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A Simple Active Damping Control for
Compliant Base Manipulators
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Abstract—When a robotic manipulator is mounted to a crane, position and, at the same time, the slow controller, as damping

boom or mobile platform, it loses its accuracy and speed due to control, generates the inertial force to compensate for the oscil-
the compliance of the base. This paper presents a simple rObUStIation.

control strategy that will reduce mechanical vibrations and enable S | h h ked th ibrati ti
better tip positioning. The control algorithm will use the sensory everal researchers have worked on the vibration active

feedback of the base oscillation to modulate the manipulator ac- damping by a micro for its base structure. Tilly [2] introduced
tuator input to induce the inertial damping forces. Previous work  wrist reaction control for a flexible, one-link manipulator using
by the author has demonstrated the feasibility of the proposed con- an LQR algorithm. Sharon [3] presented a damping controller
ceptusing linear analysis. This work extends to a more general case based on a simple linear model, but it required the tip position

of a nonlinear multiple link manipulator using acceleration feed- L S S
back and one sample delayed torque. A simulation and an experi- measurement, which is not trivial in real world application. Lee

mental study show very promising results for a test bed consisting [4] developed a robust controller based on a two-time scale

of a two-link manipulator and a compliant base. model of micro/macro manipulators. However, damping effect
Index Terms—Acceleration feedback, active damping, flexible was lm_“ted to,one Conf'gurat'on_' Yoshikawa [5]_ showed a tip
base, one sample delayed torque. dynamic tracking control for a micro/macro manipulator. How-

ever, the stability of its internal dynamics was ignored for the
nonminimum system. Sharf [6] simulated a damping algorithm
|. INTRODUCTION for a space station long-reach arm, but it was computationally
HE ultimate goal of the research is to develop an outdoopmplex. Torres [7] proposed a damping algorithm, but it was
robotic system which can help people work outside and enot an active feedback approach. Lew [8] demonstrated an
hance their safety. An outdoor robotic system generally impligzertial force damping control using an industrial manipulator
an unstructured environment, larger and stronger robots, mariigst bed and later extended it to contact task control, but his
ulators with a moving base, and conjunction with autonomodesign was based on a linear model. Nenchev [9] used the
and tele-robotic control. The proposed research focuses onittternal motion of a redundant micro to suppress its base
issue of controlling a manipulator attached to a deploymeascillation, which required extra degrees of freedom.
system which typically exhibits compliance due to its mechan- The contribution of the proposed method can be summarized
ical nature. The problem is generalized as a motion control ofa follows. First, a simple robust decoupling method, which
robotic manipulator attached to a compliant base. For exampli®gs not require the exact information of the model, is applied to
arobotic manipulator is attached to a crane to cover a large werklexible structure. Second, the method is applicable to a non-
space in an outside field. Once the crane has approached a tdigear multiple link manipulator with multiple dimensional os-
position and has parked itself, the manipulator can then perfogiation. Third, the controller has two separate feedback loops
its tasks as shown in Fig. 1. Considering the crane with a lofgy positioning and damping, and the damping control is inde-
reach as a passive structure, the system can be simplified ggadent of manipulator positioning control. Therefore, the pro-
manipulator attached to a complaint base. posed damping control strategy can be easily added to existing
The proposed controller is based on the measurement g@agition controlled industrial manipulators.
feedback of the joint acceleration and base oscillation. First,
the controller computes unmodeled friction and nonlinear terms II. MODELING
from the acceleration and from one-sample previously com-

puted torque to cancel out undesired nonlinear and time-varyind? this section, a mathematical model of the manipulator is

dynamics. This approach has been demonstrated previousiydBfained from independently known dynamics. The oscillatory
a rigid manipulator in [1]. Then a composite (fast and slow) coifynamics of the base may be simplified as a lumped mass with
troller is added using two-time scale theory. The fast controllét,SPring, as shown in Fig. 2(a). The dynamic equation of the

as positioning control, actuates the link to move to the desir8iption 1s represented as

M, X, + Cy X, + K, X, =0 1
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Fig. 1. Conceptual model of compliant manipulators.
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translational motion of base and the revolute joints of manipu-
lator are considered, then the coupling dynamics can be simpli-
fied. The overall dynamics can be rewritten as

— |:Mb + My, Mbr(Q):| {Xb } n { Co Xy + Ch(d, q) }
=8 = Mj() M) || § Cr(¢,9)
— SRRt @
(@ (b) © 0 04« T
Fig. 2. (a) Lumped mass model of compliant base, (b) robotic manipulator

with fixed base; and (c) robotic manipulator with compliant base.

