STATICALLY-BALANCED DIRECT DRIVE ROBOT
FOR COMPLIANCE CONTROL ANALYSIS

H. Kazerooni and S. Kim
Mechanical Engineering Department
University of Minnesota
Minneapolis, Minnesota

Abstract

A statically-beslenced direct drive robot
manipuletor with new architecture is constructed at
the University of Minnesota for stabllity snalysis of
Impedance Control (8,10,11). This mechanism, using &
four-bar-tinkage, Is designed without extre
counterweights. As & result of the elimination of the
gravity forces on the drive system, smaller actuators
(and consequently smaller amplifiers] can be chosen.
This guarentees an acceleration of 5g without
overheating the motors. This mechanism results In
closed-form solution for the inverse kinematics. The
closed-form solutions for dynamlics and inverse
kinematics have been derived. High torque, lLow speed,
brush-less AC synchronous motors are used to power
the robot. The relatively "Lerge” workspace of this
conflguration Is sultable for manufacturing tasks.
Graphite epoxy composite materlsl Is used for the
construction of the robot Links.

Introduction

A statically balanced direct drive arm, with a
four-bar-linkage has been designed to compensate
for some of the drawbacks of serial type (1,2,15) and
parallelogram type (3,4,20) direct drive arms.
Before describing the properties of this arm, some
disadvantages and advantages of direct drive arms
are discussed here:
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University of Minnesota Direct Drive Robot
Manipulator

1. Speed. The maneuvering speed of the direct drive
arms Is not necessarily greater than the non-direct
drive arms. The maximum achievable speed for a
given architecture depends on the transmission ratio.
The optimum transmission ratio Is a function of the



Inertia of the Links. A simple example In appendix A
shows that for a given architecture, a non-direct
drive arm can be faster than a direct drive arm.

2. Static Payload. It is obvious that for a glven set of
motors, direct drive arms wlill have & Lower static
payload than non-direct drive arms. This Is because
of the Iinherent evident property of reducer
transmission systems.

3. Dverheating. 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 inertisl and the
gravitationatl forces without any reduction In size.
The direct effect of the forces cause the motors to
overhest in the direct drive arms. This overheating
exists even In the static case when the arm Is onlLy
under Its static Load.

4. Backlash and Friction. The direct drive arms are
free from mechenical 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 a&an even larger
backlash. About 25% of the torque in non direct drive
arms Is used to overcome the friction(6].

5. Structural Stiffness. The structursl stiffness of
the direct drive arms is greater than the non-direct
drive systems. About 80% of the total mechanical
compliance In most non-direct drive industrial robots
Is ceaused by transmission systems(7,16). The high
structural stiffness s&llows for wide bandwidth
control{18). The structurel stiffness
non-direct drive arms, due to the existence of many

low of
mechanical elements In the transmission system, is &
Limiting factor on a&chievement of a relatively wide
bandwlidth control system.(10,11,12}

6. Performance and Controt.
of the transmission systems, and consequently
backlash, the control and performance analysis of
direct drive arms Is more straightforward than the
non-direct drive arms [not necessarily “essier").

7. Accuracy. The accuracy of direct drive arms ls
questionable. The lack of the transmission system
eliminates cogging, backlash, and its corresponding
Limit cycle In the control system. On the other hand,
the motor vibrations In the direct drive systems are
directly transferred to the robot end point.

Because of elimination
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Motivation
The following scenario revesls the cruciel needs
for adaptive electronic compliance control

{Impedance Control) (8,10,41) In manufacturing.
Consider an assembly operation by a human worker.
There are some parts on the table to be assembled.
Each time the worker decides to reach the table
and pick a part, she/he alwesys encounters the table
with non-zero speed. The worker eassembles the
parts with a non-zero speed also. The ability of the
human hand to encounter an unknown and
unstructured environment (9,19), with non-zero
speed, sllows for & higher speed of operation. This
abllity In human belngs flags the exlistence of a
compliance control mechanism In biological systems.
This mechanism guarantees the "controllabllity® of
contact forces In constrained meaneuvering, in
addition to high speed maneuvering In unconstrained
environment. With the existing state of technology we
do not have &n integrated sensory robotic assembly
system that c¢an encounter an unstructured
environment .as a human worker can. No existing
robotic assembly system Is faster than a human hand.
The compliancy In the human hand allows the worker
to encounter the environment with non-zero speed.
The above example does not Imply that we choose to
Imitete human being factory level physiological/
psychological behavior as our model to develop an
overall controtl system for manufacturing tasks such
as assembly and finishing processes. We stated this
example to show 1) A reliable and optimum solution
for simple manufacturing tasks such as assembly does
not exist; 2) the existence of an efficlent, fast
compliance control system in human belngs that
allows for superior and faster performeance. We
belleve that Impedance Control Is one of the key
Issues I the development high speed
manufacturlng operations. A direct drive robot arm
is constructed at the Unlversity of Minnesota to
investigate the stability of the robot In high speed
manufacturing tesks under
methodology.

