-

View metadata, citation and similar papers at core.ac.uk brought to you byff CORE

provided by Kanazawa University Repository for Academic Resources

Synchronized control for teleoperation with
different configurations and communication

delay

0ad Kawada Hisanosuke, Yoshida Kouei, Namerikawa
Toru

journal or Proceedings of the IEEE Conference on Decision

publication title |and Control

page range 2546-2551

year 2008-01-01

URL http://hdl.handle.net/2297/9538

doi: 10.1109/CDC.2007.4434270


https://core.ac.uk/display/196706513?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Synchronized Control for Teleoperation with
Different Configurations and Communication Delay

Hisanosuke Kawada, Kouei Yoshida and Toru Namerikawa

_Abstract—This paper deals with a control for teleoperation on graph theory [7]. This approach is called as synchro-
with different configurations and communication delay. We nized control. Moreover, the practical applicability ofeth
propose a synchronized control with individual gains and power  eq it js demonstrated in the problem of teleoperation with

scaling in the task space. In this method, the end-effector’s ication delav. The delav-ind dent tofi
motion and force relationship between the master and the slave any communication delay. 1he delay-independent asyneptot

robots can be specified freely in the task space and the control Stability of the origin of the position and the velocity erso
gains can be independently selected appropriately for the is guaranteed without the scattering transformation. & th
master and the sla_v_e robots. The (_jglay-independv_ent asympt_otic above approaches [2], [4], [5], [6], however, the power
stability of the origin of the position and velocity erors is  goqjing was not considered. In [8], [9], the power scaling fo
proven by using passivity of the systems and Lyapunov stability teleoperation with communication delay was achieved based
methods. The proposed control law achieves synchronization P . ) y
with power scaling. Several experimental results show the ON the scattering transformation approach. However, the
effectiveness of our proposed method. position drift is caused by the traditional scattering aggh
| INTRODUCTION without epr|C|_t position control. In [10], the teleopem'l_ls
o i , ) decomposed in shape and locked systems and passive feed-
Teleoperation is the extension of a person's sensing afghward action is used to implement a scaled coordination
manipulation capability to a remote location. A typicaletel petween the master and the slave robots. In this method, the
operation system consists of a master robot and a slave roRgmunication delay was not treated. Furthermore, teleope

and they are coupled via communication lines. The first gogkion with different configurations (including differentade)
is that the slave robot should track the positions of the emast;,q communication delay have not been dealt with.

robot and the second goal is that the environmental force |, this paper, we propose the synchronized control of

acting on the slave is accurately transmitted to the operaiQejeoperation with different configurations and communica
The most critical issues in the teleoperation are the timgyn delay based on [6]. The master and the slave robots
delay in communication Iing anq the different configu_r_aﬂ;ionare modeled as the task-space dynamical systems. Using
of the robots. The communication delay may destabilize tﬁﬁe task-space feedback passivation, the new outputs which
whole system. Then it is necessary to guarantee the sfabilgontain end-effector’s position and velocity informatiare
for any communication defay [1]. Furthermore, the mast€jtijized to guarantee the passivity. Then the master and the
and the slave robots with different configurations act witkjaye robots are coupled together by using the synchronized
different scales in several tasks involving teleoperatooh  -ontrol with power scaling and non-negligible communica-
as telesurgery and teleoperation of huge robotics for extrgon delay. In addition, the gains of the synchronized aaintr
vehicular activity. Then, the teleoperation with diffet@on- 4 pe independently selected at the appropriate value for
figurations should be controlled on the end-effector mationyhe master and the slave robots. Therefore, the end-effecto
in the task space and it is also necessary that the informatig,qtion and force relationship between the master and the
of the motion and/or the force should be scaled between thg,ye robots can be specified freely in the task space. Using
master anq the slave robots. This scaling is called as thgssivity of the systems and Lyapunov stability methods, th
power scaling [8]. _ _ .. delay-independent asymptotic stability of the origin oé th
Stabilization for a teleoperation with the communication,ssition and velocity errors is proven and the synchroiogat
delay was achieved by the scattering transformation based it power scaling is achieved. Finally several experiraént
the idea of passivity [2] (This is equivalent to wave var@bl yegits show the effectiveness of our proposed method.
formulation [3]). Then, the additional structure with pasn
control was proposed to solve the position drift [4], [5]. In 1. DYNAMICS OF TELEOPERATION
[4] and [5], however, the stability of the system is depernden Assuming absence of friction and other disturbances, the
on the communication delay. In [6], it is shown that multinaster and the slave robot dynamics withdegree-of-
passive systems connected communication network with tinﬁreeedom in the joint space are described as
delay can be synchronized by the coupling control law basefiM,,, (g )dm + Crm (@m, Gm )dm + gm(@m) = Tm + JE Fop