In this paper, the control algorithm is developed for only the
simplified model described by (4). Further control theory needs

On the other hand, the dynamics of the robotic manipulattsr be developed for the full model including both translational
fixed to the ground are represented in Fig. 1(b) and can be @xd rotational base oscillation. From the practical application

pressed as

M. (9)i+Cr(¢,9) =7 )

wheregq is the joint coordinate vectolyl,. is the inertia ma-
trix which varies with the system configuration, afg. is a

nonlinear term including centrifugal, Coriolis, joint friction and

gravitational force.

point of view, often one mode (which is coupled with translation
and rotation) is dominant in structural oscillation. Controlling

translation implies controlling rotation too. Therefore, the paper
focuses on translational oscillation only as an initial study.

Ill. CONTROL SCHEME

When the two Systems are Seria”y Combined, as ShownThe control ObjeCtiVe is to determine the input contraluch
Fig. 1(c), detailed analysis shows that the overall system cd}qt the base oscillatio, damps out as quickly as possible

be represented as

|:Mb + Mb/1(X Mb1 :| { Xb }
g

N ANCEIE

Cb)xb + Chyr (X X Xy
whereM,,.(X) andM, /,.(X') are the coupling inertia matrices,

q

0

T

C( )—i—Cb/,()&A

}

®3)

Cipn( X, X) andCb/, (X, X) are the nonlinear coupling terms,

Details of the coupling terms and their
physical meaning can be found in [10]. However, if only the M, + (M,.(q)

andX = [X[,¢q ]

while the joint angle; follows the desired path. This is a dif-
ficult control problem because: (1) one control inputhas to
control two variableg and X, and (2) an exact model of an in-
ertia matrix and nonlinear terms is not available, and they vary
as the configuration changes. A special damping controller is
necessary to meet such a goal.

The derivation of the controller is as follows: first, the rigid
body motion is decoupled from the flexible mode under the
assumption that we know only an estimationMd.(q), M,
and that no information on nonlinear tex is provided. The

second equation of (4) is rewritten as

—M,)j+ My ()X, + Cu(d, ) = 7. (5)
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The inertia matrix error term, nonlinear term, and couplingtabilizes both (10) and (11). Define the control inpub have
term with base oscillation can be combined as uncertaintwo parts
N(X,X,X). N is obtainable from (5) as

U = U/fast(q) + U/slow(Xb)- (12)
N(X7 X, X) =(M,(q) - Mr)é + MbTr(Q)Xb + Cr(4,9) Using two-time scale theorys,s; andu..., are chosen in two
=7p — M..q. (6) different time scales. Itis intended thaf., affects mainly on

(10), slow base motion ang,s; mainly on (11), fast decoupled
is the one-sample previous actuator torque assumyj joint af‘g'e dynamlcg. Fo@fas“ gtyp|cal linear tracking con-
» Ple p d IR 7 H_oller is proposed with high gains such that the control band-

at high sampling rate, and the estimation of manipulator’s in-", - . .
ertia termM,. is known, and joint acceleratiajis assumed to width is much higher than the natural frequency of the base mo-
i ' i For exampleyu,s; can be chosen as

be measurable from the optical encoders by differentiating twiggn’ X
with respect to time. However, numerical noise in the differenti- Upast = K 4+ KaG + Mgy (13)
ation could be a problem. To reduce the numerical noise without ) o )

significant phase lag, a careful design of a digital filter is re¢¥n€req is the joint angle error between the desired and mea-
ommended. In summary, using (6) the uncertainty term can $&€d:¢a — ¢; ¢ is the joint velocity error between the desired
computed from the acceleration measurement and one-sanfjll Mmeasuredi; — ¢; q is the desired joint acceleration; and
delayed torque, and it is used as a feedforward term to linearie @NdK. are the proportional and derivative gain matrix, re-
the system dynamics. Thus, the acceleration feedback will $Rectively. The control bandwidth giand time scale separation

implemented to the control system in the form of of ¢ and X, can be checked easily by applying,.:, (13) only
while ug.w = 0 for the system. It can be shown that the base
T=T,— M.,.§ + u. (7) motion X,, (10) remains stable as long as g andK, are

positive definite matrix. Howeveg,, still possesses oscillatory
By applying the controller specified in (7), the system equatia@sponse, often not desired in real world application.

from (4) becomes When the composite controller (12) is applied to (11), the
- : . closed loop error dynamics for the joint angle becomes
M, + My, Ml:r(‘]) Xy n C, Xy + Cpr(d,9) P A ,.y ] : g
0 MT q 0 M1§ + Kdg + qu = —Uglow - (14)
Ky 01Xy ] _ [0 8) If ua.w Cchanges slowly compared to the fast error dynamics, it
10 o (8) _ :
q o can be treated as more like a constant. Then the error dynamics

