defined
in Table I, the above equation can be expanded as

Pcdycdy + P),sd)3 =P sdycd; + b sdyedy

tion is adjusted by controlling joint 8. Notice that the value
of sin(d,) 1s zero if d is 0 or 7, and r. 1s also zero. In our
application, the redundant joint 2 1s introduced essentially
to increase the joint limits for joint 1. If the stacking position
1s reachable without moving joint 2, joint 2 will be locked:
otherwise, joint 2 will move in order to reach the stacking
position. This algorithm can be expressed as follows.

P:’ lfd)l.mm"P:S(bl.max
(t)l: d)l‘min' ]t P:<¢'1.mm (3!)
d)l.max’ lfP:>¢l.max
where &, .. and ¢, . are the minimum and maximum

joint limits for effective joint 1, respectively. The effective
joint value &, is

O, if‘i’l.mmspxgd)l.mal

P _
tan™! (—Z‘;di) . otherwise

T

b, = (32)

The inverse kinematic solutions for ¢, in Eq. (31) and b,
Eq. (32) are used only at the path planning phase. To ensure
the motion continuity, the following inverse kinematic solu-
tions for ¢, and &, are used by the trajectory generator

¢ ,en d) g
d)l = d)l.begln — Lbegin (P Pz.bcgin) (33)
Pz.end - P* begin

where ¢, .. and P, ., are the values at the beginning of
a motion segment; and ¢, ., and P, ., are the values at the
end of the motion segment. These values are obtained at the
path planning phase according to the target position of each
motion segment specified by the robot program. Note that
the end position of the previous segment will become the
beginning position of the next motion segment. The details
of path planning and trajectory generation will be discussed

=10y~ 1,50, (28) " in the next section. The effective joint value &, is derived
~Pch,sdy + Picds+ P sdysdy +aysd, from Eq. (30) as follows
- 5bysby=-r -8 (29)  The effective joint value ¢ can be obtained from Eq. (28)
0, if joint 2 is moved

resdq +rcd,

b, = tan'l(Pz_;d)l) - tan™! (

PIS¢2+PZC¢:2—¢IC¢)2=rxs¢)7+ryc¢-,. (30)

where § = &, + &5 + b is the sum of the translational
distances of prismatic joints 4, 5, and 6. The redundancy of
the UPSarm at the path planning phase is resolved as follows.
As is mentioned before that joint 7 is introduced mainly for
effectively enlarging the joint space of joint 8, in our specific
application, ¢, either equals 0 or 7 corresponding to the
front-loading mode or top-loading mode of the UPSarm,
respectively. If a package is loaded to the stacking position
in horizontal direction during the final motion it is called
front-loading. If a package is loaded to the stacking position
downward during the final motion, it is called top-loading.
Once the package loading mode is chosen by our stacking
algorithm, the joint value ¢, will be assigned zero for front-
loading or  for top-loading. The small orientational devia-
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~ NPT+ (P, - &) = (rsby + rcdy)’

) , otherwise (34)

o -k RS red,—rsd,
by =tan (ﬁ_—P‘) tan ( T X = 2)
) \/Py+k _(rxcd)-, rysds)
(35)

where the variable k is defined as
k=Pcb,-Psd,-a,+d;sd,
The effective total translational motion S for joints 4, 5, and
6 can be calculated from Eq. (29)
S=Pcd,ysd, - Piedy-Psdysdy—a,sdy
+ d)15¢325¢)3 =r.
One of methods that we have used to resolve the prismatic

redundancy for joints 4, 5. and 6 of the UPSarm is to set
the displacements of these joints by the formula

(36)
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S * (bi,max
¢4,max + ch.rrlan. + ¢’6.max

¢‘,’ cnd (37)
where i = 4, 5, and 6, b, may 18 the maximum joint limit for
prismatic joint i, and S is obtained by Eq. (36). The minimum
joint limits for joints 4, 5, and 6 are zeroes for the UPSarm.

