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A Novel Input-Output Transformation Method to Stabilize
Networked Control Systems Independent of Delay

Tilemachos Matiakis, Sandra Hirche and Martin Buss

Abstract—In this paper a novel approach for the con- linear systems with uncertain time delay are considered
trol of networked control systems (NCS) to achieve input- in [6], [7]. The classical small gain result requiring the
output stability independent of constant time delay, using open loop system to have a gain less then one is known

the concepts of.% stability is proposed. Main feature is a to b th tive: t ith int t .
special linear transformation of the input-output space of 0 be rather conservauve, e.g. systems with integrators in

the controller and the plant. The transformed signals (linear the open loop cannot be considereq. In consequence, the
combinations) are sent over the network. Main result of this  tracking performance to a reference input is generally poor

paper are sufficient stability conditions for general, input- In this paper an input-output approach is adopted, in
feedforward-output-feedback-passive nonlinear systems.df lines with [8], [9]. In these seminal works conditions
the linear case with known transfer functions neccessary and ! ) .
sufficient conditions are given. for t_he open-loop behavior (_)f feedback compon_ents are
provided that guarantee stability of the feedback intercon
Keywords—Networked control system (NCS), delay- nection. The main re;ult is state_d as follows: .“If the open
independent stability, finite gain .% stability, input- loop can be factored into two suitably proportioned, conic

feedforward-output-feedback passivity relations then the closed loop is bounded.” The small gain
theorem and passivity become special cases.
I. INTRODUCTION In our approach we assume plant and controller to be

The motivation of the work presented here comes frorf{fiPut-feedforward-output-feedback-passive (IF-OFRg-re
networked control systems (NCS), where the plant and tHions such that stability for the closed loop system is
controller are spatially separated, and connected througiaranteedvithout time delayi.e. the open loop can be
a communication network, see e.g. [1] for an overvie Jactored into suitable conic sectors [8]. The class of IF-
One of the major advantages associated with the u§¥P systems is very general also including certain “well-
of communication networks for signal transmission irP€having” unstable systems. The key idea is to transmit
control systems is flexible reconfiguration: Nodes can b@ linéar combination of input and output variables (by
added or removed without additional wiring effort. Thetransformation) instead of direct communication. As a
number of active nodes sharing the communication linEesult the IF-OFP property of the plant is preserved through
has an effect on the communication parameters in tern§d€ network independently of the time delay; the closed
of communication time delay, packet loss, and availabll9OP System is stable. Interpretation in terms of conic
communication bandwidth. In consequence, these commg€ctors: By input-output transformation the IF-OFP conic
nication parameters may not be known exactly or not at afi€Cctor is rotated such that a non-conservative finite gain
during the controller design stage. In this work the problen2 condition is satisfied for the transformed input-output
of unknown, constant time delay is addressed. Main contfélations. In fact, we show that the small gain condition is
bution is a novel method to input-output stabilize NCS witisatisfied in the transformed loop, i.e. stability is achéve
unknown, constant time delay. The plant is represented BgF arbitrarily large, constant time delay. Interestingpr
an input-output relation, that can be nonlinear and timegrties of the resulting NCS are that the design goals for sta-
varying. bility, performance and, insensitivity with respect to &m

It is well-known that time delay in a closed control loopd€lay uncertainty do not rely on knowledge of the time
degrades performance and can lead to instability. In tfi€lay value. Compared to the standard small gain approach
rich literature on time delay systems mostly state-spadf€ controllers can be tuned rather aggressively similar
approaches are considered, see [2], [3] for an overviel? the casewithout time delay The resulting tracking
The time delay input-output approaches in [4], [5] assumgerformance is good in a large time delay range. In case of

the time delay to be known. Input-output approaches fdpassive subsystems, the proposed approach is equivalent to
the well-known scattering transformation [10], [11] widel
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A. Notation Ill. PROBLEM FORMULATION

Let £33 denote the extended’, space of time functions  We consider a system consisting of a plagt %, — %,
of dimensionm with support on0, ). We consider causal and a controlleih. : & — % as mappings from the plant
mappingsh: % — %, where %7 and % are appropri- input u, € %, C £ to the plant outputy, € %, C £
ate subspaces af/;; and h(t=0)=0. The system is and from the control erroee & C £ to the controller
supposed to be well defined in the sense that to eadutput y. € % C .5, see Fig. 1. The control error is
element in7/ an element in% is associated. Leflu|| defined a®=w—uc wherewe % C .2 is the reference
denote the. %> norm of a piecewise square-integrableinput andu. the lefthand side output of the communi-
function u(-) : R, — R™ with R, being the set of non- cation channel. The plant is connected to the controller
negative real numbers ari®@™ the Euclidean space. The through a communication network. In this paper we pro-
truncation ofu(-) up to the timet is denoted byw(-). pose not directly to transmit plant (controller) output ove
The inner product of the truncated signeisy; is denoted the communication channel, but a linear combination of
by (u,y)t, hence||u||? = (u,u);. For later analysis of linear plant (controller) output and input. Here a memory-less
time-invariant (LTI) systems, we denote Bg|” the H.,  transformation is favored due to the limited computa-
norm of the transfer functiots. tional power on the plant side. The considered constant
B. Input-Output Stability transforrTnation matriXM € R2™2M maps the plant input-
output z, = [ul Y], Zp € % x %, to the righthand side
transmitted valuesy = [u/ v ]; analogously for the con-
troller side