of

Impedance Control

Architecture

The architecture of this arm is such that the
gravity term Is completely eliminated from the
dynamic equations. This balanced mechanism
designed without adding any extra counterbalance

is



welghts. The new features of this new design are as
follows:

. Since the motors ere never affected by gravity,
the static load will be zero. Hence no overheating
results In the system In the static case.

1. Because of the elimination of the gravity terms,
smeller motors with Lless stall torque [(and
consequently smaller amplifiers) can be chosen for &
desired acceleration.

III. Beceuse of 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 will glve better accuracy
repeatability for fine manipulation tasks.

IV. As deplicted In Figure 2, the architecture of this
robot eliows for a "large" workspace. The horizontal
warkspace of this robot Is quite sttractive from the
stand polnt of manufacturing tasks such as assembly
and deburring. Figure 1 shows the schematic disgram
of the University of Minnesota direct drive arm. The
arm has three degrees of freedom, all of which are
articulated drive joints. Motor i powers the system
about & 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 2 shows the top view and side
view of the robot. The coordinate frame X,¥,2; has
been assigned to Link | of the robot for I=1,2,...5. The
center of coordinate frame X;Y,2; corresponding to
link 11s Loceted at point 0 as shown in figure 2. The
center of the inertial global coordinate frame XoYo<l0
Is also Loceted at point 0 (The global coordinate
frame Is not shown in the figures). The joint angles
are represented by 6y, 6,5, and 63. 6; represents
the rotation of Llink 1; coordinate frame X,Y;Z;
colncides on global coordinate frame X¥oYoZ2o When
6,+0. 62 represents the pitch angle of the
four-bar-linkage as shown in figure 2. 63 represents
the angle between Link 2 and Link 3. Shown are the
conditions under which the gravity terms are
eliminated from the dynamic equations.

and

Figure 3 shows the four-bar-linkage with
By
conditions under which the vector of gravity passes
through origin, 0, for all possible values of 6, and 63
are given by equstions 1 and 2.

assigned coordinate frames. inspection the

( m37<'3 ~ Myls - m5;5 } sin 6z=0 (1)
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Motor 2

Motor 3

Motor 1

Figure 1: University of Minnesota Direct Drive Arm

9 (mtz + mg) - m272 - mzlly - g) - m4['>?4 -g)
-({mzXz - mgls ~ MgXs ) cosO3 =0 (2]
where:

m;= mass of each link,

L; = Ltength of each Link,

X, = the distance of center of mass from the

origin of each coordinate frame,

mtz = mass of motor 3.

Conditions 1 and 2 result Iin:

M3Xz - M4ls - Mgxg = 0 (3)

g (mtz + mg) - m272— mz(Ls - g}
-mglX4-gl=0 (4)

If equations 3 and 4 sre 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 0 even If the plane of the four-bar-linkage is
tilted by motor 2 for all values of 65,

Since at Low speeds, AC torque motors do not
tend to cog, we chose Low speed, high torque, and
brush-less AC synchronous motors to power the
robot. Each motor consists of a ring shaped stator
end & ring sheped permanent magnet rotor with &
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Figure 2: The Side View and Top View of the
Robot

Large number of poles. The rotor Is made of rare
earth magnetic material {Neodymium) bonded to a Low
carbon steel yoke with structursl. adheslve. The
stator of the motor {Wwith winding) is fixed to. the
housing for heat dissipation.

Forward Kinematics

The forward kinematlc problem Is to compute the
position of the end point.in the global coordinate
frame ¥o¥oZo, glven the joint angles, 6, 62, and 63.
The Jjoint coordinate relationship of the | coordinate
frame relative to the I-1 coordinate freme In figure 4
can be represented by the
transformation matrix "7, that foltows the modified

homogeneous
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“Four Bar Link Mecheanism

Flgure 3:

Denavit Hartenberg notation. (6)

CO, - SG, (¢} L4 P}
SG;C«H Ce,'Co:H = S&l_‘ F: Sa’|_~|d|
I-T‘TI - 2 (5)
SOisiy CO Sy Car  Cod
0 0 0 1

s and C refer to Sine and Cosine functions, and a;,
dj, e, and 6jare Llink parameters. The Link
parameters of the arm are listed In table 1. Note that
the coordinate frame X,¥;2; colncides with the oglobal
coordinate frame, KoYoZo,when ©,1s zero.

