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Abstract

A method is proposed of path tracking control of a
manipulator with passive joints, i.e. having no actuators.
A desired path is geometrically specified in operational
space. The position of the manipulator is controlled to
follow the desired path. In this method, a path
coordinate system based on the desired path is defined in
operational space. The path coordinates consist of a
component parallel o the desired path and components
normal to the desired path, The equation of motion of
the manipulator is described in terms of the path
coordinates. The acceleration of the components normal
to the desired path is controlled according to feedback
based on tracking error by using the dynamic coupling
among the components. This in turn keeps the
manipulator on the desired path. Results of path tracking
experiments using a two-degree-of-freedom manipulator
with a passive joint are presented.

1. Introduction

The number of degrees of freedom of a conventional
manipulator is equal to the number of joint actuators.
Since the mass of the actuator of a serial-type
manipulator is a load for the next actuator, the size of the
actuator should increase rapidly from the wrist joint to
the base joint. As a result, the base joint must be
equipped with a huge actuator compared to the load of
the manipulator. In order to decrease the weight, cost,
and energy consumption of a manipulator, various
methods have been proposed for controlling a
manipulator which has more degrees of freedom than
actuators [1]. However, these methods require special
mechanisms in addition to the basic links and joints. In
this paper, a method is presented for controlling a
manipulator which has more joints than actuators without
using additional mechanisms,

The dynamics of a manipulator have non-linear and
coupling characteristics. When each joint is controlled

by a local linear feedback loop, these factors result in.

disturbances. The elimination of such dynamic
disturbances has been one of the major problems in
manipulator control [2]-[4]. However, the effects of these

disturbances are available to drive a joint which in itself
does not have an actuater, Such dynamic characteristics
are actively used in human handling tasks. For example,
when a heavy load is handled, all the muscles of the
human arm are not necessarily used. Some joints, e.g. .
wrist joints, are kept free and the inertia of the load is
utilized effectively. Such a "dynamic skill” will also be
significant for robot control. Some robot control
schemes which utilize dynamic coupling effects have
previously been proposed [5],{6]. :

As a means of controlling a manipulator which has
more joints than actuators without using additional
mechanisms, we have proposed a method for controtling
passive joints by using dynamic coupling [7]. We also
developed an algorithm for point-to-point control of the
manipulator and applied it to a two-degree-of-freedom
manipulator [8]. In this method, a manipulator is
composed of 1wo types of joints, active and passive joints.
Each active joint consists of an actuator and a position
sensor {e.g, an encoder). Each passive joint consists of a
holding brake and a position sensor. Whean the brakes of
the passive joints are engaged, the active joitits can be
controlled without affecting the state of the passive joints.
When the brakes are released, the passive joints can
rotate freely. The motion of the active joints generates
acceleration of the passive joints via the coupling
characteristics of manipulator dynamics. The passive
joints can be controlled indirectly in this manner. The
total position of the manipulator is controlled by
combining these two control ‘modes. Jain et.al.
independently proposed a similar technique to control a
manipulator with passive hingés. They also developed an
efficient algorithim using spatial operator algebra [9].

When some of the joint-actuators of a manipulator
are exchanged for holding brakes with this method, we
can build a lightweight, energy-saving, low-cost
manipulator. We can take advantage of these merits by
applying the method to simple assembly robots, control
of redundant manipulators, ete. Space applications (e.g.
space manipulators, expansion of space structures) may
be feasible. This method can also be applied to failure
recovery control of a maniputator [10].

Control with the passive joints released is an essential
part of this method. In Refs. (7], [8], we controlied the
manipulator in joint space. In this approach, a desired
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trajectory is assigned to the passive joints and the motion
and torque of the active joinis is calcnlated 1o realize the
desired motion of the passive joints. The motion of the
active joints is determined by the desired trajectory of the
passive joints and the dynamic coupling among the joints.
Consequently, the motion of the tip of the manipulator
cannot be prescribed. However, the position of the tip in
operational space, e.g. Cartesian space, is usually
important for practical manipulator tasks. It is necessary
to control the path along.which the tip moves if the
manipulator is to aveid collision with an obstacle.

