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Abstract: Piezoelectric actuators are widely used in micro manipulation applications. However hysteresis nonlinearity

limits accuracy of these actuators. This paper presents a novel approach for utilizing a piezoelectric nano-stage as dave

manipulator of a teleoperation system. The Prandtl-1shlinskii (PI) model is used to model actuator hysteresis in feedforward

scheme to cancel out this nonlinearity. To dea with the influence of parametric uncertainties, unmodeled dynamics, and Pl

identification error a perturbation term is added to the dave model and apply a diding mode based impedance control with

perturbation estimation. The stability of the entire system is guaranteed by Llewellyn's absolute stability criterion.

Performance of the proposed controllersis verified through experiments.

1. Introduction

Telemanipulation defines the idea of a user interacting with and
manipulating a remote environment and has led to applications
ranging from space-based robatics to telesurgery.” Beside severa
applications of teleoperation systems there is a new application area
which is caled Macro-micro teleoperation. Man has restriction to
sense or manipulate micro objects directly. Macro-micro teleoperation
can enable human to manipulate tasks in mico world.
Biomanipulation of cdl for using in in-vitro fertilization (IVF) and
other cell manipulation applications are among new Macro-micro
teleoperation systems.? Teleoperation technology is aso investigated
for the devel opment of emerging microsurgery systems.®*

Micro assembly is ancther example of Macro-micro tel eoperated
systems. Assembly of micro and millimeter sized parts requires fine
position resolution, below the micron range. As with the macro
assembly, force reflection is essentia. Teleoperated micro-assembly
systems provide a solution to manual micro-assembly through
overcoming scaling restriction and achieving high accuracies, while
offering flexibility and an intuitive human-controlled working
environment.® A teleoperated system for pushing and touching of
micro particles using Atomic Force Microscope (AFM) is reported by
Sitti etd. %’

It has been recognized that the presences of time delay is one of
the most important barriers in teleoperation systems. This problem is
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mainly due to the distance separating the master from the dave site. It
may aso be due to lag effect of filters and motor drivers. To
overcome this problem, many concepts such as Network Theory,
Passivity and Scattering Theory have been used. The idea is to
analyze mechanisms responsible for |oss of stability and derive atime
delay compensation scheme to guarantee stability.’** The two-port
network representation of teleoperation systems is used in severa
researches. ™ Llewellyn stahility criterion for two-port networks is
less conservative and applicable for linear systems. 2 Cho and Park®
proposed a diding mode based impedance control (SMBIC) for a
linear system with uncertain parameters .The proposed robust
impedance controller was designed based on a desired impedance
model and the diding-mode controller which has robustness to
system uncertainty.

In this paper a piezo-actuated stage has been used as the dave
manipulator of macro-micro teleoperation system. Piezodectric
actuator is an excellent choice as micro positioning actuator due toits
high resolution, fast response and capability of producing high forces.

Hysteresis effect of piezodectric actuators which is reveded in
their response to an gpplied dectric field is the main setback in
precise postion open-loop control. The Maximum error due to
hysteresis can be as much as 10-15 % of the path covered if the
actuators are run in an open-loop fashion.® Moreover unknown
hysteresis characteristics cause difficulties in dosed loop control
design.
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The dynamic hysteresis relation between the gpplied voltage and
the actuator displacement originates from a cascaded combination of
a gatic hysteresis. This is between the gpplied voltage and the
induced charge into the actuator. There is a linear electromechani cal
coupling between the induced charge and the exdcitation force. A
linear dynamic relation between the exditation force and the actuator
displacement is aso present .° Although the effect of hysteresis could
be bypassed with contro of the induced charge, costly
instrumentations are required for the measurement and amplification
of the induced charge™® ™ Voltage drive strategies are thus preferred
despite their limiting hysteresis nonlinearity.

Many methods have been proposed to compensate hysteresis on
the actuation of piezoelectric actuators. Preisach & 2and Maxwell %
are well known hysteresis models, however their approximation
accuracy is limited and suffer from a complicated identification
procedure.

