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ABSTRACT

Using a four-bar-linkage, a practical architecture is
considered for the University of Minnesota direct drive robot. As a
result of the elimination of the gravity forces (without any counter
weights), smaller actuators and consequently smaller amplifiers
were chosen. The motors yield acceleration of five times the
acceleration of gravity at the robot end point without overheating.
High torque, low speed, brush-less AC synchronous motors are used
to power the robot. Graphite-epoxy composite material is used for the
construction of the robot links. A four-node parallel processor has
been used to control the robot. The dynamic tracking accuracy, with
the feedforward torque method as a control law, has been derived
experimentally. The compliance control and its stability condition
have been analyzed and demonstrated experimentally.

INTRODUCTION

Direct drive robots have two major advantages over the non-
direct drive systems. The first advantage being that; the direct
drive arms are free from mechanical backlash and friction due to
elimination of transmission systems. A small mechanical
backlash in the transmission system would cause the gear teeth to
wear faster. The high rate of wear in the gear would develop an
even larger backlash. About 25% of the torque in non-direct drive
arms is used to overcome the friction [6]. The second advantage is
such that the structural stiffness of the direct drive arms are greater
than the non-direct drive systems. About 80% of the total
mechanical compliance in most non-direct drive industrial robots
is caused by transmission systems {7,20]. The high structural
stiffness allows for wide bandwidth control. The low structural
stiffness of non-direct drive arms, due to the existence of many
mechanical elements in the transmission system, is a limiting
factor on the achievement of a relatively wide bandwidth control
system. One of the significant problems that prohibits the
widespread use of existing direct drive robots in industrial
applications is their small payload in comparison with the non-
direct drive systems. The large payload of the non-direct drive
robots is due to the inherent property of the reducer transmission
systems. Overheating the motors is another reported disadvantage
of the non-direct drive robots. Elimination of the transmission
system causes the inertial force and the gravitational force of the
links affect the motors directly. In other words, the motors "feel”
the inertial and the gravitational forces without any reduction in
size. The direct effect of the forces cause the motors to overheat in
the direct drive arms. This overheating exists even in the static
case when the arm is only under its static load.

The work presented here is on the design and control of the
Minnesota direct drive robot [9]. This robot is statically balanced
and uses a four-bar-link mechanism (Figure 1) to compensate for
some of the drawbacks of the serial [2] and parallelogram types [3] of
direct drive robots. Several attempts have been made to improve the
manipulator dynamic behavior. Asada and Kanade [2] designed a
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Figure 1: University of Minnesota Direct Drive Robot Arm

serial type direct drive arm in which the actuators were directly
coupled to links without any transmission mechanism. The
elimination of the transmission mechanism improved the robot
performance, however large molors were needed to drive the robot.
Asada and Youcef-Toumi [3} studied a direct drive arm with a
parallelogram mechanism to eliminate the problems associated
with serial type robots. A direct drive arm with a counterweight was
designed by Takase et al. [21] in order to eliminate the gravity effect
at three major joints. Another direct drive arm, designed by
Kuwahara et al. [16] to reduce the effect of gravity using a four-bar-
link for the forearm, and a special spring for the upper arm. The
counterweight provides the system balance for all possible
positions, however it increases the total inertia of the robot arm. The
spring balancing will not perfectly balance the system either {18).
In this research, a statically balanced direct drive arm is designed
to achieve improved dynamic behavior.

ARCHITECTURE
The architecture of this arm is such that the gravity term is
completely eliminated from the dynamic equations. This balanced
mechanism is designed without adding any extra counterbalance
weights. The new features of this new design are as follows:
1. Since the motors are never affected by gravity, the static load will