We recently proposed a method for controlling the
position of a manipulator with passive joints, not in joint
space, but in operational space [11]. 1n this method, the
equation of motion is represented in terms of operational
coordinates. The operational coordinates are separated
into contrelled components and compensating
components. The desired acceleration can be generated
at the controlled components, which are ‘equal in number
to the active joints, by using dynamic coupling among the
components. B '

In this paper, this method is extended to path
tracking control of a manipulator with passive joints. A
desired path is geometrically specified in operational
space. The tip positiont of the manipulator is controlled
to follow the desired path. In this method, parh
coordinates are defined as a kind of operational
coordinate system based on the desired path. The path
coordinates cousist of a component parallel to the desired
path and components normal to the desired path. The
equation of motion of the manipulator is described in
terms of the path coordinates. The acceleration of the
componernts normal to the desired path is conwolled by
using the dynamic coupling among components. This in
tum keeps the manipulator on the desired path. The
effectiveness of the proposed method is demonstrated by
experiments using a two-degree-of-freedom manipulator
with a passive joint. .
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Fig.i Path Coordinate System

. variable.
-problems, this type of path is often parametrized by a

2. Path Coordinates

A mathematical description of the desired path of a
manipulator is considered in this section. The desired
path is geomelrically specified as a continuous curve in
operational space. It is not associated with a time
In minimum-time trajectory planning

path parameter [12]-[14]. The position of a point on the
path is represented as a vector function of a scalar
parameter. When operational space is n-dimensional, a
point ¢ € &7 on the path is represented as

9=¢() 5055 <5 | W

where s is the path parameter. g(sg) is the start point of
the path and g(sy) is the end point. 5 can be considered
as a distance along the path. Since s is a scaiar, this
method can represent a point only on the path itself.
Real-time path tracking control is considered here.
If the manipulator deviates from the path due to
disturbances, feedback control should force the
manipulator to return to the path, Therefore, points
which are not on the path as well as points on the path
should be represented. Furthermore, the tracking error
should be measured. We propose the concept of path
coordinates as an extension of the path parameter. A
curvilinear coordinate frame is defined in operational

space, The coordinates are composed of a component s

along the path and components x;, ..., x,.; normal to 5.
These coordinates are called path coordinates (Fig.1). A
point p € R" represented in terms of the path
coordinates is :

P=lxp X, s1T=[xT 57T . @)
The desired path is represented as
X = xg4 (constant}, sp £ 5 £ 57 3

in terms of the path coordinates: The desired path is also
represented as

g=g(x;T sT,spSs<s @

in terms of the operational coordinates. Eq.(4)
represents all points in operational space.

q=q(p) )

Eq.(5) represents the coordinate transformation from the
path coordinate space to operational space.

The motion on the path is of the s component only
and has one degree of freedom. It corresponds to motion
on the straight line, x = xy, in the path coordinate space,
It means that x components of the path coordinates
always remain constant values, x4, if the manipulaior is
on the path. x — x; represents the deviation of the
point, p = [xT 517, from the desired path, x =x;.



3. Equation of Motion in terms of Path ¥

Coordinates

Both the operational space and the path coordinate
space are assumed o be n-dimensional. It is assumed that
the manipulator also has n degrees of freedom and it
consists of n-1 active joints and one passwe joint. The
equation of motion of the manipulator in joint space can
be written as follows

M(6)6+ b(8, 9) =nu (6)
where

b6, & =h(B, B + I'o+g(8)

B8e R+ joint angle vector
e R" : joint forque vector
g(6) e R : gravity torque vector

1(6,8 e R* : Coriolis and centrifugal torque vector
M(8) € Ry inertia matrix _
I'e R viscous friction matrix
The joint torque vector u is composed of the active joint
torque, 7€ R*!, and the passive joint torque (= 0).
u=[tT QT N

The equation of motion of the manipulator is rewritten in
terms of path coordinates p € R7. We assume that the

path coordinates and the joint coordinates are related as
follows

p=J8 (8)

where J € R"* is a Jacobian matrix. When eq.(8) is
differentiated with respect to time, we obtain

=106+ 78 (9)

Note that the manipulatof has n degrees of freedom and
is non-redundant. If J is non-singular

B=JYp-18 (10
Here, M, b, and H = J-! are pantitioned as follows
- M] n-1 [b} -1 )
M_'[Mg]l b= o] an
H=[H; Hiln

n-1 1
When eq.(7), (10), and (11) are substituted into eq.(6) we
obtain
MiH R+ M H 5 ~-MHJO+ by =1 {12a)
MaH %+ MaH2§—MpHJB+ b=0  (12b)

The equation of motion is represented in terms of the
path coordinates. It is divided into eq.(12a), which is
related to the torque of the active joints, and eq.(12b),
which is related to the torque of the passive joint.
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. desired path defined in Section 2. As an initial condition

4. Path Tracking Control

In this section, a control method is proposed in
which the manipulator described in Section 3 tracks the
it is assumed that the manipulator is moving with
sufficient initial velocity in the direction of the path when
the path tracking control begins. ‘This can be achieved,
for example, by accelerating the active joints while the
passive joint is fixed before the path tracking control
commences with the passive joint released.