Kuhenen™ propased a modified Prandtl-Ishlinskii (PI) model for
the hysteresis nonlinearity .This modd has been extended for rate-
dependent and | oad-dependent hysteresis .’6%#

Pl modd is less complex and its inverse can be computed
anayticdly. In this sudy a modified Pl model is applied and its
inverseis utilized to cancd out the hysteresis effect. Accurate tracking
of piezodectric actuators with voltage steering drategy are
extensvely carried out in both feedforward and feedback control
operations. Most feedforward controllers cascade an inverse
hysteresis model in series with a piezoe ectric actuator plant to cancel
out the effect of nonlinearity and achieve a reatively linear
response.uls

Cahyadi et a.® developed a 3-DOF macro-micro tel eoperation
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system using piezoelectric actuator. The proposed controller for dave
side did not consider uncertainty of model. Moreover, hysteresis
effect after compensation (Figure 12)® depicts that remained
nonlinearity is consderable. Bilatera telemanipulaion systems
atempt to provide force tracking in master side. (Figure 14)* depict
proper position tracking and contact force of the dave. The paper did
not provide any plot to explain force tracking.

In this paper, the nonlinear piezodectric actuator is linearized
using feedforward inverse hysteresis. The linearized uncertain model
is then used to design the controller. The diding-mode based
impedance control with perturbation estimation scheme is used. With
an impedance control for the master, a desired dynamic behavior
between human operator and master device can be redized. Sability
of the teleoperation system againgt time delay is performed using
Llewellyn criterion and proper controller gains are adjusted to achieve
stability and performance smultaneoudly.

2. Teleoperator M odeling

Fig. 1 shows the master dave system for a micro telemanipulation
setup. To design an efficient controller for this system the dynamics
equations of mation of the tel eoperation system are first derived.
2.1. Dynamic M odeling for the M aster Robot

In this research the master is a 1 DOF manipulator which utilizes
aDC servo motor. A load cdl isingtaled on the shaft of the motor to
measure the force exerted on the master. Dynamic model of the motor
can be considered as follows:

imBm () + DO (t) + KB () = U () + LinFin (1) @

. Enveonmenl
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Fig.1 Macro-micro Telemanipul ation setup

Where 6, denote rotation anglej,,, b, and k,, are moment of
inertia of the rotating system, damping and stiffness respectively. Fy,
isthe force exerted by human operator and L, isthe effective length
between the force and motor shaft. u,, is control signa thet is
applied to the master robot.

2.2. Dynamic M odeling for the Save Robot

The dave manipulator consists of a 1-DOF stage actuated by a
piezo stack actuator. Hysteresis effect of piezoelectric actuators which
is reveded in their response to an applied eedric field is the main
drawback in precise positioning. Therefore, the development of a
dynamic model which describes the hysteresis behavior is very
important. Thisis for the improvement of the control performance of
the piezo-positioning mechanism. In many investigations, a second-
order linear dynamics has been utilized for describing the system
dynamics. As shown in figure 2, this modd combines mass-spring-
damper ratio with a nonlinear hysteresis function appearing in the
input exditetion to the system.

The following equati on defines the mode!:

MK (1) + bXs () + keXs(8) = Hp(v(D)) @

Where x4(t) is the sdve position, mg ,bgand kg are mass,
viscous coefficient and stiffness respectively. Hg(v(t)) denotes the
hystereti c relation between input voltage and excitation force.

i— ™
N—)—
Hp(v(V))

Fig.2 Piezod ectric actuator equivaent dynamic model

Piezodl ectric actuators have very high gtiffness, and consequently,
possess very high natura frequency. In low-frequency operations, the
effects of actuator damping and inertia could be safely neglected.
Hence, the governing equation of mation is reduced to the following
datic hysteresis relation between the input voltage and actuator
displacement:
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1
X(t) = 1 —Hp (V(D) = Hy (VD))

{mgXs () < bgX, (t) K< koxs(t)} 3)

Equation (3) fadlitates the identification of the hysteresis function
Hp(v(t)) between the input voltage and the exditation force. Thisis
performed by first identifying the hysteresis map between the input
voltage and the actuator displacement, H, (v(t)). It isthen, scaled up
to ks to obtain Hg (v(t)).