The wrist effective joint values dg, ¢q, and ¢, can be
obtained by using the following orientational equation de-
rived from Eq. (22)

R}, = (RN (RY) (R (38)

w

Since orientational matrices RY, R}, and R!? are known,
Eq. (38) can be expanded as follows

CgCqoCig+ 5gS1g —CgCoCyg+ 5510 C8Co
5gCgC1g— CgS1g —58C9510~ C8C10 89

59C10 =595 10 —Cq

iy M2 Tz
=|Ty T22 T23
' 2

(39)

where s; and ¢; represent sin ¢; and cos &, respectively;
and r;; will be calculated by the expression on the right-
hand side of Eq. (38). From Eq. (39), the wrist effective
joint values can be obtained by the following formulas

g =2 tan™ (—f“z—z) (40)
"13*‘\(’31 + 73
\/”%1 +73
by =2tan™' (41)
1 -1y
bro=2 tan™ (— 2 ) 42)

2
ryp+Nry try

3.4 Indirect Kinematics. The robot indirect kinemat-
ics is a process which calculates actuator values q with
given effective joint values ¢ of the robot arm. As in direct
kinematics, the effective joint values for joints 4, 5, 6, 7,
and 8 of the UPSarm are the same as their corresponding
actuator values. According to Fig. 3, when the effective joint
values ¢, and ¢, are known, the actuator values ¢, and g,
of the UPSarm can be easily obtained by the following
formulas

(43)
(44)

q,=1,tan ¢, + g,
42=¢’1

When the effective joint value ¢ is known, the actuator
value ¢, can be calculated by

g3=P = Fl=~(x;- x,)* + (- y,)°

where the constant position vector F = (x;, yf)T is the coordi-
nates of the pivoting point F in the temporary base coordinate
system X,,Y3,Z,,0s, . The position vector P = (x,, y,)" for
point P in the temporary base coordinate system X5, ¥3,Z5;-
0,, can be calculated by

()-(a )G
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(45)

(46)

With given effective joint values dg, ¢g, and b, the
actuator values gq and g,, can be computed by Eqgs. (15)
and (16) which is referred to as the wrist indirect kinematics
of the UPSarm.

4 Path Planning and Trajectory Generation

The direct, forward, inverse, and indirect kinematic solu-
tions derived in the previous section will be used for manipu-
lation of the UPSarm. These formulations are essential for
path planning and trajectory generation of a hybrid serial-
and parallel redundant robot manipulator. In the context of
this paper, the path planning refers to the process which
calculates the required parameters, such as duration times
of acceleration, slew motion, and deceleration, etc. of motion
segments based on certain physical constraints. The trajec-
tory generation is a process which computes the intermediate
positions of the robot arm in a motion segment based upon
the information obtained by the path planner. The physical
constraints of the robot manipulator can be specified in many
different ways. For practical application and implementation
simplicity, we assume that each actuator has limited maxi-
mum velocity, acceleration, and deceleration, which are di-
rectly related to the available motor torque. These motion
constraints are specified in actuator space. Path planning
will mainly calculate the necessary parameters based upon
the information in actuator space. Mechanical joint limits
of each actuator are also physical constraints of the manipu-
lator, which have to be checked in path planning and trajec-
tory generation phases of the robot manipulation. In a less
rigorous terminology, the motion of a robot manipulator may
be classified as point-to-point and continuous-path motions,
which are implemented in our path planner and trajectory
generator for practical manipulation of the UPSarm. In this
section, the path planning and trajectory generation for these
motions will be discussed.

4.1 Point-to-Point Motion. Suppose that A is the cur-
rent position of the robot arm, B is the desired target position,
and the objective is to move the robot arm from A to B, the
point-to-point motion will generate a coordinated motion in
which all actuator motions begin as the robot arm leaves
from position A and end at the same time as the robot
arm arrives at B. For a hybrid serial-and-parallel-driven
manipulator, the position of the robot arm can be defined
by using one of three specifications: actuator values, effec-
tive joint values, and a homogeneous transformation matrix
which defines the TCP and orientation of the end-effector.
As mentioned before, the process of path planning mainly
uses information in actuator space to calculate the necessary
parameters for the trajectory generator. The actuator infor-
mation at boundaries of a motion segment are needed by
the path planner. Therefore, if the target position of the robot
arm is specified using effective joint values, the indirect
kinematic solution presented in the previous section will be
used to get the actuator values for the computation of the
required parameters. For UPSarm, there is one-to-one corre-
spondence between an actuator value and an effective joint
value within the robot arm working joint limits. In general,
multiple solutions may exist for transformation between ac-
tuator values and effective joint values, which will add addi-
tional complexity to a system. If the target position of the
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robot arm is specified using a transformation matrix of the
end-effector, the inverse and indirect kinematic solutions
should be used to obtain the actuator values at the target
position of a segment. This target position, which will be-
come the initial position of the next segment, will be stored
in the program so that the information of the initial position
for the current planning segment is always available for the
path planner. If the robot arm is redundant or has multiple
configurations for a given pose of the end-effector, the final
configuration of the robot arm at thé target position may
also need to be specified. If a motion involves only a single
actuator, the actuator is first accelerated, then slewed at a
constant velocity, and finally decelerated to its target actuator
position. Two acceleration motion profiles have been imple-
mented in our path planer and trajectory generator. One is
of square wave acceleration and the other is of sinusoidal
acceleration. Both square wave and sinusoidal motion pro-
files can also be used for deceleration. The sinusoidal motion
profile will provide smoother acceleration, but the maximum
acceleration will be reduced by a factor of 2/ in comparing
with the square wave acceleration under the same constraints
of the maximum velocity, acceleration, and deceleration of
the actuator. If the point-to-point coordinated motion in-
volves multiple actuators, the calculated maximum duration
times of acceleration, slew motions, and decelerations for
each individual actuator will be selected as the planned
times for acceleration, slew motion, and deceleration of the
planned motion segment, respectively. This is a very conser-
vative approach, but it ensures that all constraints of the
actuators will not be violated during motion of the robot arm.