Among the variety of input-output stability notions we
consider finite gainZ, stability in this paper.

Definition 1: A dynamical systenh is said to be finite
gain .2, stable if there exists a positive constgne R
such that for each admissiblec % and eacht € [0,0)  with zI = [yz UI], Z € % x % the lefthand side com-
we have [12] el < Vil (1) Munication input-output,s” = [u" v[] the lefthand side

- ' transmitted values, see Fig. 1. Note that idr= Iy,

The feedback components in this paper are assumed\igth | the identity matrix, the standard approach without
be input-feedforward-output-feedback-passive (IF-OFP) transformation is recovered.

Definition 2: A dynamical systenf is said to be input-  The network is modelled as a forward time delay oper-
feedforward-output-feedback-passive (IF-OFP) if thece e ator hy, (plant to controller channel) and backward time
ist constants, € € R such that for each admissiblec % delay operatohy, (controller to plant channel) with time
and eacht € [0,0) we have [12] delaysT; andT,, respectively. Accordingly, the relation be-

(U, y)t > 8]|ue]|>+ €|y > (2) tween inputs and outputs is given by, : ur(t) = u(t —Ty)
and hr, :vi(t) = (t—Tz). Thus, the valuey is trans-
mitted over the forward channel and arrives delayed by
the time delayT; at the plant, now denoted by,
analogously for the backward channel. It is assumed
fhat u(t) =0 Wte[-T1,0] and v (t) =0 ¥t € [-T»,0].

=Mz, and §=Mz 3)

In physical interpretation(u,y);: represents the external
energy flow into the system up to the timeThe above

input-output description is a generalization of the pagsiv
concept. Ifd = € = 0 then the system is passive, i.e. it doe

not generate energy. & = 0 ande > 0 the system is called ) . i
output feedback strictly passive and &> 0 ande — 0 For f}thher reference we define the following 3 ;ubsys
tems:v, = hy(ur), Ue = ha(ye), andu; = hz(v;), see Fig. 1.

input feedforward strictly passive. In both these cases thé Throughout the paper we assume that the closed

system dissipates energy. If one or both of the valbies loop system is well posed, ie. for each input sig-

are negative then there is a shortage of passivity in theé . . ; .
. nal w € % there exists a unique solution for the sig-
system. The system can generate energy, but this energy
is bounded by the square®, norm of the input and/or ho
A

the output signal. Note, that IF-OFP is a special case of h
dissipativity with a special quadratic supply rate [13B]1 | ] |

One important stability result for closed loop systems ve wi = lw Up
comes from the IF-OFP property of its subsystems. Con- l—» > I > l
sider two IF-OFP systemB, and h satisfying (2) with nput-
somed, & with i € {p,c}. Ot z i Output

Proposition 1: The negative feedback interconnection he Transfor- Gain Transfor- ho
of hp andh is finite gain.#, stable if mation Loop mation

&+06,>0 and &+ >0. Te Network
Proof: See [12]. | W-»@T “— E‘ " —

Clearly, some of thé, & can be negative if compensated
by other positive values. Within the passivity formalism s
this can be interpreted as balancing passivity shortage and
excess passivity between subsystems. Fig. 1. NCS with input-output transformation.
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nalse, uc,ye, U, Vi, Ur, Vr, Up, Yp that causally depends am  of subsystemh, containing plant, time delay operators
Further, we assume the following system properties:  and transformation, and the controlley, see Fig. 1. The
1) The time delaysT; and T, are arbitrarily large but Ssubsystemh, can be shown to be IF-OFP. Moreover,
constant. the following theorem gives necessary and sufficient con-
2) Planth, and controllerh; are IF-OFP withd,g  ditions for the exact preservation of the plant IF-OFP
with i € {p,c} satisfying Proposition 1, i.e. the feed- propertiesdy, &p through the network to the subsystém
back interconnectiorwithout time delayis finite independent of the time delay.