MXs(t) + bk (1) + KeXs (1) = kgHy(V(D) C)

To consider the influence of parametric uncertainties, unmodeled
dynamics, and identification error, a perturbation termP(t) is added
to the dave model. Thus the dave modd (2) can be rewritten as the
following:

M X (1) + bk (1) + KeXs (1) = Hp(v(D)) +P(t) ©)
= keHy (V(D) + P(1)

To consider interaction with environment, the force F, exerted
by the environment is inserted into the modd. Therefore dynamic
model of the dave manipulator can be written as follows:

MXs (1) + bk, (1) + KeXs(t) = KHy (V(D) +P(O —F.  (6)

3. HyseressModeling

In this section hysteresis modding using Prandtl-Ishlinskii (PI) is
described. This mode can approximate hysteresis |oop accurately and
its inverse could be obtained analyticaly. Therefore it facilitates the
inverse feedforward control design.

3.1 Prandtl-Ishlinskii (PI)
There is a backlash operator in the Pl hysteresis model (Fig.3)
that is defined by:

y(©) = H;[x,yo](®) = max {x(t) — r,min{x(t) + r.y(t - T)}}
@)

Slope=1

Fig. 3 The backl ash operator

Where = isthe control input, y is the actuator response, r isthe
contral input threshold value or the magnitude of the backlash and T
is the sampling period. The initial consistency condition of (7) is
given by

y(0) = max {x(0) — r,min{x(0) +r,y,}} (©)

Where y, is usualy but not necessarily initidlized to O.
Multiplying the backlash operator H,, by a weight vauew,, the
generalized backlash operator is obtained:

y(t) = wyH,[x,y,](t) ©)

The weight w;,defines the gain of the backlash operator and may
be viewed as the gear ratio in gear mechanica play ana ogy. Complex
hysteresis nonlinearity can be modeled by a linear weighted
superposition of many backlash operators with different threshold and
weight values,

y(O) = wy H[X, yo] (1) (10)

Where
H [X, yol(t) = [Hro[X,Yool(®) ... Hi[X Yonl(DI" (12)

With the weight vector wil = [Wyg ... Wy, ], the threshold vector

r=[ry.. r,]" whee 0=r,<--<r, and the initid date
vectory = [y, ... Yn]T. The contral input threshold values r, are
usudly chosen to be of equd intervas between maximum and
minimum of piezoelectric actuator displacement.
3.2. Modified PI Operator

The Pl operator inherited the symmetry property of the backlash
operator about the center point of the loop formed by the operator.
The fact that most red actuator hysteretic loops are not synonymic
weakens the mode accuracy of the Pl operator. To overcome this
restrictive property, a saturation operator is combined in series with
the hysteress operator. A saturation operator is a weighted
superposition of linear-stop or one-sided dead zone operators. A dead
zone operator is a hon-convex, non-symmetrical, and memory free
nonlinear operator given by

_ (max{x(t)—d,0} d=>0 12

sbd(o = {TH e (12

z(t) = wl. Sqlyl(®)
Where y isthe output of the hysteresis operator and, z isthe actuator

response. wy = [wg, ... W], is the weight vector. Sy[y](t) =

[SaoYI(®) ... Sam[YI(1)] With the threshold
vectord” =[d, .. dp]T 0=dy <+ <d,.
Thusthe modified Pl operator is defined as follows:
2(t) = Hy(t) = w{'. 8¢ |wy. He X, yo | (1) (13)

d; is usualy chosen to be equal intervals between maximum and
minimum of hysteresis operator output.

3.3. Inversemode of PI
Theinverse Pl operator is given by
Hx [Xa())] = wy Hyr [wg™. Sqlxq] Y51 () (14)

Cascading the inverse hysteresis model with the actua hysteresis
model gives the identity mapping between the contral input xq4(t)
and the actuator response x(t).

x(t) = Hy[Hy ' xa (D]] (15

The inverse modd parameters can be caculated andyticaly as
follow

Wy, = 1/Who Wi, = 1/WSo (16)

- ~Wh, i=1.n: a7
b (2}=0Whi)(z};éw‘li)]l o

- —Ws; i=1..n (18)
T ) )

L (19

ri=) wy(r—r),i=0.n;
L (20)
(21)

i n
Yo, =thjyoi + Z Wh, Yo, i=0...n
j=0

j=i+1

After setting the threshold parameters r and d as described in
the previous section, the wei ght parameters wyand w; are estimated
by performing a least square fit of equation (13). Graphicaly, the
inverse is the reflection of the resultant hysteresis loop about the
45line.
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3.4. Feedforward Hysteresis Compensation

The structure of inverse feedforward hysteresis compensation is
shownin fig.4. The key idea of an inverse feedforward contraller isto
cascade the inverse hysteresis operator Hy ! with the actua hysteresis,
Thisis represented by the hysteresis operator H,, to obtain an identity

O\ ) e

mapping between the desired actuator output x4(t) and actuator
response x(t).
Theinverse Pl operator Hy! uses x4(t) asinput and transforms

itinto acontrol input vy-:(t) which produces x(t) inthe hysteretic
system that dosdly tracks x4 (t).