4.2 Continuous-Path Motion. There are two kinds of
continuous-path motions: path tracking and blending point-
to-point motion segments. The TCP of the end-effector of
the robot arm will follow a well-defined trajectory in contin-
uous-path tracking, which has many practical applications.
For example, in our specific applications, the TCP of the
UPSarm will follow a straight-line path during the final
stage of stacking packages. Blending motion segments tends
to round the corners between segments.

Three path geometries: straight-line, circular curve, and
spline curve, have been implemented in our path planner
and trajectory generator for path tracking. In all these three
prescribed continuous-path motions, the TCP and orientation
change of the end-effector of the robot arm can be smoothly
accelerated in either sinusoidal or square wave motion pro-
file, moved at constant velocity, and then decelerated also
in either sinusoidal or square wave motion profile. While
the TCP of the end-effector of the robot arm is moved along
the prescribed path, the orientation of the end-effector can
be smoothly changed from its beginning position to the final
position, which is referred to as orientation interpolation. The
orientation of the end-effector is interpolated by essentially
using a technique similar to the so-called two-rotation
method, which involves two rotations in order to orient the
end-effector from its initial orientation to the target orienta-
tion (Paul, 1979). The first rotation is about the common
normal vector which normals to both approach vectors of
the end-effector at the initial and final positions of the motion
segment. The approach vector is defined as a unit vector
along the z, axis of the tool coordinate system at the end-
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effector shown in Fig. 6. The direction along z, is usually the
one along which the end-effector of the robot arm approaches
workpieces. The second rotation is about the approach vector
itself from the initial position to the final position. These
two rotation interpolations are carried out at each trajectory
generation cycle simultaneously while the TCP of the end-
effector is moving along the prescribed path. Some other
rotation interpolation schemes, such as rotation about a sin-
gle vector along which the robot arm will move the end-
effector from its initial position to the final position, are
available. For more information, one can refer to (Paul,
1979; Taylor, 1979, Brady, 1983).

In planning continuous-path for the TCP of the end-ef-
fector, the position vector of the TCP and orientation of the
end-effector in the world coordinate system will be needed.
As we discussed before, the position of the robot arm can
be defined in one of three coordinate spaces. If the position
is defined using a transformation matrix, the TCP and orien-
tation of the end-effector is readily available for path plan-
ning. If the position is specified using effective joint values
or actuator values, the forward and/or direct kinematic solu-
tions presented in the previous section will be needed. How-
ever, if the robot arm has multiple configurations for a given
position of the end-effector, then the desired configuration
for the target position should be specified. If the target
position is specified using effective joint values, the forward
kinematic solution will be sufficient to get the information
for planning the prescribed path. If the position is specified
using actuator values, there is no confusion of the robot
configurations for the UPSarm. But the direct and forward
kinematic solutions have to be used to find the TCP and
orientation of the end-effector. Since no prior knowledge of
the effective joint values are known for the target position,
a look-up table has to be used to get initial guesses of the
effective joint angles ¢q and &,, for the numerical wrist
direct kinematic solution discussed in the previous section.