gain .%, stable. Theorem 1:The subsystenh; is IF-OFP withdy, &y if
Clearly, under these assumptions considering the sta®?d only if the following holds
dard approach, i.eM =1, the closed loop system can be cot28 = gpb— @7 (6)
unstable. This can easily be verified as shown e.g. in [10] b
for passive subsystems. The main result of this pap&nd a(6) >0, )

is a delay-independent finite gai&s stability condition . The second condition (7) merely defines one of the
for the closed loop system of any plant-controller paig, o existing solutions@ of () in the interval[— T, ],

safisfying assumption 2) together with the input—outpugee Lemma 2. As this solution, denoted &}, exi52t7s 2for

transformation. The result is _constructive with respect Qachb > 0, this scaling parameter can be chosen freely
the design of the transformatiov. to meet performance requirements. Crucial point of the
IV. MAIN RESULT proposed approach is that the input-output transformation
For convenient notation we consider a single-inputifansforms the IF-OFP plain, into a finite gain# stable
single-output plant and controller in the following, SUPSystemu such that
i.,e. m=1. Where non-ambiguous, the time argumént a(6%)
is dropped for convenience of notation. Before the main [IVeell = I (U el < oy lure

resullt is stated some technical lemmas are given. All proof]soIdS where B(6%) is defined analogously
are in the Appendix.

* %
Lemma 1:Without loss of generality the domain to (4), q(e.)zo (7) af‘d p(e7) >0, see_Lemma 2.
; . . The derivation of the gainy,, can be found in the proof
of 6,6 in IF-OFP systems (2) is considered 1
. of Theorem 1. A constant time delay operator does not
by Q=Q;UQ; with Qi={0,eeR|de<1/4} . A . )
. alter the signals%, gain, i.e. its energetic properties,
andQ, = {9,e ¢ R|oe =1/4;¢ > 0}. . o . ; :

. . during transmission, since it has & gain equal to
Accordingly, from now on we conside(9, ) € Q. one 1 The inverse transformatiom-2 is a
Lemma 2:Consider the expressions e yn = = .. nv ! 'S

bijection as well, and therefore the exact energetic plant

i,

a(6) =sin(6)coq6) — % co(6) — epbsir?(6) properties are recovered at the subsystem N
5 b (4) From this rgsult it is straightforward to conclude finite
B(6)=0a(6)+-> +&pb gain % stab|l.|ty of the closed loop system.
b Corollary 1: The closed loop system with the transfor-

where 6,ie{1,2} are the two solutions mation (5) and the transformation parameters satisfying
of cot(20) = ggb—Jp/b in the interval [-7, 7], b>0, Theorem 1 is delay-independent finite gy stable.
and (dp, &p) € Q. Then the following statements are true:  Thus, a bounded inputve % implies a bounded
- a(61),B(61) >0 anda(6,),B(62) <0 if (dp,&p) € Q1,  output yp, € Z%. Moreover, it implies all signals being
-a(8)=0, B(8)>0if (8, &p) € Qo. boundede, U, Yc, Uy, Vi, Ur, Vi, Up, Yp € Z2e, as shown in the
We are now able to state our main result. The transfoproof. As an important result, the feedback interconnectio
mation matrixM is parameterized as a rotation matRx of any controller-plant pair satisfying the finite gai#f
and a scaling matriB condition from Proposition vithout time delayis finite
M=RB with gain %, stable forarbitrary large time delayby using the
proposed transformation.
R_ { cosf sinf ] . B— vb 0 (5) An interesting viewpoint gives the interpretation of The-
—sing@ cosf |’ 0 % ’ orem 1 from a small gain perspective. Therefore the closed
. . . loop system is decomposed into the subsystembs hr,,
with the rotation anglé & -3, 7] an_d the ?Ca"”.‘?’ param- andphTZ where thetran;)mittedsignalsuh Uy y Vi, Vi act ;s
gterb > 0, both constant. The mapping byis a blject!on; inputs and outputs. The open loop system
it belongs to the class dfpecial linear transformations
i.e. detM = 1, hence is non-singular, an inverse exists. For hoL = hgohr, ohyohr, 9)

the following stability result only the rotatioR is crucial. is considered withw =0, see Fig. 1. From the previously

The scalingB gives an additional degree of freedom forstated boundedness of all inputs and outputs it is clear that

performance design aspects. . - .
For the following consideration the closed loop systerﬁhere exists a finiteZ, gain yoL < e such that
W, (10)

is decomposed into the negative feedback interconnection lhoL(Vio)t]l < you| Vit
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Fig. 2. (a) The sector of an IF-OFP plant. (b) The sector ofglaat  Fig. 3. (&) Finite gain®, stable system after applying input-output

and the controller satisfying Proposition 1. transformation to the plant and controller from Fig. 2 (b).€hivalentZs
gain sector of an IF-OFP system.