[

&t
=T
_'I
k
—_
o
L J

P
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Fig.4 The Feedforward inverse control

3.5 Identification of the Hysteresis M odel

In this section the method for identification of hysteresis function
is described between the input voltage and the actuator displacement
as defined by equation (13). Weighting parameters are identified
using least-square optimization technique for error minimization.
Static hysteresis is identified using quas-gtatic triangular input.
Appropriate values for order of backlash operator n, saturation
functionm, and threshold vectors r,d  are sdected for proper
approximation of hysteresis. The vaues for n and m can be st as
25 and 15 respectively.

Fig. 5 refers to the estimated hysteresis loop using Pl model
compared to the actual hysteresis of the piezo stage. Identification of
Pl parameters is performed for the measured actuator response
subjected to 100 v p-p sawtooth control input with frequency of 0.5
Hz.

Hysteresis Approximation using P|

: T
————— Prandtl-Ishlinskii
80 — Experimental |

-~
50
40 ///

Displacement( pm)

80 100
Input(v)

Fig. 5 Egimated hysteresisloop using Pl vs. experimenta result

4. Delayed Signalsand Scaling Factor s

When teleoperation is performed over a long distance, a time
dday isincurred in the transmission of information from one side to
the ather side (figure 6). Anather source of delay is the filtering effect
of amplifiers and driversthat contribute a smal amount of pure delay
to the system. Other source of delay in the system can be the finite
time required to execute the digital control loop.

To condder the time delay in the communication channel, the
transmitted signals between master and dave can be represented as:

84 () =0, (t—T;) 04 () =0,(t—T)
FI() = Fr(t—Ty) FI(t) = Fo(t—T,) F4(t) (22
= Fe(t - Tz - Tl)

Wheregd, (t),64,(t) and Fl(t)represent position, velocity and
the force gpplied to the master by the operator. The signals
transmitted from master to the dave face delay T,. In the other hand

the dave send the environment force F, to the master with delay T,.
Thus the master receivesit asFd(t) = F.(t — T,). If the master sends
force signad F4(t) back to the dave, the arrival of the signdl at the
dave side will be delayed again by T, represented by F4(t) =
Fe(t —-T, - Tl)-

These delayed signd's are then scaled up or down by some factors
depending on the tel eoperati on tasks, therefore:

X0 =K0h (D) X (D) = k081 Fy = kFID) (23

Where k,, and k¢ are scaling factors for position/velocity and
force, respectively.

Communication

Channel J
Oy Lo,
= : P .a‘
Master O, N Dy, > &, | Stave
H 4 Ll
£, . F,
d
£ L F
: DeloyT, «

5. Control Design

The main objective of impedance contral is maintaining a desired
dynamic relationship between robot position and contact force. This
approach provides unique control architecture for both compliant and
incompliant motions.

5.1 Impedance contral for the master manipulator

An impedance controller is used for the master manipulator. The
desired impedance for the master can be shown as:

]_mém(t) + Bmém(t) + Rmem(t) = Lm(Fh(t) - kfFe(t)) (24)

Where 3,,,,b,, and k,,, are the desired inertia, viscous damping
coeffident, and stiffness, respectively. Right side of this equation
reflects the scaled contact force between environment and dave
manipulator. This force is exerted to the operator by desired
impedance of master manipul aor.

It is possible to replace the dynamics of the master (equation 1)
with the desired dynamics (eguation 24) using the following control
law:

U (®) = (b - :f B ) b () + (;f ~1) LR (25)

- jﬂ (KL FE(D) + KBy (D)
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5.2 Impedance Control for the Save with Sliding M ode
Based Perturbation Estimation

The desired dynamic for the dave manipulator is considered as
follows:

MX(t) + bX(t) + k(1) = —F, (26)

Where Mg, b, and kg are the desired mass, viscous damping
coefficient, and tiffness of dave, respectively and
X(t) = x5 — k,0%, isposition error.