During the trajectory generation phase, the inverse and
indirect kinematic solutions will be obtained for each inter-
mediate position when the TCP of the end-effector of the
robot arm is traveling along the prescribed path. As discussed
in the previous section, formulas of the inverse kinematic
solution used in the trajectory generator are different from
ones used in the path planner for the redundant UPSarm.
The joint redundancy will be resolved at both planning and
trajectory generation phases. For a robot manipulator with
multiple configurations for a given position of the end-ef-
fector, if the robot arm has to change the configuration in
order to keep the TCP of the end-effector moving along the
prescribed path, the robot singular position will be encoun-
tered where the robot will switch from one configuration to
another. It is impossible for the robot to change its configura-
tion under this situation. Therefore, during the path planning
phase, if the configuration of the robot arm at the initial
position is different from the one at the final target position,
the path planner will send an error message to warn the user
of the potential failure so that an alternative path may be
chosen. The wrist with its three joint axes intersecting at a
common point is one of the most popular designs because
it generally renders a manipulator with closed-form inverse
kinematic solutions (Pieper, 1969). However, for a wrist
with three joint axes intersecting at a common point, the
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singular position of the wrist may be encountered when the
second joint of the wrist reaches the value zero. This singular
position corresponds to g being zero forthe UPSarm. There
are applications in which, except at the initial and target
positions of a motion segment, the orientations of the end-
effector are not concerned while the TCP of the end-effector
is moving along a prescribed path. In this case, the path
planning and trajectory generation for the wrist can be per-
formed using the point-to-point motion scheme. Thus, the
wrist singularity of the inverse kinematic solution can be
avoided. Once the wrist joint solutions for by, b, and ¢4
are obtained, the effective joint values &, &y, . . ., ¢, then
can be obtained according to the prescribed path for the
TCP of the end-effector. This combined Cartesian-joint mo-
tion has been implemented for the UPSarm. The combined
Cartesian-joint inverse kinematic solution for the UPSarm
can be found in (Cheng et al., 1991). It should be pointed
out that our path planner and trajectory generator are general-
purpose and can be used to control multiple electromechani-
cal devices or robot manipulators. But, our manipulator is
application-specific and designed so that it will not operate
near singular positions under normal working conditions.
Besides the continuous path tracking, multiple motion
segments can also be blended together to form a continuous
path. Suppose that A is the initial position of the robot arm,
C the final target position, and B the specified intermediate
position. The continuous-path obtained by blending two
point-to-point motion segments will move the robot arm
from A to C via B without stopping at the intermediate
position B. This continuous-path may be used to avoid obsta-
cles so that the robot arm will move near position B but not
necessary to stop the robot arm at B. This motion feature
has many practical applications. As discussed before, each
point-to-point path segment is made up of three regions:
acceleration, slew motion, and deceleration. The continuous-
path transition of two segments is started at the end of slew
motion of the first segment and ended at the beginning of
the slew motion of the second segment. Based upon the
position and velocity of the trajectory at these two transition
points, a cubic polynomial can be derived. Using this polyno-
mial as a transition trajectory of two adjacent segments,
the positions and velocities of the blended trajectory are
continuous. In the motion planning stage, all coefficients of
this polynomial are calculated. This polynomial will be used
by the trajectory generator to interpolate the trajectory at
the transition region for blended continuous-path motion.

5 Dynamics and Control

In general, the dynamic model for an N degree-of-freedom
robot manipulator with rigid bodies can be formulated as

7,=M(q)§ + f(q.q) + g(q) + Vq + Csign (q) 47)

where T is the generalized forces provided by the robot
actuators; q, q, and { are actuator values, velocities, and
accelerations of the robot manipulator, respectively; M(q)
is an N x N inertia matrix; f(q, q) are the Coriolis and
centrifugal terms, g(q) are the gravity terms, V is a viscous
friction matrix; and C is a Coulomb friction matrix. For
serial robot manipulators with or without redundancy, a
general-purpose efficient recursive scheme for the computa-
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tion of the torques 7, can be found in the literature (Luh et
al., 1980a; Cheng and Gupta, 1992, 1993). However, for
hybrid serial-and-parallel-driven redundant robot manipula-
tors, no such efficient general computational scheme is avail-
able. On the other hand, the complexity and limited computa-
tional capability of a system may make the computation of
the complete dynamic model unfeasible. Therefore, like
many other industrial robot manipulators, a significant sim-
plification of the dynamic model of the UPSarm has been
made in our control system. For our practical application,
only the principal inertia forces of the term M(q)q in Eq.
(47) for major joints 1 to 6 are calculated. The Coriolis and
centrifugal forces f(q, q) and viscous friction forces Vq are
ignored for all joints. The gravity forces g(q) are considered
for major joints 1 to 6 only. The Coulomb friction forces

2
are implemented as C atan(q) = where the diagonal coeffi-

cient matrix C is obtained experimentally. For major joints
1 to 6 except for joint 3, the computation of principal inertia
forces and gravity forces are straightforward. For joint 3,
only the inertia of the crank of the slider-crank mechanism
shown in Fig. 4 is considered. Note that the summation of
the weights of bodies 3 to 10 is more than 500 1b. When
the moment T is known, the force Fy along the actuator
motor axis shown in Fig. 4 is derived by the Principle of
Virtual Work as follows.