be zero. Hence no overheating results in the system in the static
case.
2. The elimination of gravity terms calls for smaller motors with
less stall torque (and consequently smaller amplifiers) which have
been chosen for a desired acceleration.
3. With the lack of gravity terms, higher accuracy can be achieved.
This is true because the links have steady deflection due to constant
gravity effect. This gives better accuracy and repeatability for fine
manipulation tasks.
4. As depicted in Figure 3, the architecture of this robot allows for a
"large” workspace. The horizontal workspace (radius = 80 ¢m) of
this robot is quite attractive from the stand point of manufacturing
tasks such as assembly and deburring.
5. Graphite-epoxy composite material is used for the construction of
the robot links. This robot is light (60 kg) and can be mounted on an
autonomous vehicle. The pay load without losing precision is 2 kg.
The arm has three degrees of freedom, all of which are
articulated drive joints (Figure 10 shows the schematic of the robot
where the links are numbered). Motor 1 powers the system about a
vertical axis. Motor 2 pitches the entire four-bar-linkage while
motor 3 is used to power the four-bar-linkage. Link 2 is directly
connected to the shaft of motor 2. Figure 3 shows the top view and
side view of the robot. The coordinate frame X,¥,Z,has been
assigned to link i of the robot for t=1,2,..,5. The center of
coordinate frame X,Y,2; corresponding to link 1 is located at point
O as shown in figure 2. The center of the inertial global coordinate
frame X,Y 2, is also located at point O (The global coordinate
frame is not shown in the figures). The joint angles are represented
by 84, €2, and 83 where 6, represents the rotation of link 1
(coordinate frame X,¥Y;Z; coincides on the global coordinate
frame X,Y,Z, when 6=0), 6, represents the pitch angle of the
four-bar-linkage as shown in Figure 2, and O3 represents the
angle between link 2 and link 3. Shown are the conditions under
which the gravity terms are' eliminated from the dynamic
equations.
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Figure 2: The Side View and Top View of the Robot

580

Figure 3 shows the four-bar-linkage with assigned
coordinate frames. By inspection the conditions under which the
vector of gravity passes through origin, O, for all possible values of
6,and 6z are given by equations (1) and (2) where m, L; are
mass and length of each link, X, is the distance of center of mass
from the origin of each coordinate frame, and mtz is mass of
motor 3.

{ mzX3 - M4lg - MsXg ) sin 63 =0 §))

g (mtg + mg) -~ mpX, - mallz - g) - mylX4 - 0)
~{mzXz - M4ls - Mgxg) cosdz = O 2)

Conditions (1) and (2) result in the following equations:

mMzXz - M4lg -~ MgXy = O 3)

glmtz+ mg)-myX o-Mmxlla-g)-mal X4 ~g 1 =0 4)

If equations (3) and (4) are satisfied, then the center of
gravity of the four-bar-linkage passes through point O for all the
possible configurations of the arm. Note that the gravity force still
passes through O even if the plane of the four-bar-linkage is tilted by
motor 2 for all values of 8,.

Since at low speeds, AC torque motors do not tend to cog; low
speed, high torque, and brush-less AC synchronous motors have
been chosen to power the robot. Each motor consists of a ring shaped
stator and a ring shaped permanent magnet rotor with a large
number of poles. The rotor is made of rare earth magnetic material
(Neodymium) bonded to a low carbon steel yoke with structural
adhesive. The stator of the motor (with winding) is fixed to the
housing for heat. dissipation. To develop wide bandwidth (high
speed) closed loop control for the robot, Graphite-expoxy composite
and AAT075T6 Materials were used to construct the links. The high
structural stiffness and low density of the Graphite-expoxy
composite result in high natural frequencies in the robot dynamies.
The higher the natural frequencies are, the wider the bandwidth and
consequently faster the closed loop system will be {14]. A strong
bond between the composite parts and the aluminum parts was
achieved using an epoxy adhesive (3M Epoxy Adhesive EC - 3569 -
B/A ). To minimize joint clearance and reduce bearing mass,
Super Precision angular contact bearings (ABEC- 7, extremely light
series 1900 ) were used.
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Figure 3: Four Bar Link Mechanism



FORWARD KINEMATICS
The forward kinematic problem is to compute the position of
the end point in the global coordinate frame X,¥,Z,, given the joint
angles, 6y, €,, and 5. The end point position of the robot relative
to the global coordinate frame is characterized by Py, Py, and P,
in the global coordinate frame X,YoZ,:

Px - [C1C2C3— 3183] (L;"Ls] + C|C2[ L2 -9 ) (5)
Py = (51C2C5+ CyS3)lLz-Ls)+ 8iCz (Lp-g ) (6)
Py =8 {Lg~g )+ SCz (Lz-Ls ) N

where §, = Sin (8}, and C; = Cos (&]).