The control law of the dave controller is obtained by combining
equations (26), (5):

uy(t) = Hzt {-

Fe(®) + KoXs(8) + bk (0) + Mk 85, — Pest}

2 [, (1) + k() + Fo(O)] + @

To ded with the influence of parametric uncertainties, unmodeled
dynamics and Pl identification error, estimation of perturbation
term P, is added to the Save moddl. In next section the procedure
for estimation of P,,is represented.

5.2.1 Perturbation Estimation

Elmai and Olgac have proposed a perturbation estimation
scheme which is embedded in the traditional Siiding Mode Control
(SMC) design.* ®The main advantage of this methodology is that a
priori knowledge of the upper-bounds of perturbation is not required.
The generd class of nonlinear dynamicsis considered as:

x® = f(x) + Af(x) + [B(x) + AB()]u + d(t) (28)
Where X; = [x;,%,... . X" D] TeRi=12,...,m is the state
subvector  and  x;,i=12,...m ae m independent

coordinates. Af(x) is perturbation of f, AB(x) is perturbation of
control gain u and d(t) is system disturbance vector. Perturbations
and disturbance are gathered into a varigble named perturbation
vector:

(X Dactual = AF) + AB(U+d(t) =x™ —f—Bu  (29)

If al the componentsin the dynamics show dower variations with
respect to the loop dosure (or sampling) speed, Y(X,t) can be
estimated as:

Y Destimated = Xopjeutated — f — BU(t = 8) (30)

Where § is the control interva or sampling time in the digitel
contraller. In practice sampling time is sdected high enough to
ensure u(t) = u(t—8). As shown in equation (30) the dass of
perturbation estimator is based on the smple intuition. Thisis if al
the states are available, the perturbation of the plant can be effectively
estimated using the nomina model and one step delayed input signals.

Additiondly, in the absence of measurements of x{ an
approximation is utilized as:
x=D () — x@-D(t - §) (3D
X(n) = 5

The errorsin this estimation appear from two sources:

1) x®=D(t) measurements are often noisy. Therefore, their
cdculated time derivatives may manifest prohibitively large
variations. The measurement noise of x®™=1)(t) should be filtered
toasuitableleve.

1) Regardless of the sampling speed the inequaity u(t) #
u(t—68) holds.

It is important to note that the objective is not to reduce the
estimation error to zero. No matter how large the actud perturbations
are, the smaler the perturbation error, the better the performance.

A modified version of system eguation (5) could be written as

MsXs (1) + bsXs (1) + Ksxs (1) _ (32
= HF(V(t)) + Pest(t) - P(t)

Where P(t) = P (t) — P(t) is the error signa between the

system perturbati ons and its estimation.
Based on the perturbation estimation technique, an estimation of
the perturbation function given in equation (5) is obtained as:
Pest(t) = MeXs (8) + bk (1) + keX (1) — He(v(t - 8)) (33)

Substituting Hg (v(t)) by kHg(v(t)) using (4) one can obtain
Pest () = My (1) + byXs (1) + KX, (1) — ksHy (v(t — 8)) (34)

5.2.2 Siding mode based impedance control for dave
robot using perturbation estimation
Slidingwrfacecanbedefined asfollowing:

S(t) =~ f I (Dt 9
ms 0
Where |, istheimpedance error, that is:
I, := M X(t) + bX(t) + K X(t) — (=F(t) (36)

Theorem:
For the system described by equation (6), if the control law is
given by

v(t) = u,(0) = Ht |- 22 [0, 2O + kZO + Fo®] )
+ Fo(£) + kyXy() + byity(8)
+ mskpé;in - ysgn(S) — A5 - Pest}

Where sgn(S) represent the signum function,y and 4 are
the positive scalar s, then asymptatically tracking of the system is
guar anteed.