M, js + C ,4s)ds + =75 — JL  Fepy,
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Electrical Engineering and Computer Science, Graduate dafd\atural
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vectors, g, §s, € R"*! are the joint acceleration vectors, Assumption 5: All signals belong tals,,, the extended’,
Tm, Ts € R™*! are the input torque vectorg,,, € R"*!  space.
is the operational force vectors applied to the master robot Il CONTROL OBJECTS

nx1l j 1
by human operatorfen, € R is the environmental We would like to designr,, and T, in (4) to achieve a

force vectors applied to the environment by the slave roboask-space synchronization and static force reflectioritfer
M,,, Ms e R™*" are the symmetric and positive definiteteleoperation with different configurations and communica

P ; . . nx1 i tion delay. Let us define the position tracking errors of the
Inertia matricesCmgm, Csgs € R™" are thfxfentnpetal end-effector with power scaling between the master and the
and Coriolis torque vectors angh,, gs € R are the gjave robots as

. . nxn
gravitational torque vectors and,,, Js € R are {em(t):a_lms(th)mm(t)

. . . - ) . nx1
Jacobian matrices relating end-effector’s velodifyc R eu(t) = o (t — Ton) — o (1)

to joint’s velocity ¢g; as

®)

. . ) where @ € R is a positive scalar and it expresses a
&i(t) = Jilgi)d(t), i=m,s. () motion scaling effectz,,, x, € R™"*! are the end-effector’s
For simplicity, we assume that position vectors. Then the control objects in this paper are

Assumption 1: The Jom (gm) and J,(q,)are nonsingular 1) the synchronization of teleoperation is achieved as

matrices at all times in operation. ei(t),é;(t) =0 as t o0 i=1m,s 9)
Above assumption is that we don’t consider redundant robot i . i )
and no kinematics singularities are encountered. Since thed 2) static force reflection is achieved witky(t) =
control at the task level, it is useful to rewrite the mastes..(+) = 0. i = m.s as

LIS u : i(t) =0, :
and the slave robot dynamics directly in the task space [12].
By further differentiation of (2) as BF,p = Fopy (10)

Ei = Ji(:)Gi + Ji(:)gi, i =m,s, @) where € R is a positive scalar and it expresses a force
where &,,,, %, € R"*! are the end-effector's accelerationscaling effect.
vectors and substitution (2) and (3) into (1), it is easy t® se
that the mgster _gng the slave robots dynamics in the task IV. CONTROL DESIGN
Spice are escr~| ed as To achieve the synchronized teleoperation system, we
{J\N/Im(qm)a‘bmj Crn(@m, Gm)Em + Gm(qm) = Jm' Tm + Fop design the master and the slave robot controllers.
MS s "S+CS S .S .S+~S S :Js_TsfFen'v ) . .
(a)% (Gs: do)be 95 (a2) " @ A Feedback Passivation
where The master and the slave robot inputs are given as,

— ~ . _ 1T f_ AT . _ . ~
My = J; "M G = 37T (G- My g {Tm_ mA Mo (G ) Adben = G (@ Gm) A + G (qm ) +-Fon }
®)

~ _T E Ts:Jg{*MS(QS)Ais*éS(QSyQS)Aws+§s((Is)+FS}
Gi=J;Tgi i=ms.

(11)
It is well know_n that the dynamics (4) have several fu”daﬁvhere F,, and F, are the additional inputs required
mental properties as follows [12]. for synchronized control in the next section amfd =
Property 1: The inertia matricesM,, (gm), Ms(qs) are diagiAy,---,A,) € R™ " is a positive definite diagonal
symmetric and positive definite and there exist some pesiticontrol gain matrix. Substituting (11) into (4), the master
constantm;; andm,;, such that and the slave robot dynamics are represented as
0< milI S Ml(‘h) S miZI 1= m,s. (6) {Mm(Qm)'rm + ém((hnv(im/)"'m = Fop + Fm (12)
Property 2 Under an  appropriate  definition  of Ms(9s)Fs + Calds, 4s)rs = —Fenv + Fs

the matrices C,.(qm,dm) and Cs(qs,qs), the where the vectorr,, and r, are the new outputs of the

matrices N, VAT _ 96 . and Master and the slave robots and these are defined b?/ linear
N (@m, gm) = Mm(qm) m (dm, 4m) . combinations of the end-effector’s position and velocity

Ns(gs,ds) = Ms(qm) — 2Cs(am, 4m) are skew symmetric vectors as

such that " &)+ Ao (8
Pm(t) = T () + Az (T
2" Ni(qi,4i)z =0, i=m,s, o {rs(t) — ds(t) + Azs(t). (13)
wherez € R"*! is any vector. Fig. 1 shows a block diagram of the master and the slave
Furthermore we assume for the stability analysis in latewobots with feedback passivation. Then we have the follow-
section as follows ing lemma.