2
F,= T3§3—z (48)

where the partial derivative db;/dg, can be obtained from
Egs. (45) and (46).

Many robot control algorithms have been developed in
the past two decades (Luh et al., 1980b; Whitcomb et al.,
1991). However, in order to achieve good performance by
these model-based control algorithms, an accurate dynamic
model of the robot manipulator is needed. But, in practice,
it is very difficult to get this ideal model, even without
considering the compliances, frictions, and flexibilities of
the robot arm. In addition, the computation of a complete
dynamic model updated at the fast servo rate T, may not be
feasible with the limited computational resource under the
constraint of costs. This is also a concern for practical imple-
mentation of many adaptive control algorithms (Craig et al.,
1986: Slotine and Li, 1987). The previous work which is
closely related to our control scheme was presented in (Lie-
geois et al., 1980). The control algorithm implemented by
Liegeois et al. is a PD-control with feedforward compensa-
tion torques. Their feedforward torque terms were computed
off-line from the nominal trajectory during the programming
of the robot. However, this off-line programming scheme
can not be applied to our control system since there is no
way to plan all possible motion trajectories of the robot arm
beforehand in our dynamic operation environment. There-
fore, for our practical application, a PID-based nonlinear
feedforward control scheme is used for our servo control
system. Comparing with a PD-control, the addition of an
integral term in the servo control loop will have better per-
formance for path-tracking when the control parameters arc
appropriately tuned. In our implementation, the feedforwarc
torque is computed on the target board updated at the trajec
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Fig. 7 Real-time distributed computing system

tory rate whereas the PID fast loop is computed on the servo
control boards at 1000 hz update rate. In our system, no
velocity and acceleration sensors, such as tachometers and
accelerometers, are installed to capture the velocity and ac-
celeration of a motor. However, since the sampling time is
known, the velocity and acceleration of an actuator at each
sampling tick can be obtained numerically.

6 Real-Time Implementation

The above-presented algorithms for path planning, trajec-
tory generation, and control were first implemented in the
C programming language and tested under a Unix operating
system. The program has been ported to pSOS*, a real-time
operating system environment used for real-time motion
coordination of the UPSarm. The computer hardware for
real-time motion control is shown in Fig. 7, which is a
VMEDbus-based real-time distributed computing system.
There are five VME boards in an industrial standard VME
chassis. The Motorola MVMEI133 board is the target host
running a MC68020 microprocessor with clock speed 16.67
MHz and IMb dynamic RAM. This target board is connected
to an Ethernet network. The C program for path planning
and trajectory generation is cross-compiled on a Sun
SPARCstation and then down loaded to the target board via
the Ethernet connection. The user interface with the robot
arm is accomplished through two RS-232 serial communica-
tion ports of the target board. One serial communication
port is connected to the SPARCstation for keyboard input
of our robot language instructions and the other is connected
to a teach pendant. The teach pendant is tailored from an
off-the-shelf Termiflex hand-held control/display terminal
for our specific application. Four Galil DMC530 VME servo
control boards are responsible for servo control and low level
communication of the control system. The motion command
generated from the target board is sent to these servo boards
via the VMEbus. Each servo board controls three brushless
DC motors. The PID closed-loop control algorithm executed
on a MC68008 microprocessor controls motion of each
brushless DC motor. The sampling time interval T, of the
servo control is 1 ms. Each servo board can also provide
eight PLC-type (Programmable Logic Control) software
controllable I/0 ports, which have been used to control the
cmergency stop, motor brakers, and gripper.
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Path planning task and trajectory generation task are two
major tasks executed on the target board under real-time
operating system pSOS*. The system real-time clock with
preset time unit 7. of I ms enables the clock interrupt service
routine to keep track of the system cycle time. A priority-
based preemptive algorithm has been used for real-time task
scheduling, which means that at any point in time, the run-
ning task is the one with highest priority among all ready-
to-run tasks. If a task, which has higher priority than the
current running task, is ready to run, it will take over the
CPU resource and the current running task will be swapped
out. In our implementation, the path planning task is created
with lower priority than the trajectory task. The following
paragraph describes how a motion path is planned and the
trajectory is generated in real time.