The homogeneous transformetion matrix, which
describes the . position and orientation of coordinate
frame X¢YeZe With respect to the globsl coordinate
frame XoYoZo Is glven by '

OT’e
C4€2Cs - CiC28z - CyS2 [C|C2C3l' $183) (Lz-Ls)
-5183 -8;C3 + CiCal Lz - 9)
q||(:2C:r, -S1C233 - 8182 [S1C2C3* C153]{L3'L5}
+C¢S3 +CiCz + 5102 (L-9) {6)
S,Cz - 8253 Cz So({Lla-91
+ 5,C3 (L3~ Ls )
0 0 0




where §; = 8In (6,), and ¢, - Cos (6,

Axis i-1 Axis i
\ Link i-1

6, = the distance from Z, to z,, measured atong ¥;
«; = the angle between 2, and Z,; measured about %i;
¢ = the distance from X _ito X, measured slong Z;
6, = the angle between X,_; and X, measured sbout 4

Figure 4: Link Coordinates and Parameters

Table 1: Link parameters

Frame | | ajyq 81 r d 6 o
k,v,z, 0 0 0 e

%2¥222 90° 0 0 62

Nz¥Y3zZz |- 90° lz-9 0 63

KeVelo 0 Lz~ Ls 0 0

Assume end polnt coordinate frame XoYele has
the same orientation as coordinate frame XzY3Z3

Inverse Kinematics

The Inverse kinematic problem is to calculate
the Joint angles for & glven end point position with
respect to the global coordinate frame. The
closed-form of Inverse kinematics of the proposed
arm derived using the standard method(6,17). The end
point position of the robot relative to the global
cooftdinate frame is characterized by Py, Py, &nd P,.
The‘Jolnt angles for the glven end point position can
be determined using the following equations

6y = aten2( Py, P, ) - atan2 ((Lz- Ls) sinB3

/P + PZ - (L3~ LsPsIn?63 (7)

P,
6, = sln“[ R ; . (8]
(L-¢ : cos6z

1 P2 + sz* Pzz -(Ly-g)? - {Lz-Ls) 2
Oz~ cos™! { ) (9]

2( Lz‘ [¢] [L3- L5

Dynamics
The closed-form dynamic equations have been
derived for the purpose of controller design. The

dynamic behavior of the arm can be presented by the
following equation (5,6)

M(e)8 + CE(6)(62) + Co(6)(86)+ 6(6) = <« (10)
Where:
T= [ty T2 ©3 )T 3x1 vector of the motor torques,
M (6) 3x3 position dependent symmetric
positive definite Inertia matrix,
CE(e) 3%3 centrifugal coefficients matrix,
co(e) 3x3 Corlolis coefficlents matrix,
G (6) 3x1 vector of gravity force,

& - (8 6, 6§57
(66) = (616, 6,65 6,657
(62) = (62 6,2 6,277

My Mz Mg 0 CEiz CEy3
M[el' M12 M22 0 ) CE(e]' CE2| 0 0

Mz O Mz3 CEsy CEzz O

COH : C0|2 C0|3 0
co(e)- 0 C022 C023 G[e) - 0]

COoz; O 0 0

M= Izt + Co%(Igy + leg+lep + 2C3lez + Iy
* M2X22)+ 852(S32 Igq + Igs) + Ca2 leg + Ipp)
Miz = 82530 Iz + C3l lgy) + g5 ~ Ios )]
Miz = Col lgy + I + Czlez )
M2z = lpz + Max32 + C32llg) + Igs) + S32le4
+ Ita2 + 2C3193
Maz = loy + Igs

CE]Z - C233[ Ie3 + C3[ 191 + Ies e qu ]]
CEyz ~ - C2831,3
CE21 = S2C2l Iyz - Luz + MpX 32 - §521,5

+ C32 gy~ lgq ) + loz + Igg + 2C3le3
CE3y = 83l C2%laz -522C3( Igy + los = Igq 1)
CEzz= Szl Iz + C3l Teg + les - Ieq )]

COy= - 2CEp,
COy= - 2CEx,
COy3 = = Sp[ 255%1¢; + Igg + COS263 leq les 1)
COg2 = Sp[ 2C3%1gy + Igg + 2C3lez

- €08203 [ loq - Igs))
COz23 = - 2CE3,



COzy = - Sz Igy + ©€08203 [ Iy + les = leal

+ Iog + 2Czle3)

where:
loy = Max3? + Mels? + MsXs?
leg= M3llp-g 2 + mylxs-gF + msg?
lez = m3_§3[L2 ~gl-mg (_)(-4 - glls + m5759
leg = Ixz + Ixa * Ixs
les = Iyz + Ig4 + 195
Teg = Izz+ Iz4 + Izs

Ixi, Iy, 80d [, 8re the mass moments of
inertia relative to X, Yy, z axis at the center of mass
of & Link I. (motor 3 is & part of Link 2). The gravity
term, G(6) becomes zero when equations 3, 4 are
satisfied In the arm. This conditlon holds for all
possible configurations. The values for various

parameters are given in Appendix B.