Qf (14) converge to be very small with positive definite matrices
K, andK,. Furthermore, ifM.,. is estimated as a diagonal ma-
i trix, gain K, andK, also can be chosen as diagonal matrices
{Xb } n |:H11Kb 0} {Xb } related to the natural frequency and damping of the decoupled

whereu is the new input for the feedback control. By taking th
inverse of the inertia matrix of (8), it may be rewritten as

q 0 0 q joint angle motion. This simplifies the gain selection of the con-
n Hi1(C Xy + Con(g,9)) | [ Hir Hiz(g) 0 troller.
0 10 1\7[;1 % Now, the slow control inputysow, IS defined for the flexible

©) base coordinates in (10) as
where Uglow = _Hl_Ql(qd)Kbde (15)

He —(M, + M., )~ assumingH» is nonsingular, i.e., its determinant is nonzero.
11 =(My + M) X Only the derivative feedback of the base oscillation with gain
Hix(q) =(M, + My,,.) "My, ()M, ! K, is added to increase the structural damping. As (11) con-
=H11Mbr(q)1\71771~ verges quickly with high gairK,, it is true thatg ~ 0 and
G =~ 0,i.e.,q ~ qq andq = ¢4 for the slow dynamics, where
As shown in the second row of (9), the manipulator rigid mag, is the desired joint angle. Then, after applying the composite
tion is mostly decoupled from the base oscillation. The base masntroller, (10) becomes
tion has no effect on the joint motion. They are coupled onl .
through the control input;. Rewrite (9) into two equations with X+ (Kpg + Hi C).X, + Hu K X, .
compliant base and rigid body motion equation as = —H11Cpr(qa. qa) + HioM,Ga.  (16)

.. . . It can be easily shown th#;; K, andH;; C, are positive def-
{X" - H“C"X"} +Hu K Xy + H1Cor(4:0) =Hi2(0v jhite and the right-hand side is of (16) bounded sipgej, and
(10) ¢4 are bounded. Therefore, as londés; is chosen as a positive
M,j=u. (11) definite matrix, (16) remains stable. We may adjust the damping
of the base oscillation by increasing gat.
Second, a composite (fast and slow) controller is designedAccording to (16), the infinite amount of damping could be
based on the partially decoupled model in (10) and (11). Recabitained by simply increasing gaili,; very high. However,
that the control objective is to determine the control inpthat in reality, this is not true. The stability proof of the proposed
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damping controller is derived on the assumptions that two-tipy @ M with Escaden

scale separation exists in the closed loop system and that

base oscillationX, changes slowly. It can be shown that thes
assumptions hold while,,, = 0in (14). On the other hand,

when the damping controllei,,, with very high gainK,,

is added to the feedback controller, the assumptions may t
hold, and the closed loop system may become unstable. Fort
reason, damping gaiK,,; should be chosen carefully. In the
actual implementation, the damping gain was increased grac
ally until maximum damping is obtained without violating the

assumption.
Finally, combining acceleration feedbael,s; andu..,, the !
overall proposed damping controller is ri Compliane Bas
T DHOE Mol pei lani

T =7y — Myj +K,G + KaG + Moda — Hiz () Kpa X Pin Joint with Encoder

The physical meaning of matrbl;1(q) is the coupling dynamic Compliant Base DC Motor with

relationship effect between the joint torque and base oscillatic 1K Encoder
If Hy2(q) is singular, itimplies a special geometrical configura =i |

tion where the joint motion does not affect dynamically on th
base oscillation in Cartesian space similar to kinematic sing
larity. This dynamic singularity could occur for any complian
base manipulators in a given workspace. Therefore, the desi

trajectory of the manipulator should be chosen carefully to ava
the dynamic singularity as well as kinematic singularity. Springs attached

on the compliant base
for flexibility
IV. SIMULATION /EXPERIMENTAL STUDY
First, a simulation study is performed based on a mathemg'tq' 3. Ohio University test bed.
ical model. Then, an experimental study is carried out to demon-
strate the effectiveness of the proposed active damping confRelal-Time Workshop™ converts the program to C language
scheme in a physical system. The test bed at Ohio Universitygd WinCon™ is used as a real-time control system.
consists of a two-link rigid manipulator and a compliant base, During all the experiments, the following values were used
as shown in Fig. 3. The rotational joint with linear springs emder the estimation of the inertia matrik] the proportional gain
lates the compliance of various supporting structures. The basatrix K, and the derivative gain matri,, for joint motion
compliance can be adjusted by adding a different set of linear

springs. Since the manipulator is attached at other than the pivot N [0.028 0
point, its base goes through two types of oscillation: translation M = 0 0_005}
and rotation as each link moves. However, these two motions 330 0

are not independent. Thus, just controlling translational oscil- K, = 0 30}
lation implies controlling rotational motion at the same time in -

this case. For the feedback controller design, only the transla- K, = 08 0 } )
tion of the base is considered in this experiment. L0 06