INVERSE KINEMATICS

The closed-form of inverse kinematics of the proposed arm
derived using the standard method [6,19]. The joint angles for the
given end point position can be determined using the following
equations:

61~ atan2 [ Py, Py ) - atan2 {{L3- Ls) sing;

+ [PyZ+ P2~ (Lz- Ls)?sIn?63 ) |¥2  (8)

@2 =sin! {(P,/[{Ly-9g) + (Lg- Ls ) cosoz ] } (9)
83 = cos™ {[ P2 +P2+P,2-(Ly-g)2 - (L3-L5) 2]/

f2(Lz-9)(L3-Ls)] ) (10

HARDWARE

A schematic of the system hardware is shown in Figure 4.
An IBM/AT microcomputer which is hosting a four-node NCUBE
parallel processor is used as the main controller of this robot. The
parallel processor has four nodes and a PC/AT bus interface. Each
node is an independent 32-bit processor with local memory and
communication links to the other nodes in the system. A high speed
AD/DA converter has been used for reading the velocity signals and
sending analog command signals to the servo controller unit. A
parallel 10 board (D/D converter) between the servo controller unit
and the computer allows for reading the R/D (Resolver to Digital)
converter,

The servo controller unit produces three phase, Pulse Width
Modulated (PWM), sinusoidal currents for the power amplifier.
The servo controller unit contains an interpolator, R/D converter
and a communication interface for the computer. The servo
controller unit can be operated in either a closed loop velocity or
current (torque) control mode (the current control is used). A PWM
power amplifier, which provides up to 47 Amperes of drive current
from a 325 volt power supply, is used to power the motors. The main
DC bus power is derived by full-wave rectifying the three phase
230VAC incoming power. This yields a DC bus voltage of 325VDC

The actuators used in this robot are neodymium (NdFeB)
magnet AC brushless synchronous motors. Due to the high
magnetic field strength (maximum energy products: 35 MGOe) of
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Figure 4 The Control Hardware for Minnesota Robot
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the rare earth NdFeB magnets, the motors have high torque to weight
ratio. Pancake type resolvers are used as position and velocity
sensors. The peak torque of motor 1 is 118 Nm, while the peak
torques of motors 2 and 3 are 78 and 58 Nm respectively.

We describe two sets of experiments in this article. First, the
performance of the robot is measured in unconstrained space as a
tracking accuracy along a specified trajectory. Second, the stability
of the robot in constrained maneuvers has been analyzed and
verified experimentally.  In constrained maneuvers, the contact
forces must be accommodated rather than resisted [8, 10-13].

A feedforward compensator, as shown in Figure 5 is used to
cancel the robot nonlinear terms while a set of constant gains are
used in the feedback loop to decrease the error and develop
robustness in modeling errors. Because this robot does not contain
any gearing, frictional losses are small and consequently the
manipulator, using Lagrangian approach [5,17] can be modeled by
equation 11. :

MiB) B+ cle,6) =T -JT ¢t (48))
where &, 6, 6 are vectors containing the joints' accelerations,
velocities, and positions, respectively; M{€) is the inertia matrix;
C(6,8] is the vector representing the coriolis and centrifugal forces,
T is the vector of joint torques, JTis the jacobian transpose matrix,
and f is the vector of external forces applied at the robot endpoint.
The M(O) and C(6,8) functions for the University of Minnesota
Robot have been computed in closed form and the coefficients for
these functions have been experimentally identified [9].

Trajectory control for the manipulator is performed by a
digital implementation of a feedforward torque controller, which is
given by:

T =Ky (89 - 6) + Kv [6g- 8) + M (8g) 89 + € (8g, 84} (12)

where < is the vector of joint torques; (84 - 6) is the error between the
command position, 84, and the actual position, 6, and (84- 8) is
the error between the respective velocities. K is a 3x3 diagonal
matrix containing the position gains. K, is a 3x3 diagonal matrix
containing the velocity gains. M(84) is the estimated, inertia
matrix; and € (64,6 4} is the estimated, 3x1 vector of centrifugal
and coriolis forces. The physical reasoning behind this control law
is that the nonlinear feedforward terms, M{64) and € (64,8 4), tend
to cancel the effects of nonlinear effects of M(6) and C(6,6) in the
robot's dynamics and result in a nearly uncoupled, linear system.
The Kin(.) operator in the diagram represents the forward
kinematics, while Kin~'(.) represents the inverse kinematics.
When the trajectory is specified in cartesian space as a function of
time, e(t], the inverse kinematics and numerical differentiation
are employed to transform it into joint space, 64(t).
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Figure 5: Robot and Feedforward Torque Controller
Dynamics (1,4)