It is shown that the desired acceleration can be
generated arbitrarily at components which are equal in
number 1o the active joints, The number of active joints
of the present manipulator is n-1. The number of
componenis of the path coordinates is », and the number
of components normal to the path is n-1. We designed a
control system which gives priority to the components x~
which are normal to the path. It generates acceleration
of the x components in order to keep the manipulator on

- the path.

From eq.(3), xis constant when the manipulalor
moves along the desired path. Thus X =0 and ¥ = 0 on
the path. It is assumed that Mz2H2 # 0. Since H J= —HJ,
acceleration along the path is

F=— (MY UM Ebt + by) (13)

from €q.(12b). The trajectory of s is determined if the
initial values of s and ¥ are given. Thus, the time
trajectory of the manipulator is obtained. From eq.(12a),
the torque of the active joints is

= {M; — MH:(M:H) M, | i (14)
+ by — M H>(M>H3) b

In the case of open loop control, the manipulator may
deviate from the desired path due to disturbances or
modeling error. We designed a closed loop contro}
system to suppress this tracking error. In order to keep
the manipulator on the desired path, the ¥ components
normal to the path should remain constant at x4. The
acceleration ¥4 is generated to adjust x to xy. The
following PID control is applied -

£= K,k + Kplxg =) + Ki [(ga= 0t (15)

where K, Kp, and K; & R-1%(-1) are the diagonal gain
matrices. x and. i aré the measured values of the position
and velocily of the x components. The component s
along the path is controlled so as to realize (he
appropriate acceleration of x components in eq.(15),

When the measured values of the joint angle and
velocity are substituted into @ and dof eq.(12a) and
(12b), each component of M, H, J, and b is determined.
If the acceleration of the x componems in eq.{15) are
assigned to #, €q.(12b) is a liriear equation with respect to
5. If M>H > is not equal to zero, eq.{12b} can be solved
umqucly as .

§={MHay ‘(—MZHI ¥ +M2H19—b7 } (16)



‘ Wh_en €q.(16) is substituted into eq.(12a), the torque T to
rcalize the acceleration in eq.(15) can be determined.

T={M, - MiH(MoH) M) (i -HJ®  (17)
+ by — MiH(MzH3) b

When we apply this lo;c}ue 7 of eq.(17) to the active
joints, we will obtain the x components acceleration of .

eq.(15). When the deviation of the manipulator from the
desired path is e = x—xg , from eq.{15)

é+ K&+ Kpe +K;fedt'=0 - (18)

The deviation e is guaranteed to converge to zero if K,
Ky, and K; are chosen .such that all the poles of the
system {18} are located in the left-half plane. As a result,
the manipulator tracks the desired path,

In this method, the 5 component is accelerated /
decelerated in order to realize the desired value of the x
components. Therefore:the 5 component cannot be
coatrolled directly. The time period-necessary to travel
along the path depends on the configuration of the path
and the initial velocity dlong the path. The initial value
of component s is 59 and the final value is sz When initial
values sp and §p are used in eq.(13)

§=— (M2H2)" M2 Hai + b)

and s and § are calculated by numerical integration for s5p
£ 5 < gy, the final value § and the time period to travel
along the path is obtained.

If Isgl is too small, the direction of § may be inverted
before reaching the final point and the manipulator
cannot complete the path tracking. Therefore it is
desirable to estimate the minimum l§sl necessary to reach
the final point. Af; and H? in eq.(13) can be represented
as functions of 5 only. On the path, &= H;5. When the
friction of the passive joint is negligibly small and b3 is
composed of Coriolis, centrifugal, and gravitational
forces, eq.(13) can be rewritten as

F=f) P +g (19

where f(s) and g(s) are functions of s and do not depend
on inttial velocity §g. Note that

e dsds 1 d(5?

S drds T2 ds (20)
Eq.(19) is a linear differential equation with respect to
§2. The solution of eq.(19) is

% ey

v ¥ ’
° - T
Xg 4 K, § X fCalculation ] Active Joints | g
KptsKyt—L ¥
e s of eq.(17) Passive Joints
I X

Kinematic |4

Calculation

Fig.2 Path Tracking Conirol System

s s 4
$%s) =exp( [2ROAE)-[802 + [2(Dexp(= [2texde Q)
S0 50 5o

(21)
5
Since exp( JZj(C)d(,‘) > (, the condition for $2(5) > O is
s . ‘
s ¢
502>~ [2g(0exp(- [2e)de dl (22)
So 50

The right side of eq.(22) is calculated by numerical
integration. If 4 is chosen so thar §p2 is larger than the
maximum of the integration value, the manipulator can
reach the final point. It is clear from eq.(22) that if g(s)
2 0 for 59 £ 5 < 57, the manipulator can reach the final
point for any $p > 0. :

The initial velocity necessary to reach the desired
velocity at the final point or at a point halfway along the
path can be calculated if the initial velocity is in excess of
the minimum velocity. When eq.(13) is integrated
backward for 59 < 5 < 5g with s and ¥ given final values s4
and $4, the initial velocity sp to realize the desired velocity
54 1s derived.