Assumption 2: The communication delay between the Leémmal: Consider the systems described by (12) and
master and the slave robots are any asymmetric constalgfine the inputs of the master and the slave robot dynamics

value asT}, [s] and T, [s]. asFy = Fyn + Fop and Fy = Fy — Fep, and the outputs
Assumption 3: The operator and the environment can b@S ™m andrs respectively. Then, under assumption 1, the
modeled as passive systems, respectively. systems with the above input and outputs are passive such

Assumption 4: The operational and the environmentaithat
force F,, and F.,,, are bounded by functions of the master ¢ T , ]
and the slave robots signals respectively. /0 ri () Fi(z)de 2 =6, i=m,s. (14)



- q orq ZmO 5 | 10T
O Fr oy 1€ TR o o B V. STABILITY ANALYSIS
F—me“’” ] 7f _ _ .
o ot In this section we analyze the proposed synchronized

control law with a power scaling and individual control
gains previously and show that the control objectives are
successfully fulfilled.

Feedback

DA (11
passivation

Master+FP or Slave+FP

Fig. 1. The master and the slave dynamics with nonlinear coratiens . .
9 Ve dynamices Wi ' of Theorem 1. Consider the system described by (12), (16)

and (17). Then, under assumption 1-5, the origin of the po-
sition tracking errors given by (8,,,es and its derivatives
ém, €5 are delay-independent asymptotically stable. There-
fore the teleoperation is synchronized and power scaled.

Proof: This result follows easily by using following
positive definite energy functions for the systems as

1 —
Vi(ri(t)) = §r?(t)Mi(qi)ri(t). i=m,Ss. (15) Proof: Define a function for thgpsystem with respect to
state vectoe(t) = [r],, vl el el]" as

Using feedback passivation as (11), the master and the slags (z) =ak;, '+, () M (gm)7m (t) + o~ 'k 1L (8) Ms(qs)rs(t)
robot dynamics are passive with respect to the output (13) +ael (H)AKem(t) + o tel () AKes(t)

which contains both the end-effector’s position and vejoci . -

information. Thus the teleoperation can be controlled in + 20k, /0{ Fop(O)rm (€)}de
the passivity framework for the end-effector’'s positiordan

T s(0)}d
velocity signals by the new output. oo / {Feny (Qra(Q)}d¢

t
+ m (O K rm (C)d¢
B. Synchronized Control Law with Power Scaling / Tim orm(O K (()
t
We propose the following synchronized control law con- +/t7T a 'rl(QOKrs(Q)d¢ (18)

sidering different configurations and power scaling,
First we prove that the functiol,,, is positive definite. In

F,(t) = Kp(a™trs(t —Ty) — rp(t)) (16) (18), M,, and M, are positive definite (by property 1
Fu(t) = Ko(arm(t — Ton) — 7s(t)) IS posmve K and A are positive definite and the operator
s s\@m m s and the environment are passive (by assumption 3) as
where K,,, and K, are defined as follows 20~k 1/ { O (c)}dg - (19)
K,, =k, K -
{ K, - LK 17) 2aky,! /0 {fFo,,(C)rm«)}dc > 0. (20)

Thus the functionV,,,s is positive definite. The derivative
of this function along trajectories of the system with the
IEJ operty 2 are given by

and K € R™*™ is a positive definite diagonal control gain
matrix and k,, € R and k, € R are positive control
gains for the master and the slave robots respectively a
a € R is a positive motion scaling factor. Compared with Vins = 20k el F, 4+ 2k ta el Fy
the conventional method in [6], where the gains of the master T . —1,T .

. 2 AK 2 JAK
and the slave side should be equal s, = K, = K toaen AR em 2o ©s

due to the stability analysis, the gains of proposed control +arl Krp +a” rTKrs
law (16) can be independently selected at the appropriate —arl (t = T Krp(t —Tp,)
value for the master and the slave robots. In addition, the —a Tt — T)Kry(t — T)) 1)

delayed feedback and feedforward signals are multiplied
by a motion scaling factor. Fig. 2 shows a block diagranpubstituting (16) into (21), we can get
of the proposed teleoperation system. The "Master+FP?”