The clock interrupt service routine is interrupted by the
real-time clock every T, ms. There is an integer variable in
the clock interrupt service routine which is incremented at
every clock interruption. This integer cycle count variable
will keep track of the trajectory update cycle time. When
this number is equal to the trajectory update cycle number
T,, which is 32 corresponding to 32 ms cycle time in our
current implementation, the clock interrupt service routine
will resume the suspended trajectory generation task and
reset the cycle count variable to zero. At the beginning of
each trajectory update cycle, the trajectory task resumed by
the clock interrupt service routine in the target board will
send a set of motor encoder counts, which are linear functions
of actuator values g, and feedforward torques in DAC counts
to servo boards via the VMEbus. After communication with
servo boards, the trajectory task will increment the time tick
and calculate the new set of actuator values and feedforward
torques for the next position of the trajectory. After these
activities, the trajectory task will suspend itself so that it
will not contend for the CPU time. Once the trajectory task
has been suspended, the planning task which has lower
priority will become the running task and take over the CPU
time of the target board. The path planning task will execute
our robot language instructions if the user has typed in any
command on the keyboard. For a motion statement, the path
planning task will plan the path for the next motion segment
based upon the target positions of the current and next seg-
ments along with physical constraints of the system. The
collision detection may also be performed in this task
(Cheng, 1993). In the meantime, the real-time clock keeps
interrupting the clock interrupt service routine which is re-
sponsible for maintaining the trajectory cycle time. As dis-
cussed before, at every T, ms, the clock interrupt service
routine will reset the cycle count and resume the suspended
trajectory task. Since the trajectory task has higher task
priority than the path planning task, the real-time operating
system will swap out the path planning task when a task
with higher priority is ready to run. The trajectory task will
start running right after it is resumed by the clock interrupt
service routine. The next trajectory update cycle will start.
The process described above will repeat every trajectory
update cycle. If necessary, the encoder count of an actuator
motor may also be obtained from servo boards via the
VMEbus by the trajectory task or clock interrupt service
routine on the target board for data logging.

Since the clock interrupt service routine is invoked every
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clock tick of the system, it has been kept at the briefest form
possible. At the beginning of every trajectory update cycle,
a new set of encoder counts and feedforward torques is
sent to servo boards. Therefore, the computation’ of this
information in the trajectory task must be completed within
the trajectory update cycle time 7,. If for some reason, it
could not finish these calculations, a new set of encoder
counts will not be available to the servo controller, which
would result in a non-smooth motion trajectory and the
desired path of the robot arm, say a straight-line, will not
be achieved. Therefore, the trajectory task has also been
kept as simple as possible in our software design and will
guarantee the completion of the computations for the next
set of encoder counts and feedforward torques. The computa-
tions, which can be carried out at the path planning phase
rather than at the trajectory generation phase, will be per-
formed in the path planning task. The path planning task
will be swapped out at the beginning of every trajectory
update cycle. After the trajectory task is suspended, it will
gain the CPU resource and restart the execution at the place
where the task was previously stopped. If the planning task
has insufficient time to run, it is likely that a continuous-
path will be broken up as point-to-point motions. As one
can see that the clock interrupt routine, trajectory task, and
path planning task are organized in hierarchy. The clock
interrupt routine is most time critical and the trajectory task
is the second. Although the path planning task has lower
priority in comparing with other two, but, it is also time
critical. Therefore, in our software design, all computations
are attempted to be carried out in a less time critical task
so that they will not contend the CPU time with more time
critical tasks. Whenever possible, the computations will be
performed at the system initialization stage so that the CPU
time can be more effectively used for real-time motion coor-
dination.

7 Motion Examples

Two robot motion examples in this section will show
how information presented in actuator space, effective joint
space, and Cartesian coordinate space are integrated in our
path planner and trajectory generator for practical manipula-
tion of the hybrid serial-and-parallel-driven UPSarm.

7.1 Single Joint Motion. The first motion example
moves the robot manipulator from point A to point C via
point B with robot arm stopped at point B. The robot motions
are specified using our robot language program which is
given in Listing 1.