Compliant Motion Control

The control method explained here is general
and applles to sll Industrial and research robot
maniputators. We teake the time-domeain nontinear
approach to arrive at the controller design
methodology and Its stability condition. The detalled
controller design Is given in references 13 and 14. A
summary of the nonlinear modeling and the
controller design is given here.

In general, manipulation consists of two
categories. In the first category, the manlpulator
end-point is free to move In all directions. In the
second, the manipulator end-point interacts
mechanically with the environment. Most assembly
operations and manufacturing tasks require
mechanical Interactions with the environment or with
the object being meanipulated, along with "fast"
motion In free and unconstrained space. Therefore
the object of the control task on this robot Is to
develop a control system such that the robot will be
capable of 'handiing" both types of maneuvers
without eny hardweare and software switches.

The design obJective is to provide & stabilizing
dynamic compensator for the robot meaniputetor such
that the following design specifications are satisfied.

1. The robot end-point follows an Input-command
vector, r, when the robot manipulator is free to

move.
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II. The contact force, f, Is & function of the Input
command vector, r,
with the environment.

when the robot is in contact

The first design specification allows for free
manipulation when the robot Is not constrained. If
the robot encounters the environment, then
according to the second design specification, the
contact force will be & function of the input command
vector. Thus, the system will not have a targe and
uncontrollabte contact force. Note that ris an Input
command vector that Is used for both unconstrained
and constrained maneuverings. The end-point of the
robot will follow r when the robot is unconstrained,
while the contect force will be & function of r
(preferably & Llinear function fo- some bounded
frequency range of r) when the robot is constralned.

Note that the sbove notation does not imply &
force control technique(22}. We are Looking for &
controller that guaresntees the tracking of the
Input-command wvector when the robot is not
constrained, as well a&s the relation of the
contact-force vector with the same input-command
vector when the robot
environment.

encounters an unknown

The.general form of the non-linear dynamic
equations of a robot manipulator with positioning
controller is glven by two non-linear vector
functions 6 and S In equation 1.

y = Gle) +S(d) (1

where:
d - nxivector of the external force on the robot
end-point
=~ nx!input trajectory vector
= robot dynamics with positioning controtler
nx1 input-command vector
robot manipulator stiffness
= nx1vector of the robot end-point position

e Is the nx! input trajectory vector that the
robot manipulator accepts via its positioning
controller. The fact that most manipulators have
some kind of positioning controller is the motivation
behind ourapproach. Also, 8 number of methodologies
exist for the.development of the robust positioning
controllers for direct and non-direct drive  robot
maniputetors. Using equation 10 and any controller

c ® e o0
'



design method (21), one can always &rrive at
operator G such thet it maps the input command
vector, e, to the robot end-point position, y. The
motlon of the robot tn response to imposed forces on
the end-point is caused by either structural
compliance Iin the robot or the positioning controller
compllance. S represents this complliancy. Note that
robot manipulators with positioning controllers are
not Infinitely stiff In response to externsl forces
{also called disturbances).Even though the positioning
controllers of robots are usustily designed to follow
the trajectory commandsand reject the disturbances,
the robot end-point moves somewhat in response to
imposed forces on the robot end-points. Although d
and e affect the robot in &8 nontinearfashion, equation
1t assumes that the motion of the robot end-polnt is &
linear addition of both effects. No assumptions on the
internal structure of G and S are made.

