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Introduction

Manipulators in which the number of actuators is less
than its number of degrees of freedom are called
underactuated. They consist of passive and active links and
the whole system is controlled by controlling the motion of
only active ones. The passive links are equipped with
brakes, joining them with active ones. When the brakes are
engaged, the passive links are moving together with active
links, and when the brakes are released, the passive links
move freely. The design of underactuated manipulators
differs in terms of braking links and their control. All the
known designs have on/off friction brakes, which cannot
influence the free motion of the passive links. The
underactuated manipulator is a highly nonlinear and needs
special control methods, and although research in this field
is being carried out intensively, it still remains challenging.

When all the passive links joints are locked, only
active joints are considered, and the manipulator is
controlled as fully actuated. All possible control strategies
of the manipulator in an underactuated state utilize
dynamic coupling between passive and active joints
exploiting various control schemes devised to drive the
passive joints using the available torques at the active ones.
The vector of controlled joints may contain both active and
passive joints. The position control of the passive links of
the manipulator to desired angles via dynamic coupling
forces resulting from the torque applied to actuated links
was pioneered by research [1,2] on nonholonomic systems.
The joints of passive links being controlled and locked in
their desired positions, the active links were controlled to
position the manipulator and follow a trajectory by point-to
point control. A robust controller using a sliding mode
scheme for a passive joint robot is presented in [3]. To
avoid exciting high-frequency unmodeled dynamics, the

boundary layer function was used to smooth the
discontinuous sliding mode control. However, the use of
the boundary layer leads to tracking to within a quaranteed
precision rather than perfect tracking. Adaptive robust
control for an planar robot was proposed where adaptive
control scheme was based on on-line parameter estimation
that compensates for parametric uncertainties of the
manipulator [4].

The active materials were proposed to switch the
joints [5,6,7]. This article presents the design of an
underactuated manipulator whose passive link joints are
featuring controllable dynamic properties which allow us
to extend the passive link motion control possibilities for
end-effector positioning and trajectory tracking on the base
of active material application. The control scheme of a
planar underactuated manipulator is presented and proved
by simulation with software CENTAURUS.

Active material manipulator joints

The usual design of an underactuated manipulator
includes on/off frictional brakes as link joints. They cannot
be applied for passive link free motion control by
alternating friction force or damping in the joint. An active
material promises this possibility. Piezoactive materials
and rheological fluid may be used for it. The piezoactive
material application is based on the inverse piezoeffect,
which follows the known relationship:

S=sET+dE, (1)
where S — strain; sE - compliance when the electric field
is not applied; 7" — stress; d — piezoelectric coupling
constant; £ — electric field strength.
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By varying the voltage applied, it is possible to
control the gap and friction force magnitude in the joint up
to full braking and thus influencing motion of the passive
link. The friction is controlled by alternating pressure in
the link contact when there is no gap at it. The design
scheme is shown in Fig. 1, a. If a ring shape piezoelement
is used, the following relationships are valid for the ring
diameter exchange Ad,, and pressure p in the contact

calculation:
dd
Ad,, =—=V, )
h
vt
=2 , 3
p ohd, (3)

where d, g — piezoelectric constants; ¢ — piezoelement ring
thickness; & — piezoelement ring height; /' — voltage.
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where d,, — piezoelement mean diameter; d,,d, — outer
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Fig. 1. Controllable joints: a — based on piezoactive material; b —
on the base of electrorheological fluid

The rheological fluids are of variable viscosity under
the action of the external electric or magnetic field. The
first is preferable because it allows us to develop systems
with smaller dimensions which is essential for precise
manipulators. If the joint gap is filled with

electrorheological fluid (Fig.1, b), the following
relationship is valid:
2 ou
oc=aE" + ; 5
" oxot ©)

where o — stress in the electrorheological fluid; £ —
electric field strength; 7 — viscosity; u — displacement of
fluid particles; ¢ — time.

By changing the electric field strength, it is possible
to alternate the damping in the joint, thus controlling the
passive link motion up to its braking when the field applied
is strong enough.

Underactuated manipulator and its dynamics

An experimental set of the simplest plane
underactuated manipulator with active joints is shown in
the Fig.2.

Fig.2. Plane underactuated manipulator

The manipulator consists of two movable links, the
second of them being passive. The links are joined in
between by revolute kinematic pairs 4 and B, where B is
an active material kinematic pair. All the links are
equipped by encoders. The motor M is moving the active
link and its torque is controllable.