Proof: For analyzing the stability of the proposed control scheme,

a Lyapunov function candidateis defined as:
V= 7

Thederivativeof V' with respect to time can be obtained as
V=SS (39)

By substituting (36) i n (35) onecan obtain

(40)
V =SS = S[#(t) + —x(t) + —(k () + F,(t))]

Utilizing (32) for substituting x(t) = %5 — k, 6% in (40), yidds

V = S[—k,62 +— bs x(t)+ (k %(t) + F, (1))
(41)
+ Hp(v(t))

1 .
+ E [_bsxs - ksxs

+Pest_Ez_ﬁ(t)]

Substituting v(t) from(37)in (41) yidds

. " b . 1 -
V= S[—k,05 + gssf(t) o (ks (t) + F, ()]

1 .
+ E [_bsxs - ksxs

S

- P(1)]

+Pest_Ez

1 .
+—H {HF-I [~ 22 b0 + kA O + E O] + RO
S S
+ ksxs(t) + bsjcs + mskpégl (42)

~ysgn(S) — A(S) — Pest(o}}

(42) Can berewritten asfollows:



INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING  Vol., No.

V=55=S§ '15 ! ) P@)
T T T T m, I mg (43)
y) 1 P(t
=——58%——ylS| - ()S
mS S mS

If the gainy is sdected such that condition y > |B(t)| is

satisfied, (43) leadsto
. 1,
V< msS <0 (44)

Equation (44) depicts that time derivative of the positive definite
Lyapunov function V is negative definite. Thus stability of the system
is guaranteed. Essentially equation (44) states that the squared
distance to the diding surface, as measured by S? decreases along
all systemtrajectories.

Chattering phenomena is the main problem of the diding mode
control and must be eliminated for the controller to perform properly.
For this purpose controller discontinuity can be smoothed out by
using a saturation function sat(5/y) instead of sgn(s). Where
¢ is boundary layer thickness. Therefore control law (37) can be
rewritten asfollows:

us(t) = Hi (=22 [ () + ks 5(0) + F(0)] +
F, (t)+koxs(t) + byig(t) + mk, 83 — ysat(S/y) — (45)

A8 = Pest}

The accderation term 6% is replaced with lower-order using
the ddayed master so (45) leadsto

4 (0) = H |~ 22 [0, () + k() + R(0] + (0

_ 46
+ kegxg(t) + bexs(t) — Vsat(s/qa) 49
mg - .
— AS = Pege + kpy = [~bp, 0,
Jm

- I;mam + Lf(FI(li - kfFedd)]}

6. STABILITY OF THE ENTIRE SYSTEM

Stability and Transparency are 2 mgor issues in teleoperation
systems. They are defined as follows %%

) Sability: Maintain sability of the dosed-loop system
irrespective of the behavior of the operator or the environment

1) Telepresence: Provide the human operator with a sense of
Telepresence, with the latter regarded as transparency of the system
between the environments and the operator.

There is atrade-off between the two above objectives and severd
control architectures try to improve transparency for able
teleoperation system.

Bilaterd teleoperation is usualy modeled as a two-port network.
As dectricd network anaysis tools have been developed aready for
two-port networks, in this case, force and velocity of teleoperation
system will be replaced with voltage and current in electrical two-port
network respectively (Fig. 7)

The inputs to teleoperation system areF;, and F; . F; isreated
to muscle force and F; is usualy assumed to be zero. Master, dave
and communicetion channd are lumped into a two-port network
caled teleoperator. The two-port network can be represented by
inputs, outputs and i nter-rel ati onships between them.

Definition: A linear two-port system shown in Fig.7 is said to be
absolutely stable if there exists no set of passive terminating one-port
impedance for which the system is ungteble. If the network is not
absolutely stable, it is potentidly ungtable. Fy, (Contact force between
master and operator) and X, (velocity of dave side) are inputs.
F.(Contact force between save and environment) and 6., (vel ocity of
master side) are outputs. The linear relationship between inputs and
outputs can be represented in hybrid matrix configuration. Using the

Laplace notation, the hybrid matrix configuration is given as follows:

1=l hellCe]
Xs hyy hyo) [-Fe

Master+ Communication Channel+ Slave Environment

(47

Operator

Two-port

Model

Fig. 7 Atwo-port tel eoperation system

The Z variables in Fig. 7 are impedance models which are
definedas Z = F/V . It is dear that in order to analyze the stability
of the whole teleoperation system, the teleoperator should be
considered together with the environment and the human operator. If
the human operator and the environment are assumed to be passive,
the stability of the teleoperator can be analyzed independently.