LISTING 1

acceleration 0.5

move @3 50.75

speed 0.15

acceleration 0.2
disable sinusoidalaccel
disable sinusoidaldecel
move #3 90

The actuator value (inch), velocity (in/s), and acceleration
(in/s®) for actuator 3 obtained by running the program in
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Fig. 8 The motion profile of actuator 3 in point-to-point motions

Listing 1 are shown in Fig. 8, where the solid line is the
actuator value with respect to trajectory update cycle tick,
dotted line for linear velocity, and dashed line for linear
acceleration. Each trajectory update tick corresponds to 32
ms in our current implementation. In our system, the default
speed, acceleration, and deceleration for the robot motion
are twenty percent of the maximum defined ones. The first
program statement in Listing 1 changes the default accelera-
tion from twenty percent of the maximum acceleration of
the system to fifty percent. For move statement of our robot
language, the symbol ‘@’ means that all actuator values of
the robot arm will keep their current values, except the
actuator indicated by the integer value following the symbol
‘@’. The last parameter of this move statement specifies the
target actuator value. Hence, the second statement of the
program will move actuator 3 from its current position,
which is the home position after calibration in this example,
to the position with the actuator value of 50.75 inches. Since
the default motion profile is a sinusoidal motion, the robot
will first be accelerated at fifty percent of the maximum
acceleration to its twenty percent of the maximum speed in
sinusoidal acceleration profile. At time t,, the robot arm then
slows at the twenty percent of the maximum speed till time ,.
The robot arm will be decelerated at its default deceleration
which is twenty percent of the maximum deceleration from
time oty At time 13, actuator 3 of the robot arm reaches
50.75 ins. The duration times for acceleration, slew motion,
and acceleration of this motion segment are 20, 92, and
50 trajectory update ticks, respectively. The robot language
statements following the first move statement in Listing 1
change the characteristics of the next motion segment. The
speed for the next segment is changed to fifteen percent
of the maximum speed by statement speed 0.15. The
acceleration is changed back to the original default value.
The motion profiles for acceleration and deceleration are
toggered to the square wave profile by disabling the sinusoi-
dal acceleration and deceleration. The final target position
is specified by using an effective joint value indicated by
the symbol ‘#’ in the move statement. So last statement in
the program will move effective joint 3 of the robot arm
from position B to 90 degrees with fifteen percent of the
maximum speed, twenty percent of maximum acceleration
and deceleration in square wave profiles. The duration times
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Fig. 9 The motion profile of actuator 3 with blended motion segments

for acceleration, slew motion, and deceleration of this second
motion segment are 24, 59, and 24 ticks, respectively. Since
the defined maximum acceleration and deceleration for each
actuators are the same in our manipulator, when the same
percentage of the maximum acceleration and deceleration
is used for a motion segment, the acceleration time for the
manipulator to reach the defined velocity should equal to
the deceleration time for the manipulator to come to stop
from slew motion. For a single actuator motion, the target
position can be specified by either an actuator value or
effective joint value. The value of 90 degrees of effective
joint 3 is equivalent to the actuator value of 73.3 inches for
the UPSarm. If the last statement in the program Listing 1
was replaced by the program statement move @ 73 . 3, the
resulted motion would be the same as one shown in Figure 8.

Adding a statement enable continuouspath at the
beginning of the robot program in Listing 1, two point-to-
point motion segments shown in Fig. 8 will be blended as
a continuous-path motion. The continuous-path without an
intermediate stop is shown in Fig. 9. The transition trajectory
of two motion segments is a cubic polynomial which is
derived using actuator values and velocities at two transition
positions where the robot arm ends the slew motion of the
first segment and starts the slew motion of the second seg-
ment, respectively. The boundary conditions of the transition
region are the positions and velocities at times 1, and 1,
shown in Fig. 8. Using a cubic polynomial as a transition
trajectory will result in continuous position and velocity for
the blended trajectory. The second derivative of the third
order polynomial is a linear function which can not guarantee
the continuity of the acceleration of the trajectory as is shown
in Fig. 9. If higher accuracy and smoother motion are desired,
a fifth order polynomial may provide better performance
with continuous acceleration at the boundaries of the transi-
tion region of two motion segments. But, more computa-
tional power will be demanded for higher order polynomials.
This is a trade-off between the accuracy and computational
speed. For our practical applications, the continuous-path
based upon a cubic polynomial does provide a satisfactory
performance. When blending two segments together, the
planned deceleration time for the first segment and the accel-
eration time for the second segment are available. Whichever
the larger of these two duration times will be selected as
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the transition time in our path planner. This is conservative,
but the final trajectory will comply the system constraints.
In this example, the deceleration time for the first segment
is 50 ticks whereas the acceleration time for the second
segment is 24 ticks. Hence, the transition time will use the
larger value which is 50 ticks. Using this scheme to blend
motion segments, the total motion time for blended continu-
ous-path motion in Fig. 9 is reduced from 269 ticks to 245
ticks in comparing with the point-to-point motion shown in
Fig. 8.

7.2 Coordinated Motion. The second example illus-
trates the motion along a prescribed trajectory or path
tracking. The robot program listed in Listing 2 will move the
TCP of the end-effector of the UPSarm along straight-lines.

