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A practicat architecture, using a
four-bar-linkage, is considered for the University of
Minnesota direct drive robot (8). This statically-
balanced direct drive robot has been constructed for
stability enalysis of the robot In constrained
menipulstion. [3- 7). As & result of the elimination of
the gravity forces (without any counter weights],
smaller sctuators and consequently smaller amplifiers
were chosen. The motors yield acceleration of 5g ot
the end point without overheating. High torque, low
speed, brush-less AC synchronous motors are used to
power the robot. Grephite epoxy composite material is
used for the construction of the robot Links. A 4-node
parallel processor has been used to control the robot.
The dynemic tracking sccuracy -with the computed
torque method as & control Law- has been derived
experimentally.

Figure 1: University of Minnesota Direct Drive Arm

Architecture

The srchitecture of this erm Is such that the
gravity term Is completely eliminated from the dynamic
equations. This belanced mechanism Is designed without
sdding any extra counterbalance weights. The new
features of this new design are as follows:
I. Since the motors ere never affected by gravity, the
stetic loed will be zero. Hence no overhesting results
In the system In the static case.
Il. Because of the eliminsticn of the gravity terms,
smaller motors with Lless stall torque (&nd
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consequently smaller amplifiers) have been chosen for
a desired accelersation.

Il. Because 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 wlill glve better accurscy and repeatsability for
flne manipulation tasks.

IV. As deplicted In Figure 3, the earchitecture of this
robot allows for a "lLarge" workspace. The horizontal
workspace of this robot Is quite attractive from the
stand polnt of manufacturing tesks such &s assembly
and deburring.

Figure 2: Schematic of University of Minnesota Arm

Figure 2 shows the schematic diagrem of the University
of Minnesots direct drive arm. The arm hes three
degrees of freedom, all of which are articulated drive
Joints. Motor 1 powers the system about s vertical
axis. Motor 2 pitches the entire four-bar-linkage while
motor 3 Is used to power the four-bar-linkege. 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,Y,2;hes been sssigned to Link | of
the robot for i=1,2,.,5. The center of coordinate frame
X,¥12y corresponding to Link 1 is Located &t point O s
shown In figure 3. The center of the Inertial globeal
coordinate frame XoYoZo is also tocated at point 0 {The
globel coordinste frame is not shown In the figures).
The Joint engles ere represented by 6,, 67, and 63. 6
represents the rotation oflink 1; coordinste frame
X,Y.2, coincides on global coordinate frame XoYoZo



when 6,=0. 6, represents the pitch angle of the
four-bar-linkage as shown In figure 3. 63 represents
the angle between LiInk 2 and Link 3. Shown are the
conditions under which the gravity terms are eliminated
from the dynamic equations.

motor 1 4
Side View Y2
Figure 3: The Side View and Top View of the Robot

Flgure 4 shows the four-bar-lLinkege with assigned
coordinete frames. By Inspection the conditions under
which the vector of gravity passes through origin, 0,
for sll possible values of 6, and 63 ere given by
equations t and 2.

{ m3?3—m4L5—m5;5 Jsin 63=0 (1)
o] [mt; + msg) - M272 - m3[L2 -9)- m4l-§4 -9
- [ mzxz - M4ls - Msxs5 ) cosds = 0 (2)

where:

m; ,L;= mass and Length of each Link,

%, = the distence of center of mass from the origin of
each coordinate frame,

mtz = mass of motor 3.

Conditlons 1 and 2 result In:

m3_x_3 - M4ls - msis -0 (3)

g(mtz+ msl-maX -Myz(Llo-g)l-myl X4 -g ) =0 (4)

If equations 3 and 4 are satisfled, 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 6;.