The dynaemic behavior of the environment Is
given by mapping E in equation 12.

f=E(x) (12)

If one point of the environment Is displaced as vector
of X, then f Is the required force to do such a task
{Figure 5). E, represents the environment dynamics,
while f and x are nx1 vector of the contact force and
the environment deflection respectively. X, is the
initisl Location of the point of contact before

Figure 5: Environment and its Dynamics
deformation occurs and y Is the robot end-point
position (x=y-x,). We assume G, S and E are stable
operators In the L,-sense (13,14]). The environment
dynamics could be very "soft" or very "hard®. We do
not restraln ourselves to any geometry or structure
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for modeling the environment. We try to avoid the
structured dynamic models such as first or second
order transfer functions to represent the dynamic
behavior of the environment. These models are not
generel and thelr correspondinig simplified analysis
consequently results In non-general conclusions.
The control srchitecture of Figure 6 shows how
electronic compliancy is developed in the system. The
Input to the compensator, H Is the contact force. The
output of the compensator Is subtracted from the
Input command vector, r. The discriminator
block-dlagram In Figure 6 shows that the environment
and the robot may have uni-directional interaction.
(such as pushing only). Note thet when the robot is
in Interaction with the environment, f=-d and X=y-X,.
There are two feedback Loops in the system. The
upper Loop Is the natural feedback Loop. This Loop
shows how the contact force affects the robot in a
natural way when the robot is in contact with the

environment. The lower feedback Loop Is the
controlled feedback Loop. -
(iese e
\ \
\ \
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Figure 6: The Closed-loop System

If the robot and the envircnment are not in
contact, then the dynamic behavior of the system
reduces to y=G(r). When the robot and the
environment are Iin contact, then the value of the
contact force and the end-point position of robot are
given by f end y where the following equations are
true:

(13)
(14)

y=Glel)-s{f)
f=E{x)

e=r~HI(f) {15)



We choose & class of compensators, H, to control the
contact force with the Input command r. This
controller must also guarantee the stability of the
closed-toop system shown In Figure 6. The Input
command vector, r, is used differently for the two
categories of maneuverings; as an input trajectory
command In unconstrained space and as a command to
control of force In constrained space. We do not
command &ny set-point for force as we do in
admittance control. This method is called Impedance
Control because it accepts a position vector as input
and it reflects a force vector as output. There is no
hardware or software switch in the control system
when the robot travels from unconstrained space to
constrained space. The feedback Loop on the contact
force closes naturslly when the robot encounters
the environment. V is introduced to represent the
forward Loop mapping from e to f. To guarantee the
stability of the closed Loop system, the Ly-norm of H
must be Less than the reciprocal of the *magnitude”
(in the L,~sense) of the mapping V In Figure 7.

It e ”P
el <——— (16)
H vie) llp

A similar result has been derived for linear case
(invariant nertia robot) using Nyquist stability
Criterla In reference 13.

Omax [H] € for all we(0,00)
o max [E(SE + 1,)716]

The stability bound automatically Leads to selection
of the class of compensators, H.

Flgure 7: Manipulator and the Environment with Force
Feedback Compensator, H (simplified version of Figure
6)

Summary
This paper presents some results of the
on-going research project on statically-balanced

direct drive arm at the University of Minnesota. The
following features characterize this robot:
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1. The statically-balanced mechanism without counter
weights allows for selection of smaller actuators.
Since In static or quasi-stetic operations, no load is
on the actuators, therefore the overheating of the
previous direct drive robots will be alleviated.

2. The robot LlLinks are made of graphite-epoxy
composlite materiats to give more structural stiffness
and Less mass. The high structural stiffness and itow
mass of the Links allow for the wide bandwidth of the
control system.

3. Electronic compliancy [impedance control) has
been considered for control of the robot. The object
of the control task Is to develop a control system
such that, this robot will be capabl.e of maneuvering
in both constrained and unconstrained environments.

Appendix A

A simple example is given here to show the that
transmission system does not necessarily results in
lower speed for the output shaft. Consider the
following system:

@ R1’I1,e1

R

, 2292

The dynamic equation describing the behavior of the

system can be represented as:
T

6y~

(N1, + Iz/ﬂ]

where (I,Ry,64) and (I3,R2,65 ) represent the
moments of inertia, radius and angle of each gear
{n= R2/Ry). T Is the motor torque. It Is clear that the
maximum acceleration will happen when n is chosen
as:

ne=y 12/11



Appendix B
The uncertainty about the following parameters |s
about %10.

Link i Length X Mass Inertis [ kg-cm?2
fem}  (em) (kg) Lx Iy L

- - 1.752

680.33 -11.17* 13.886* 0.421 3.7805* 3.7805"
5334 15.70 3.206 0.0397 0.4796 0.4796
60.33 3016  2.924 0.0207 13253 0.0
15.24 7.62 0758 0.0016 0.0694 0.0694
2223 - - - - -

©C O bh WUN

* In cslculation of these values, we assume motor 3 is
a part of Link 2. For example 13.886kg In the above
tabte Includes mass of link 2 [ 4.626kg ) and mass of
motor 3 (9.26kg). The "helght" of the robot, from the
base to the origin of the X;¥,2;, Is 62.992 cm { 24.8
inch).
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