During real-time control,

_§-5p
Y

(23)

and 0 < A < 1 on the path. The value of A is monitored
while the manipulator is tracking the path. The control
terminates when 4> 1,

Fig.2 shows the path tracking control system.

5. Control of a Manipulator with Multiple
Passive Joints

A manipulator which-is composed of n-1 active joints
and one passive joint is considered in Sections 3 and 4,
However, the proposed control method is casily extended
to a manipulator with multiple passive joints. In -
dimensional operational space, it is necessary to control
n-1 components to keep the manipulator on the desired
path. Therefore, ni-1 active joints are necessary. The
manipulator is assumed to have m > 1 passive joints. The
equation of motion is

-

M(&)6+5(6, B=u (24)

u=[tT QT (25
where 8 e Rn-i-m-l’ M(B) e R(n+m-l)x(u+m-l)l b(e' 9}
eR:ﬂm-l, ne R:Mm-l’ and Te Rn-l,

Here, m-I auxiliary components, zi, ..., Zp.1, are
added to the path coordinates p.

P = [":Il '--:‘rll-fl 50 le ey zm-l] = [xTayT]T (26)

where x € "1 and y € R™. The choice of auxiliary
components is arbitrary except that the Jacobian matrix J
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€ ROrem-1xtntm-1) should be non-singular. The equation - path coordinates. The acceleration of the components

of motion is partitioned as

MH@E+MH5 -MHJB+b1=1  (272)

MaH 1 + MaHs§ ~ MaH 0+ by = 0 (27b)
If matrix AM>H3z e R#"m ig non-singular,

=My N =MaH £+ MpHIO-b3). - (28)

The control law is the combination of PID feedback
€q.(15) and the torque computation

= (M)~ M H(MHR) WM ) (H; §-HI®  (29)
+ by = M HA(M:H5 15>

It has almost the same form as eq.(17),
6. Experiments

We conducted experiments testing this control
method with a two-degree-of-freedom horizontally-

articulated manipulator. Fig.3 shows the manipulator, -

The first axis (6;) is an active joint and the second axis
(82) is a passive joint. The active joint is driven by a DC
servo motor with a harmonic-drive gear. The brake of
the passiye joint is electromagnetic.

The desired path (a) is given as a straight line. In the
case of (a), the path coordinate space is Cartesian space.

p=yT :
Xx = Lcosé; + Lcos(0;+6)
y = Lsin8; + Lsin{0;+6)

The desired path (a) is represented as xz = 0.4(m). The
desired path (b} is given as a circular arc around the first
axis. In the case of (b), the path coordinate space is a
polar coordinate space whose origin is at the first joint.

p=Ir.¢T o o
;-=2Lcos§“, Pp=6;+ 5‘-

The desired path is rgy= 0.4(m). Fig.4 illustrates the
results of the path tracking control experiments. The
initial condition is yg = Om, yy = 0.7m/s in both cases.
The results (solid lines) follow the desired paths (dotted
lines). Trackings to the different paths are achieved
from the same initial condition, The maximum deviation
is 2.9x10-4m in (a), and 7.2x10-4m in (b). Fig.5 shows
the response when the initial position is not on the path.
The deviations converge to zero by means of the
feedback control. Fig.6 shows tracking of a desired path
which includes straight and circular path segments. In
this way, a complicated desired path can be composed of
several simple path segments,

7. Conclusions

A method of path tracking control of a manipulator
with passive joints is proposed. A path coordinate system

based on the desired path is defined._ The equation of .

motion of the manipulator is described in terms of the

normal io the desired path is controlled by using the
dynamic coupling among components. This in turn keeps
the manipulator on the desired path, The effectiveness of

‘the method was verified by experimenls using a two-
--degree-of-freedom manipulator with a passive joint. The

experiments showed that the path of the manipulator can
be controlled precisely by use of the proposed method.
Since this method uses closed-loop control, precise
tracking is possible in the presence of disturbances, The
path of the manipulator can be prescribed with this
method and it may be combined with obstacle avoidance
or other path-planning algorithms. .-
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