Llewdlyn's criterion conditions

For the two-port network represented by hybrid configuration
matrix (equation 47), the necessary and sufficdent Llewelyn's
conditions for absol ute stability in terms of the h-parameters are:

1. hy;(s) and h,,(s) havenopolesintheright haf plane

2. Any paes of h;;(s) and h,,(s) on the imaginary axis are
simple with real and positive residues.

3. for dl red values of hy;(s) and h,,(s) the inequdlities (48)
and (49) hald.

Re[h;;] = 0,Re[h,,] =0 (49)
_ Refhy;hy;]  2Re[hy;]Re[hy;]
n(w) = -
LPPUPH LPPUPH (49)

These conditions represent Llewelyn’s criterion for absolute
sability. If any of the conditions is not satisfied, the network is
potentially unstable. The condition (49) can aso be rewritten as >

2Re[h,;Reh,,]
[hy2ho] (50)

This parameter 1 is cdled the network stability parameter.
From (50) the vaue of the network stability parameter for a perfect
transparent teleoperator can be caculated as n = 1 which means
that the perfect transparent teleoperator is marginaly absol utely stable.
Absol ute stahility is applicable for linear systems .

Vaues for hy;i,j=12 ae obtaned from the following
definitions and desired impedance models of master and dave robots
according to the impedance modds:

n(w) = —cos(zhy;hy;) -

_Fa(s) _ = km
h11 - ém(S) - ]m(s) + bm + S (51)
_ Fh(s) - _ —T,s
12 — Fe(S) kfe (52)
Xs(S) _
1= =k Tis
NS B (53)
ho. = Xs(8) _ S
227 F(s)  mMgS% +bgs + K (54)

The Llewelyn's criterion conditions 1 and 2 together with the first
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part of 3 are satisfied with positive impedance parameters. The

(56) Can be rewritten as following:

2b,,bsw? (57
kpkelcos(T; + T))w — 1] + =———>———— >0 Aw*+Bw2+c<0
(ks —Msw ) + (bsw) (55)
Where
Second part of condition 3 which is represented by equation (50) A = kpkgm?2 (58)
can berewritten as;
Since kpke[cos(T; + Ty)w — 1] > —2K, k¢ B = k, k(D2 — 2K,M) — 2b,,bs (59
Therefore (55) issatisfied if _
(59) c=R2 (60)
2b,, b w?
Kk M mz ; h 2 2 kpkf
(ks —Msw ) + (bsw) (56)
4 E B E2
fﬁ:\'r [ P T e = % Sliding Mode
S O e e 0
P 6. i Pav 3 es oo
R o Master | e T i Fad Controller for
’ :,,,,T,,,,,- T R e — Slave
Motor u. .
Diriver
Perturbation Inverss
in Esturidtes Hysteresis Ho*
.. (v — 5Y) I ::: l—j
]
wl | Spegtene Detay  nt [
for Master ) - TN Fa¥in
T =
Piezo-actuator Strain Gage
Drriver Position sensor
and Aunolifier
L3 L)
Slave {(Piezo stage)
FS S PIS&11.1s

& Delay G

Fig.8 The overall system block diagram

In order to satisfy the inequality (57) two conditions should be
met:

HB<0 (61)

ii)B2 — 4AC > 0 (62)

In the next section impedance parameters are designed such that
these conditions are satisfied.

7. Control Parameters

Parameters of controllers should be designed to maintain
stability in al conditions while achieving a desired transparency.

To meet the conditions given by equations (61) and (62) and
achieving transparency, the desired impedance parameters for the
measter and dave robots are chosen as shown in Table 1.

The values for contraller gains and scaling factors of dave robot

are shown in Table 2. Kk, and k¢ scaing factors, are sdlected
according to the position range of master and dave robots. Position
scaling factor k,, is designed such that with master rotation of
180° ,piezo-stage moves100 pm.

Gainsg and y must be selected experimentaly to assure the
robustness of the system against the ever present unmodeled
dynamics and to moderate the chattering effedt.

8. Experimental Results

8.1 System setup

In this section, the experimenta results of the macro-micro
teleoperation system are presented. The overall block diagram of this
system induding master, dave and proposed controllers is shown in
Fig.8.