— T 3 —-1,T .
and "Slave+FP" show the master's and the slave’s reduced' —~*¢m(AKEm (D) + 20 e, (NAKE (D)
—ofrm(t) —a trs(t = T} K{rm(t) —a lrs(t — Ts)}

d ics in (12).
ynamics in ( ) - ofl{rs(t) — arm(t — Tm)}TK{rs (t) — arm(t —Tm)}.

- ~Fenw )
‘lMafter Slave "~ Substituting (13) and using (8), it can be rewritten as
EFP (lz)F = _ FP(lZ)T Voo T (T)Kém( ) — el () AK Aenm(t)

—atel(t)Keés(t) —a'el () AK Aes(t) (23)
Fig. 2. The synchronized control architecture Thus the derivative of the Lyapunov functidi@ns is negative

semi-definite. To show the uniformly continuity f, s, we



consider the derivative of,,, as follows, a =1 : The slave is operated in a same scale motion
- .. . . affects similarly the force of the slave
Vins = — 2087 Kép, — 20€0 AKAé & miarly the I ) _
1T e —90-1eT AKA 24 The asymptotic stability is guaranteed when the scaling
20 e Keés =20 es (24 factors and controller gains are finite. Hence the proposed
TheV,,, is uniformly continuous, if the, ., &,, €m, s, €m method can in.dependently specify the scale of the motion and
and e, are bounded. Sinc¥,,, is lower-bounded by zero the force relationship between the master and the slavésobo

andV,,,. is negative semi-definite, we can conclude that thBY usinga and 5. The main advantages of the proposed
signalsr,,,, rs, e, ande, are bounded. Note that Laplacecontrol strategy are to scale with different factor of the

transform of (13) y|e|ds Strict'y proper, exponentia"ﬁuel Signals Of the motion and the force eXChanged betWeen the
transfer functions between,,, s andz..,, zs are given as, Master and the slave side and to guarantee the convergence

1 of the position error. Note that the controller gailys and

R )Ri(s) i=m,s (25) ks should be selected in the appropriate range. The smaller
S+ A S+ An k. and ks may deteriorate the tracking performance and
where “s” is the Laplace variable, thd?;(s) and X;(s) the larger ones may exceeds the physical constraints of the
are the Laplace transform of the; and x; respectively. control inputs. Therefore, the force scaling factor shdugd
Since rm,rs € Lo and (25), the outputs of the systemselected considering = o= under the restriction on the
(25) will have the propertyiy,,s, Tm, s € Lo [12] magnitudes ok,, andk,.
andé.,, és € L.,. From assumption 4, the operational and
the environmental force are bounded by the function of theVl. EVALUATION BY CONTROL EXPERIMENTS

Tm;Ts 8SFop,Feny € Loo. From (16), Itis easy to see that | this section, we verify the efficacy of the proposed
Fpm Fs € Loo. Thenwe can getthat,,, 7s € Loo. From (4),  teleoperation methodology. The experiments were carried
the master and the slave robots acceleration are bounded,g$ on a couple of different configuration robots as shown
Em,&s € Loo Which gives us that the signél, andé; are iy Figs. 3, 4 and 5. The master robot is planar serial-link
bounded. Thereforé&’,,, is bounded and/., is uniformly  arm with 2DOF and the slave robot is planar parallel-link
continuous. Applying Barbalat's Lemma [13] we can see thaj,y with 2DOF. The inertia matrices, Coriolis matrices and

Vins(2) — 0 ast — oo. The origin of the position tracking jacobian matrices of the master and the slave robots are
errors given by (8)e.,.es and its derivativesé,,, és are ijentified as follows

the delay-independent asymptotically stable. Therefoee t
teleoperation is synchronized and power scaled. |

Xi(s) = diag(

Master:

M, — [ 1 02 cos(gm1 — qm2)}
In the steady state, we can show that the contact force is Bmz cos(gm1 = qm2) fms
transmitted to the master side. Crm = [ 0 Bmadma sin(gm — qmz)} s gm =0,

—O0m24m1 sin(gm1 — qm2)

—lm1 sin(gm1) L2 sin(gmz2) ]

Proposition 1: Consider the system described by (12)Jm = [lmlcos(qml) 1 cos(qua)
(16) and (17). Then, under the assumption 1-5 and the steagdy _ 0.00149[kgm?], Oz = —0.000764[kgm?], s = 0.000686[kgm?]
state as follows