LISTING 2
E = actuator (5.0, 5.0, €4.5, 0.0, 0.0,
0.0, 1.2, 90.0, 9.8, 9.8)
F = joint (0.0, 0.0, 72.3, 9.5, 7.6,
19.1, 0.0, 90.0, 90.0, 95.3)
G = trans (rxyz (-10.0, -10.0, 62.6),
vect (125, -2, 10.0))
move E
moves F
moves G

The trajectories of the TCP of the end-effector in the world
coordinate system are shown in Fig. 10 where the solid
curve is for non-continuous path and the dotted line for
continuous-path. The continuous-path is achieved by adding
the statement enable continuouspath at the top of
the robot program in Listing 2. The initial position of the
robot arm is at position D. The subsequent positions E, F,
and G are defined in the program. The position E is defined
by actuator values, F is defined by effective joint values,
and G is specified by the transformation matrix of the end-
effector. The first parameter of the transformation specifica-
tion is three orientation angles about the X, Y, and Z axes,
respectively; and the second parameter is the distance of the
TCP from the origin O,, of the world coordinate system
0,X,Y,Z, shown in Fig. 2. The equivalent transformations
of the end-effector for positions E and F obtained from direct
and forward kinematics are trans (rxyz(0,0,77.6), vect (84.2,
-14.1, 5)) and trans (rxyz (0, 0, 71.6), vect(110, -15.9, 0)),
respectively. The intended straight-line motion information
is passed to the path planner and trajectory generator by the
move statement reserved-word “moves.” The motion from
the initial position D to E is a point-to-point motion. The
motion segments EF and FG are two straight-lines as indi-
cated by the move command “moves”. If the continuous-
path is not enabled, the trajectory of the TCP has sharp
corners at the intersection of two straight-lines, which is
typical for noncontinuous path motions. The continuous-
path tends to rounding these corners as is shown in Fig. 10.
In this example, the motion is continuously transited from
the actuator point-to-point motion of segment DE to the
prescribed straight-line segment EF. The continuous-path
also blends two straight-line segments EF and FG. The
blending trajectories for both TCP and orientation of the
end-effector are third order polynomials.
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8 Conclusions

Three coordinate spaces: actuator space, effective joint
space, and world Cartesian coordinate space, are introduced
for coordinated manipulation of hybrid serial-and-parallel-
driven redundant industrial manipulators. Based upon these
three coordinate spaces, the concepts of direct, forward,
inverse, and indirect kinematics are also introduced. A gen-
eral-purpose path planner and trajectory generator are devel-
oped, which can be used for real-time control of N degree-
of-freedom electromechanical devices with hybrid serial-
and-parallel-driven kinematic chains. This path planner and
trajectory generator can provide point-to-point and continu-
ous-path motions with the target information being specified
in the above three coordinate spaces. Three Cartesian pathes:
straight-line, circular curve, and spline curve, and combined
Cartesian-joint motion have been implemented for path
tracking. Each motion segment consists of three regions:
acceleration, slew motion, and deceleration. The manipulator
" can be accelerated and decelerated in either square wave or
sinusoidal motion profiles. Multiple motion segments can
be blended by using cubic polynomials which will provide
continuous positions and velocities along the trajectory. Soft-
ware implementation of this path planner and trajectory gen-
erator in the C language are modular. With appropriate kine-
‘matics modules, this path planner and trajectory generator
can be used for motion coordination of other hybrid serial-
and-parallel-driven electromechanical devices.

A practical industrial application of hybrid serial-and-
parallel-driven redundant kinematic chains has been demon-
strated by a ten degree-of-freedom hybrid serial-and-paral-
lel-driven UPSarm which is mainly designed for studying
the feasibility of stacking packages inside a truck. The direct,
forward, inverse, and indirect kinematic solutions have been
derived for the UPSarm. These kinematic formulations in-
volving iterative numerical solution techniques are used for
real-time path planning, trajectory generation, and control
of the manipulator. The simplified dynamic model, PID-
based feedforward servo control scheme, and implementa-
tion of a real-time distributed computing system for manipu-
lation of the UPSarm are presented in this paper. Motion
examples programmed in our robot language demonstrate
the practical manipulation of hybrid serial-and-parallel-
driven kinematic chains.

Although this paper mainly addresses the issues related

700/ Vol. 116, DECEMBER 1994

to the practical implementation of the UPSarm, the presented
ideas and principles are general. They can be applied to
manipulation of other hybrid serial-and-parallel-driven re-
dundant robot manipulators as well.
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