The dynamics of the manipulator is described by

equations
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Using the second of equations (6) we obtain
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which allows us to organize the underactuated manipulator
control applying the first equation of (6) for defining the
necessary motor torque 7.

If the case when active material kinematic pair B is
only used to switch the joint between locked/unlocked
positions and it is not used for passive link control in free
motion, the manipulator is described by system (6) if
b=0.

In both cases when joint B is locked, the dynamics of
the manipulator is described by system (6), assuming that

6, =6, =0. (8)
Control of underactuated manipulator

The tracking control of underactuated systems is the
question under discussion. There exist many control-
techniques for the tracking problem of underactuated
systems. The control-techniques, in general, use a local
transformation to transform the underactuated mechanical
system into the second-order chained form. Then, in
general, a globally stable control-technique is applied to
this chained form. Due to the local transformation, these
controlled systems are only capable of tracking simple
paths, such as a line or a circle [8]. With these control-
techniques in combination with a local transformation,
problems arise when the orientation has to be controlled. It
is of interest to study two possible cases of underactuated
manipulator control:

e when active material kinematic pairs are only

locking/unlocking joint B

e when they are used for passive link free motion

control.

The following is related to the first case.

A control strategy to position both joints of an
underactuated manipulator was proposed in [§8] as:

e control the first joint to the destination regardless

of the second joint,

e steer the second joint to the destination by

periodic actuation of the first joint.

In the research by the [9] heuristically realized the
goal dividing it into two phases:

e Stabilize the second joint onto an invariant

manifold passing through the destination,

e Terminate the second joint at the destination in

the neighborhood of the destination.

In this section, control methods are developed for
frictionless systems analytically using the averaging

method and are applied to practical systems with a little
friction. The efficiency of this control method applied to
practical systems is shown by experiments.

If the position of the passive joint is controlled
according to the desired trajectory, the orientation of the
free link also tracks the trajectory, and positioning is
achieved. However, both types of trajectory segments are
unstable and have an orientation error. Consequently,
feedback control is essential to suppress such errors.

A horizontal underactuated manipulator cannot be
asymptotically stabilized to any point by any smooth state
feedback, based on Brockett's theorem. On the other hand,
no state feedback law can stabilize the position and
orientation of a free link simultaneously to the desired
configuration. Here, exists the problems of the feedback
control is changed to stabilize the free link to the desired
trajectory or the desired point.

The nonlinear feedback control we used is based on
the following idea. In the case of a translational trajectory,
the acceleration of the passive joint in the direction of the
desired trajectory gives rise to the inertial force on the free
link in the opposite direction. Then the link has the same
dynamics as a pendulum or an inverted pendulum in a
virtual gravity field. Feedback to stabilize the orientation
and position of the link to the desired trajectory can be
designed using the acceleration normal to the desired
trajectory as the input.

Feedback control is based on a dual technique, where
the tracking error dynamics are treated as two separate
subsystems. A tracking or positioning controller is
developed to avoid the desired trajectories caused by the
separated or common coordinate transformation.

A lot of research has been conducted on the control of
such systems without considering friction at free joints. In
this paper, we analyze the behavior of underactuated
manipulators with friction at free joints and also
controllable friction force by using electrorheological fluid.
We also propose a control method to stabilize it for
systems with friction. The effectiveness of the method is
verified by experiments by schematic shown in Fig. 3.

Simulation of the underactuated manipulator
controlled according to the desired trajectory with initial
phase of modeling is shown in Fig. 4.

Simulation = was  provided  with  software
CENTAURUS, usable for modeling of hybrid non-linear
systems.
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Fig. 3. Control scheme of underactuated manipulator
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The underactuated manipulators are ones which have more degrees of freedom than the number of actuators. They allow us to
develop the simplest devices with reduced weight, cost and energy consumption. Challenge is in organizing the control of kinematic
chain consisting of both passive and active links. This is achieved by utilizing the effect of dynamic coupling in the system. The
underactuated manipulator with active materials (piezoacative material, electrorheological fluid) joints between active and passive links
is proposed. This offers to use such joints for braking passive links and influencing their free motion. The control of such underactuated
manipulator may be organized by PID controller application. Ill. 4, bibl. 9 (in English; summaries in English, Russian and Lithuanian).