() = @4(t) = 0, z;(t) = constant, i =m,s, (26) Slave:

we obtain that the scaled contact force is accurately trangg, — |01 T 2053 cos(qs2) sz + o5 cos(gs2)
. . Os2 + 053 cos(qs2) 0s2 ’
mitted to the master robot side as follows

C. = —0s3 Sin(qu)qu —0s3 Sin(QS2)(dsl + qs2) -0
Fop = ks KA(ay, — x5) = F, @7)  Lfesin@2)ia 0 T
ﬂ op — Rs m — Ls) = Lenv . . .
J. — | Tleisin(gs1) — Lezsin(gsr 4+ gs2)  —lsasin(ge1 + gs2)
s ls1cos(gs1) + ls2 cos(gs1 + qs2) ls2 cos(qs1 + gs2)

where = af= >0 € R. ! ) :
Proof: In'the steady state (26), the master and the slafie = 0-366ksm™], 0s2 = 0.0291[kgm7], 0.3 = 0.0227[kgm"].
dynamics (12) are reduced to

Fop=—Fpm=—knKAla T zs — zm)
{Fenv =Fs = ks KA(oxm — xs) (28)
The above equations give
ks
a—Fop = ks KA(QXm — ) = Fepg. (29)
km,
Therefore the scaled contact force is accurately transthitt
to the master robot side. ]

Remark 1. From theorem 1 and proposition 1, we can
conclude the following properties

a>1 : The motion of the slave is scaled up

a <1 : The motion of the slave is scaled down Fig. 3. Experiment setup




synchronization with power scaling between the master and
the slave robots is achieved. Because the controller gains f
the master and the slave robots can be independently sklecte
appropriately as (30).

Figs. 10-12 show the results in Case 2. As shown in Figs.
10 and 11, when the slave robot is pushing the environment
(5-35 [s]), the contact force is faithfully reflected to the
operator. The operator can perceive the environment throug
the force reflection. The environmental force responses are
roughly 5 times as much as operational force responses.
Here the slave robot is larger than the master robot. The¥ig. 12 is modification of the above experimental data for
we should scale up the motion from the master robot toomparison where the position of master robot responses
the slave robot. We also measure the operational and thee multiplied by, the force of master robot responses are
environmental force (i.eFep., Fop in (4)) using the force multiplied by 3 and shifted to the right. From Fig. 12, the
sensors. We use a real-time calculating machine (dSPAGHvironmental forces on contact are accurately transmitte
Inc.) and 1 [ms] sampling rate is obtained. The controlo the operator.
programs are written in MATLAB and SIMULINK, and
implemented using the Real-Time Workshop and dSPACE
Software which includes Control Desk, Real-Time Interface
and so on. We use the environment of an aluminum w

covered by a rubber as shown in Fig. 3.
The controller parametet®, A, k,, andk, are selected

lyy2=0.128[m]

—

Fig. 4. Master arm

Fig. 5. Slave arm

VII. CONCLUSIONS

In this paper, we proposed the task-space synchronized
ontrol for teleoperation with different configurationsdan
ommunication delay. In this method, the motion and force
relationship between the master and the slave robots could
be specified freely in the task space. The delay-independent

as follows asymptotic stability of the origin of the position and ve-
e {5 0} K= [5 0} b =1 k. —6 (30) locity errors was proven by using passivity of the systems
0 5]’ U] and Lyapunov stability methods. The synchronization with

ower scaling and non-negligible communication delay was
chieved. Finally several experimental results showed the
effectiveness of our proposed method.

The scaling factor is selected considering the ratio of thg
length of the link {s1/l,,1 = 1.5625 ~ 1.5) asa = 1.5.
Hence we expected that the motion of the slave robatfs
times and the force of the slave robot is alse- oz,f; =
times as much as those of the master robot. All experimentg]
have been done with an artificial constant communicatio
delay of ' = T,,, = Ts = 0.5 [s]. Two kinds of experimental
conditions are given as follows.

Case 1: The slave moves without any contact. 3l
Case 2: The slave moves in contact with the environment.
In Case 1, we show the experimental comparison betweel!

the equivalent gains ak,, = k; = 1 and the individual
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Fig. 8. Position data in Case 1 (individual gain as (30) )
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Fig. 9. Input torqgue command in Case 1 (individual gain as (30) )
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Fig. 10. Trajectories in Case 2 (proposed method)
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Fig. 11. Time responses in Case 2
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Fig. 12. Shifted and scaled response results of Fig. 11