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 & ring shaped stator and
a8 ring shaped permanent magnet rotor with & large
number of poles. The rotor is made of rare earth
magnetic material (Neodymium) bonded to a tow carbon
steel yoke with structural adheslve. The stator of the
motor {with winding) Is fixed to the housing for heat
dissipation. X

Figure 4: Four Bar link Mechanism

inemati
The forward kinematic problem is to compute the
position of the end point in the global coordinate frame
XoYoZo, 9iven the Joint engles, 6y, 65, and 63. The end
point position of the robot relative to the gLobcL
coordinste frame iIs characterized by P,, Py, &and P,
the global coordinste frame XyYoZo:

Px - (C|C2C3‘ S|53] [L3'L5] + C1C2[ Lo-g) (5)
Py = (5,C,C3+ CyS3)Lz-Lsl)+ §iCz [Lz-9) (6)
P, =5, [Lz‘Q)*SzC3[L3'L5] (7)

where § = 8in (6}, and C, = Cos (§)).

nver: Kinemati

The inverse kinemsatic problem is to calculate the
Joint engles for a given end point positionwith respect
to the global coordinste frame. The closed-form of
Inverse kinematics of the proposed arm derived using
the stendard method(2,11). The Joint angles for the
given end point position can be determined using the
follocwing equations:

6, = aten2( Py, P, ) - aten2 ((Lz- Ls) sin63,

P2+ PZ- (L3~ Lg)?sIn263 ) (8)

P2
62 = sin~'( ) (9)
{L2-9) + [Lz-Ls ) cos6Ez

PxZ +P2+P,2 ~lLp-g) - (Lg-Ls) 2
63 = cos™! [ ) (10)
2(L-9) lLs-ts)




The closecd-form dynemic equations have been
derived for the purpose of controller design. The
dynamic behavior of the arm can be presented by the
fotlowing equation (1,2)

M(6)8 + CE(B)(62) + COB)66)+ GIO) =T (1

Where:

=1y T, T3 )T 3x1vector of the motor torques,

™M (8) 3x3 definite Inertia matrix,

CE{8) 3x3 centrifugal coefficients matrix,

co(e) 3x3 Corlolis coefficlents matrix,

G (6) 3x1vector of gravity force,

2] (8,8, 6517

66) (6,6, 6,65 6,63)7

62 (62 6,2 6520
My Mz Mg 0 CEiz CEyz

M) | My My, O |, CEB)- | CEpy O o
Mgz O Mzz CEzy Ctsz O
( COy €Oz COy3 0

coel-| 0 COpp COpz , Gel=| 0
[ €0z, O 0 0

M= Iy + C20 1y + leg+lez + 2C3lez + Iyp

+ mgX2?)+ 570837 gy + Les) + C32 loa * Iya)
Miz = 82530 lez + Cal Iey + les = leg 1)

Myz = Calley + leg *+ Calez )

Moz = Lz + Mgx2? + Cx2ller + Les) + S3%leq + loz
+ 2Czles

Maz = ley * leg

CEiz = C283( lez + Cal Iay + les -

CEyz = - C2S3les

CE2y = 52C2[ Iyz = Lz« Mpx2? - S32les + C32( Loy - log)
+ log + log *+ 2C3lez )

CEgz = Szl C2%les ~522C3( oy + los = loq )]

CEz2= S3(lez + Caller * los = lea )]

COy= - 2CEy,

C0yp= - 2CEz,

COy3 = = Spl 253%1gy + leg + €0S263 (lgq ~ les )]

COpp = Spl 2C3%1gy + Igg + 2C3lez - €08203 [ Igq - les))

CO,3 = - 2CE35

COzy =~ 82l ey +

leq ))

052603 [ gy * les ~ leq) + lgg

+ 2C3le3)

where:
lep = MzX3? + Mals? « mgxs?
lep = Mzlly-g )2+ mslxe- gl + mgg?
les = Maxsllz - g )-my (x4 - glls + MsxsQ
Teq = Ixz + Ix4 * IXS
les = 193 + I% * 195
leg = 23+ Izq4 * lzs

Ixi, 1y, 8nd 1, ere the mass moments of Inertia
relative to x, y, z 8xls 8t the center of mass of & Link 1.
(motor 3 Is & part of Link 2). The gravity term, G(6)

becomes zero when equations 3, 4 are satlsfied In the
srm. This condition holds for all possible
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configurations.