P. Bancesnuioc, K. K. Illapkayckac, P. T. Tonouka. MaHuIyI9TOP ¢ H30LITOYHBIM YHCJIOM CTeNeHeil ¢B00OAbI, yIIPaBJ/IsgeMblii
H3MEHEHHEeM YNpPaB/iseMbIX NapaMeTPOB KMHEMATHYeCKHX map // DjIeKTpOoHHMKa M deKkTporexHuka. — Kaynac: Texnosorus,
2007. — Ne 7(79). - C. 3-6.

MaHuIy IATOPEI, KOTOPbIE HMEIOT OOJIBILE CTENEeHEeH CBOOO/BI, YEM aKTI0ATOPOB, HA3bIBAIOTCA MAHUITYJIATOPAMU C H30BITOYHBIM
YHUCJIOM cTerneHei cBoOoabl. OHM OTIMYAIOTCS INPOCTOTOM, MaJlbiM BecoM, Ooyiee HU3KOM IEHOM W CHUKEHHBIM pPacXxomoM
JNIEKTPOHEPTUH. YTPABICHHE TAKUX MAHHITYIATOPOB, COCTOSIINX M3 AKTHBHBIX M MACCHBHBIX 3BE€HBEB, OCYIIECTBIACTCS, NCTIOIB3Ys
JMHAMUYECKHEe CBOMCTBA JBIKYIIUXCS 3BCHBEB. B CTaThe MpPEUIOKEHO B TAKMX MAHUITYISITOPAX MCIONB30BaTh KHHEMATHIECKUE MTaphl
C aKTUBHBIMH BELICCTBAMU — IIbE30aKTHBHBIMU MaTepHallaMH, 3JIEKTPOPEOJOrMYeCKON JKUAKOCThIO. Takue KMHEMaTHYECKHE Mapbl
MO3BOJISIIOT HE TOJIBKO COEAMHATH ITACCHBHEBIC 3BEHBSI C aKTUBHBIMH, HO M YIPABISITH CBOOOIHBIM JIBIDKCHHEM MAaCCHBHBIX 3BEHBEB.
VipaBieHue TaKUX MaHUIYJISITOPOB SIBJISCTCS CIOXKHBIM, TaK KakK PEryjsTopaM HCHOJIHSIOUIMX IPUBOJOB aKTUBHBIX KHHEMAaTUYECKUX
1ap CHIHAJIOB OOpaTHBIX CBsI3eH MPUXOAMTCS CHHTE3MPOBATH M3 CUTHAJIOB HECKOJNBKUX CEHCOPOB M3MEPSIOUINX IOJOKEHUS Pa3HBIX
kuHematuueckux nap. JKemaemoe ynpasieHue Hanbosee 3¢ GekTHBHO yaaeTcs: noctiub ucnonb3ys [INJ]-perymsropsr. WUn. 4, 6ubi. 9
(Ha aHrIMiiCKOM s3bIKe; pedepaThl HA AHMIMHCKOM, PyCCKOM M JIATOBCKOM $3.).

R. Bansevitius, K. K. Sarkauskas, R. T. Tolotka. Manipuliatorius su pertekliniu laisvés laipsniy skai¢iumi, valdomas naudojant
valdomy parametry kinematines poras // Elektronika ir elektrotechnika. — Kaunas: Technologija, 2007. — Nr. 7(79). — P. 3—6.

Manipuliatoriai, kurie turi daugiau laisvés laipsniy nei vykdikliy, yra vadinami manipuliatoriais su pertekliniu laisvés laipsniy
skai¢iumi. Jie iSsiskiria paprastumu, mazesniu svoriu, kaina ir energijos suvartojimu. Ta¢iau tokiy manipuliatoriy, sudaryty i§ pasyviyju
ir aktyviyju grandziy, valdymas yra organizuojamas panaudojant judanéiy grandziy dinamines savybes. Straipsnyje sitiloma tokiems
manipuliatoriams naudoti kinematines poras su aktyviosiomis medziagomis — pjezoaktyviosiomis, elektroreologiniu skys¢iu. Tokios
kinematinés poros gali ne tik sujungti (atjungti) pasyviasias grandis su aktyviosiomis valdyti pasyviuyju grandziy laisvaji judesi. Tokio
manipuliatoriaus valdymas yra sudétingas, nes aktyviyju kinematiniy pory vykdikliy reguliatoriams griztamojo rySio signala reikia
sintezuoti 1§ keliy padéties sensoriy, esanciy skirtingose kinematinése porose, signaly. Valdyma geriausia organizuoti panaudojant PID
reguliatorius. 1. 4, bibl. 9 (angly kalba, santraukos lietuviy, angly ir rusy k.).