A Physk Instrument PZT-driven nanopositioning stage (P

611.1s) with high resolution strain gage position sensor, is used for
dave manipulator. The ES00 Module incudes E501 Piezo driver,
E503 Strain gage amplifier which carry out experimental data. A rigid
adjustable end effector is mounted on the stage. A load cdll is used to
measure environmenta force (Fig 9). A dSPACE data acquisition
(DS1104) controller board is used as interface element between
MATLAB Red time Workshop and the equipments. The controllers
are developed in Smulink and implemented in real time using
MATLAB and through dSPACE Control Desk software. The master
manipulator consists of a DC servo motor which is equipped with a
high resolution encoder. A load cdl is installed on motor shaft to
measure force exerted on the master (Fig 10).
An AX500 Digitd Motor Controller is used for driving the DC
servomotor. 2 load cell amplifiers are used to convert low voltage of
load cdls output to 0—10V range A stereo loop microscope
equipped with a CCD camerais utilized to provide visua feedback.

For verification of proposed controllers human operator
manipulates the master end-effector to generate a desired position
trgectory.
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Fig.10 The DC motor as the master mani pulator

The externa environment has a high gtiffness that the dave end-
effector cannot go into. Since its end is fixed on a rigid wall it
behaves as a cantilever beam and interaction force causes
displacement in the environment. The motion of the dave end-
effector contains two stages as follows:

(1) Free motion when the dave end-effector does not contact with
theloadcell.

(1) Interaction stage, when the dave end effector exerts force on
the loadcdll. At this stage, the end-effector exerts an interaction force
on the external environment and also moves forward. Two
experiments were performed. The first one without time delay and the
second onewith atimeddlay T; + T, = 15s.

In the arranged task the end-effector of the dave manipulator
follows the master manipulator from the home position to the right
wall until a contact occurs. After the contact the end-effector moves
towards the front. It then keep the master position for some seconds
before returning to the home position. Thistask repeats several times.

Figs. 11 and 12 show the experimenta results for postion and
force tracking without time delay. The proposed scheme shows good
tracking performance. In spite of the contact with environment, dave
side can till track the master desired position (Fig.11.8) while force
reflected back to the master side is increasing (Fig. 11.b). The
controllers are capable to achieve both position/force tracking. Fig.12
depicts dave contral signal which is chattering free. With proper
parameter design the controller has been able to produce smocth
control signal. Since operator tries to keep master in fixed position,
hand chattering leads to noisy force signd. Experiments were aso
designed to show the maneuverability of the operator when using the
proposed controller for arbitrary movement.

As shown in Figs 13, 14 position and force tracking could be
performed in multi frequency reference signd and the proposed
controller could provide proper maneuverability for operator.
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Fig. 12 Save control signd using SMBIC

Experimenta results for podtion /force tracking under
communication time delay are depicted in Figs 15and 16. T,, T,
was implemented using Smulink time dday. T;, T, were set as
T,=08sand T, =0.7s respectively. Filtering effect of
amplifiers contribute a small amount of pure delay to the system.
A second source of delay in the systemis the finite time required
to execute the digitd control loop. Therefore red delay would be
larger thanT,, T,. As shown in Figs 15 and 16 the proposed
control achieved good tracking performance.

Figures 17 and 18 depict capability of proposed approach in
tracking of scaled force (Kf = 100). Remark: The anmplitude of
force in Figures 16, 14, 11.b is not equal because in each
experiment position of the end effector was different.
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Fig.13 Magter/dave position signd swithout delay
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9. CONCLUSIONS

In this paper a macro-micro tel eoperation was implemented using
piezod ectric actuator as the dave manipulator. A nonlinear dynamic
mode for piezodectric actuators was considered which combined a
modified Pl hysteresis operator with a second-order linear dynamic.
An inverse model-based feedforward controller was then proposed
and implemented to compensate hysteresis. To cope with remained
nonlinearity and uncertainty of model a novel impedance control with
diding mode perturbati on estimati on was utilized.

An impedance controller for the master was implemented to
achieve suitable force tracking. The proposed controllers make
teleoperation robustly stable against uncertainties and bounded
congtant time delays. The nonlinear term of teleoperator, was
compensated through the Feedforward inverse control. Thus stability
of the linearized system is guaranteed by Llewelyn's absolute
stahility criterion which is applicable only for linear systems. Control
parameters were tuned to satisfy stability conditions and good
performance. The experimenta results verifies the accurate position
tracking in free motion and s multaneous position and force tracking
in contact with low gtiffness environment.
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