An IBM AT microcomputer which is hosting &
4-node perallel processor s used &s the main
controller of this robot. The pearsilel processor has
four nodes end 8 PC/AT bus Interface. Each node Is en
Independent 32-bit processor with Locel memory end
communication Links to the other nodes in the system. A
high speed AD/DA converter has been used for reeding
the velocity signals snd sending enalog command
signals to the servo controller unit. A parallel 10
board (D/D converter) between the servo controller
unlt and the computer sllows for reeding the R/D
(Resolver to Digital) converter.

The servo controller unit produces three phese,
Pulse Width Moduleted (PWM), sinusoldal currents for
the power amplifier. The servo controller unit
contains &an Interpoletor, R/D converter and &
communication Interface for the computer. The servo
controller unit can be operated In either & closed Loop
veloclty or current (torque) control mode [(the current
control is used). A PWM power amplifier, which
provides up to 47 Amperes of drive current from & 325
volt power supply, is used to power the mortors.
The main DC bus power Is derived by full-wave
rectifying the three phase 230VAC incoming power. This
ylelds & DC bus voltage of 325VDC.

IBM AT & the NCUBE
parallel processor
DA/AD ‘ D/D
command velocity position
(analog) L (analog) (digital)
1 P  alhalietiadbliotied > ‘|
\ :
servo controller > interface R/D E
unit ¢ | controller U | resolvers
v | (PWM) : signals
! \
\ L )
\ \
isolation : |
i power power !
) X formar > supply | aoavne| emplifier ., motors &
&) AC(3ON] resolvers
230 VAC 230 VAC U, N

(Y connection) (A conpection)

Figure 5: The Control Hardware for Minnesota Robot

The motors used In this robot sre neodymium
(NdFeB) magnet AC brushless synchronous motor. Due
to the high magnetic field strength (meximum energy
products: 35 MG0Oe) of the rare earth NdfFeB meagnets,
the motors have high torque to weight ratio. Pancake
type resolvers are used as position end veloclty
sensors. The pesk torque of motor 11s 118 Nm, while
the peak torques of motors 2 and 3 sre 78 and 58 Nm
repectively.

The preliminary evalustion of the performance of
robot concerns with the dynamic tracking accuracy
along & specified trajectery. The computed torque
method (9,10) Is used to control the robot. While &
nonlinear compensator for compensation of the
feedforward terms Is considered in the feedforward
Loop, & linear compensator in the feedback Loop has
been used to decreese the error in eech joint. The

inertie psremeters used In feedforwerd_loop are
computed from the engineering drawings. The motor

dynamics end the friction in the dynamic model were
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Figure 6: Position tracking curves with full robot motion
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Figure 7: The error in each motor
neglected. The dynamic model does not Inciude the
gravity terms.

ALl the Joints were commmanded simultaneously
to start from origin to reach the position of 30 degree
in 0.3 sec. The commanded trejectory is a cubic
polynomial. The meaximum velocity end acceleration for
each Joint are 150 degree/sec and 2000 degree/sec?,
respectively. The treajectory for each jolnt are
depicted In figure 6. Figure 7 shows the error for
each motor. The psrameter identificetion algorithm to
obtaln a better estimate of the dynamic parameters Is
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under study with the integrated dynamic model of the
robot and motor. This wliil enable us to analyze the
effect of parametric errors and the robustness of the
computed torque technicque.

This paper presents some results of the on-going
research project on statically-bslenced direct drive
erm et the University of Minnesots. The following
features characterize this robot:

1. The statically-bslanced mechanism without counter
welights allows for selection of smaller actuators.
Since In static or quasi-static operations, no Load is on
the sctuators, therefore the overheating of the
previous direct drive robots will be sllevisted.

2. The robot Links are made of graphite-epoxy
composite materials to give more structurel stiffness
and less mass. The high structursl stiffness snd Low
mass of the Links allow for the wide bandwidth of the
control system.

3. 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
capable of maneuvering In constrained and
unconstrained environments.
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