The reference trajectory in the experiment is generated by a
cubic polynomial. All the joints were commanded to
simultaneously move 30 degrees in 0.3 seconds from a
predetermined origin (Figure 6). The maximum velocity and
acceleration for each joint are 150 degree/sec and 2000 degree/sec?,
respectively. The robot control program, written in C language,
yields a 250 Hz sampling frequency. The trajectory error plots for
each joint are depicted in Figure 7 where the peak trajectory errors
are 0.7°, 1.2° and 0.44° for joints 1, 2 and 3 respectively.
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Figure 6: Commanded Trajectory for Each Motor

4

3z — Jjoint 1
] - joint 2

2] join

J o joint3

trajectory error (degree)

RN
_2——
_3_.
- time (sec)
-4 r , ; T r
0.0 01 0.2 0.3

Figure 7: Trajectory Error; all the parameters are
experimentally identified [9]

Although feedforward torque control is computationally
efficient, this method does not-achieve perfect uncoupling of each
joint. Using equations 11 and 12 and assuming that €(64,8 4}~
c(e,8) and M(6y) = M(8), a differential equation in terms of the
joint accelerations is obtained:

§ =8y + MOY' K, (8g - 0) + Ky (84 -6)]
- Mey' JT f 13)

Note that despite the assumption that the robot dynamics are
accurately known, the joints are not perfectly uncoupled, and the
degree of coupling varies as a function of the configuration.

The second set of experiments concerns the performance of
the robot in constrained maneuvers. Figure 8 shows the system
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Figure 8: Trajectory Controller, Robot Dynamics,
Environment Dynamics, and
and Compliance Compensator.

architecture when the robot interacts with the: environment and
when the robot compliancy is tailored by means of an H
compensator.: The H block is a part of the compliance controller and
is implemented in the digital controller. The product of the
environment mapping, E, is an external force, f, which is expressed
in the global cartesian coordinate frame. Although the trajectory
controller operates in the manipulator joint space, H has been
implemented as linear transfer function which can accept the
cartesian force and produce a cartesian displacement. The product
of H is a small displacement. In practice, r(t) is transformed into
joint space prior to execution; the. inverse Jacobian, J~', is
substituted for kin~'.) in the system. The command, r(t} is used
for both constrained and unconstrained maneuvers. When the
robot is not in contact with the environment, f= 0 and the robot is
driven by its tracking controller, r(t). When the robot comes in
contact with the environment, then contact force follows the input
command, r{t).

To guarantee the stability of the system of Figure 8, H must
be chosen such that inequality 14 is satisfied {15).

¥ < Z 14)
where o is the supremum of o0 .y (J77 Kp JY) over the
commanded trajectory and o =0 pmax(N). opmax indicates the

maximum singular valuel, and N is a matrix whose ijth entry is
SUPe | H|J| In other words, each member of N is maximum value
of | Hyy| over all w &(0,0]). Equivalently one can satisfy
inequality 15.

¥ < infimum of o pyp(J Kp~' J7) over the trajectory? 15)

One must calculate the minimum singular value of (J Kp’1 JN) at
each point in the commanded trajectory. The infimum is the lowest
of all the minimum singular values. The gain of H (expressed in
terms ) must be chosen smaller than this infimum. From
inequality 15, the stability region will approach zero when the robot
maneuvers near a singular point (det{J)—0) and/or when the
position gains approach infinity. Both cases are instances of
"infinite stiffness” for the robot, the first is due to the robot
configuration, while the second is due to the tracking controller.

For a sufficient stability condition, if the condition is
satisfied, the stability is guaranteed; however, if the condition is
violated, no conclusion can be made. In the first experiment, we
design an H such that inequality 15 is satisfied and show, through
experiment, that the system is stable. In the second experiment, we
show that an H which destabilizes the system also violates
inequality 15.