The manipulator consists of two 0.285-m long metal links
and two dc motors. Each dc motor is a PITTMAN GM900M is obtained based on physical measurement of the link while
Series with 19.7:1 gear ratio and equipped with an optical emeglecting off-diagonal terms. The feedback controller gain ma-
coder at the motor side to measure joint angle. The encodetrises were selected according to second order system perfor-
an Integrated Hewlett-Pack&dptical encoder with 500 CPR mance specifications, which correspond to the desired pole lo-
(Cycles/Rev). Base vibration in thg direction (Fig. 3) is mea- cations at-14 +$29.45 and—60 + #48.99 rad/s for two decou-
sured by a US DIGITAL Optical Encoder E2 Series, which ipled systems. This is just an independent joint proportional and
an optical incremental shaft encoder with 250 CPR, and is aerivative (PD) control with acceleration feedback. With the se-
tached on the shaft of the pin joint. The test bed is controlled kgcted gains, base oscillation during the motion is observed with
a MultiQ™ board with Pentium 233 Computer. The sampling damped natural frequency of 2.85 rad/s. Later, the damping
rate is selected at 500 Hz. controller was added, and its gain was gradually increased until

The input torque to the manipulator system is calculatétdshowed significant damping improvement. The damping gain
by the computer based on the joint displacement and basgas tuned a¥,;; = 300.
displacement, and is sent through a D/A board to the am-A third order polynomial trajectory from 0.0to 1.0 rad in 1.0
plifiers which drive currents to the motors in the jointss for both joints was applied as a desired trajectory. Figs. 4 and
MATLAB™/SIMULINK™ are used to write the program, and5 show the responses of the base and joint 1 under PD control
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Fig. 5. Joint 2 motion for third order polynomial desired path (solid line:

Fig. 4. Base motion for third order polynomial desired path (solid linesxperiment result, dashed line: simulation result).(a) With PD control. (b) With
experiment result, dashed line: simulation result).(a) With PD control. (b) Withctive damping control.
active damping control.

. . . eperfect circle since the base did not oscillate as much as the case
and the proposed damping control for both simulation and €xs .
. o . . without the damping controller. It may be concluded that the
periment result. The dotted line is the simulation result, and tggmping controller was effective in various configurations
solid line is the experiment result. Fig. 4(a) and (b) indicates Throughout the experiment, the acceleration was meaéured
that the damping controller reduced the base oscillation by 4(}% - e o . .
. ST . . rom the joint encoders by differentiating twice with respect to
in settling time. Fig. 5(a) and (b) shows that joints followed the 4 ) S -
) A ) . fime. As expected, numerical noise was significant and a digital
desired angles. One solid line is a desired and actual third or i . . .
olvnomial path. The dotted line is the simulated ioint motior € had to be added to obtain reasonable signals. A third-order
poly path. The do S ] : rgutterworth filter with 4-Hz cutoff frequency was chosen for the
You may notice thatin Fig. 5 the joint angle actually oscillate xperiment. It is observed that the cutoff frequency and order of
during the transient responses to generate the inertial force ope ) d y .
the filter had some effect on overall system response occasion-

daliln:;ggé circular motion with radius 0.2 m was given as a défjl—”y' Thergfqre, filter design should be done carefully upon the
sired trajectory with 5-s traveling time. The circular path yielde%hém’1CterIStICs of systems.
a significant configuration change of the manipulator. For ex-
ample, joint 1 moved from -0.50 to -1.95 rad and joint 2 moved
from 1.0 to asmuchas 2.80 rad. Fig. 6(a) shows the simulated/acAn active damping controller for a manipulator mounted on
tual tip path with PD control, and Fig. 6(b) shows when tha compliant base is proposed in this paper. Under the assump-
damping controller was activated. Again, the dotted line is thi®n of two-time scale, its stability and design procedures are
simulation result, and the solid line is the experiment resufiresented for a multiple link manipulator with multiple dimen-

Comparing the two results, the damping controller drew a mos@nal oscillation. The proposed controller is simple but robust.

V. CONCLUSION
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Fig. 6. Tip position for circular desired path (solid line: experiment result,
dashed line: simulation result). (a) With PD control. (b) With active damping
control.

It does not require the exact information of the model. The con-
troller cancels out nonlinear and uncertain dynamics by accel-
eration feedback and adds more damping by base motion feed-
back. The simulation and experimental study demonstrated
improvement of the overall system performance over large ¢
figuration change.
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