A reinforced aluminum wall was mounted vertically in the
robot workspace as shown in Figure 9 to simulate a stiff
environment. Motor 2 was mechanically locked while motors 1 and
3 were used to actuate the robot for horizontal maneuvering; this
resulted in planar, horizontal motion of the robot endpoint in global,
cartesian space. A force sensor is mounted on the manipulator
endpoint to measure contact forces. Figure 10 shows the top view of
experimental set up.

Since the experiments are all two-dimensional, His a 2x2
matrix operating on contact forces which are normal and
tangential to the wall. (The endpoint force measurements were
resolved into the global coordinate frame.) In these experiments,
only the compliancy in the direction normal to the wall was

1 The maximum singular value of a matrix A, o n.x(A)is defined
as: :

|Azl

Izl
where z is a non-zero vector and |.| denotes the Euclidean norm.
2T guarantee the stability of the system, H must be chosen such that
its "size" is smaller than the "size" of the sensitivity of the robot.
We define the robot sensitivity in a global coordinate frame as a
mapping from the imposed forces on the robot to the robot position,
The response of mechanical systems for a given driving force is
larger if the systems are lighter and less damped. Therefore, the
largest value for the sensitivity function arises when M(6)=0 and
Ky (64-8)=0. This largest sensitivity is J7 K, J™'. Fora
slower derivation of this stability condition, see reference 15.

O max(A) = max



supplemented, so the following form of H was chosen:
(52 o )
Ts+1

"l o

where T is empirically chosen constant and is used to filter the high
frequency noise in the force measurement, T was fixed at 0.05 for
all the experiments. The function, r{t), shown in Figure 10 by the
dashed line, is chosen as the assigned trajectory to the robot. Since H
has only one non-zero member, then o will be the maximum value
of the magnitude of Hy/(Tjeo + 1. The maximum value of H is
H, and occurs at DC (w=0).

In the first experiment, we show that if inequality 15 is
satisfied for a maneuver shown in Figure 10, then the robot can
interact with the environment stabley. Figure 11 shows the
maximum and minimum singular values of (J K,,"l JN
evaluated for all configurations along the trajectory. We choose H,
to be .0003 so H(s) was smaller than o mp{J Kp™' JT) for all
configurations within the maneuver. Figure 12 shows the
experimental and simulated values of the normal contact force.
The stable contact was indicated by the absence of undamped
oscillations in the normal force.

(16)

Low pass
r filter
Charge Computer
amplifier {controlier)

hemisphere with
force sensor

Maneuvers

In the second experiment, H, was set to .0015. Figure 13
shows the experimental and simulated values of the normal contact
force as a function of time. In both results, the contact force oscillate
throughout the maneuver, indicating that the compliance controller
was unstable. The comparison with the singular value plot in
Figure 11, shows that H, exceeded the lower bound on o mp(J K™
J7); hence, the stability condition has been violated. Since
inequality 15 is only a sufficient condition for stability, violation of
this condition does not lead to any conclusion. Figure 14 shows the
experimental and simulated contact force when Hy,=0.0005. The
system was stable yet the stability condition has not been satisfied.

desired trajebtory

actual

trajectory

Figure 10: The top view of the experimental setup. The
dashed line is the desired end point trajectory while the
solid line is the actual trajectory.
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satisfy the stability condition.
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Figure 14: Experimental measurement and simulated value
of the normal contact force.
He= 0.0005 viclates the stability condition, however the
system is stable.

SUMMARY

This paper presents some results of the on-going research
project on a statically-balanced direct drive arm at the University of
Minnesota. The statically-balanced mechanism without counter
weights allows for selection of smaller actuators. Since in static or
quasi-static operations, there is no load on the actuators, the
overheating of the previous direct drive robots is alleviated. The
robot links are made of graphite-epoxy composite materials to give
more structural stiffness and less mass. The high structural
stiffness and low mass of the links allow for the wide bandwidth of
the control system. To improve tracking errors, the robot
parameters were identified experimentally. The errors in the
trajectory and velocity were reduced significantly. Stability of the
robot when it interacts with a hard environment has been derived
and experimentally verified.
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