With yoL = Yhs ¥, W, Y1, = YhsVhy - In fact, the system satis-

fies the small gain theorem in transformed coordinates. are straightforward to apply here.

Corollary 2: The open loop systemhpg. has a
£ gainyoL < 1.

As shown in the proof, the subsysteim has a Conic sectors in the input-output space give a nice geo-
% gain y, with Vﬁs < B(6*)/a(6*) as long as Propo- metrical intuition of IF-OFP systems behavior, see e.g. [8]
sition 1 is strictly satisfied. Hence, with (8) the small gain(9]. In a similar manner the input-output transformation
property in the communicated variables can be deduced. §@&n be interpreted as a rotation and a scaling of conic
fact, with equality in Proposition 1, i.e. marginal stafyili sectors as discussed in the following. For ease of disaussio
also the open loop gain becomgs, = 1. The % gains @ memory-less IF-OFP system is considered as plant even
of the transformed subsysterhs and hz depend on the though stability related notions are futile in this caseeTh
IF-OFP properties of plant and controllgy, = y, (3p,&,)  |F-OFP property (2) holds instantaneously, i.e.
and v, = ¥h,(Jc, &). More conservative, i.e. higher values >
of Jp, gép anééc, & in Proposition 1 result in a smaller open UpYp > Gl +€pYp Wt (Gpgp) € Q. (1D)
loop gain, hence higher stability reserve. Note, that thgeometrically, this equation describes a conic sector in
small gain theorem is only satisfied for the mappings witkhe u,-y,-plane (including its in the origin mirrored part),
the communicated (transformed) variablgsur, v, i @ where the system input-output is instantaneously con-
input/output, but not for the mappings with the (original)fined to, see [8], [9] for a similar consideration. The
control variablese, yc, Up, yp. following results are mainly derived from (11) by pa-

Remark 1:In case of unstable plants the proposed apameterizing the plant input and output in polar coor-
proach locally pre-stabilizes in an input-output sense, bNinatesup(t) =rp(t)cosBp(t), Yp(t) = rp(t)sinBp(t) and
the righthand input-output transformation. This becomesome straightforward mathematical manipulation.
clear from (8), where every IF-OFP plaht, described A conic sector in the plane is described by its center-line
by (2) results in a finite gair¥; stable systenh after the angle and its apex angle. The center-line ar@ijléor the

A. Conic Sectors Interpretation

right hand transformation. conic sector defined by (11) is the solution of
Remark 2:The proposed approach is straightforward to
apply for multi-input-multi-output plants, however, with cot26, = &y — Op, (12)

:jhe restriction that pla_nt Inputs _and outputs have the A the interval[0, 5], and the apex angleBR, the solution
imensionm. Current investigations include the extension
to systems with different input-output dimension. &p+Op

Remark 3:For passive plants, i.e. with= & =0in (2), cos By p = >

_ SR ) V/(1—43p¢p) + (€p + Jp)
the proposed input-output transformatién= 7 is equiv-
alent the well-known scattering transformation [11], [16}with 6, € [0, 7). At each time instant the input-output
widely used for the stabilization of teleoperation system®f a memory-less system lies within the conic sec-
Hence, the scattering transformation is a special case wff 6p(t) € [6, — 6« p, 8.+ 6B p] Or its mirrored counterpart,
the proposed input-output transformation. see Fig 2 (a) for a visualization.

Remark 4:Instead of the time delay operator any other 1) Sector Interpretation of Proposition 1Given the
causal operator with a% gain y<1 can be inserted plant sector by (11) the finite gais stability condition
without affecting the above stability result. In fact, manydetermines the allowable controller sector. Using a simila
scattering based approaches to cope with communicatieechnique as in proof of Corollary 2, the allowable con-
effects such as time-varying delay [17], [18] and packetroller sector is derived to bé(t) € (6;— 6 p, 6.+ 6 p)
loss [19], [20] are based on the small gain principlevhere6y, = 7 — 6 p. Note, that due to the strict inequality
within the scattering variable domain. These approachés Proposition 1 the controller is confined to an open set in

2893



a sector with the same center-line as the plant, and comp: Stronger Stability Condition for Known LTI Systems
mentary angle with respect to 180The larger the sector  The LTI plant and controller are described by the
of the plant is, the smaller the allowable sector for the.ansfer functions

controller. The plant sector together with the for stapilit
allowable controller sector is visualized in Fig. 2 (b).

Yo(s) Ye(s)
GD(S) Up(S) ) GC(S) E(S) .

2) Input-Output-Transformation:By the input-output respectively, wher&p(s) andUp(s) represent the Laplace
transformation the IF-OFP plant with input, and out- transformations of the plant outpyf(t) and inputup(t),
puty, is transformed into a finite gair¥s stable subsys- and Ye(s) and Ug(s) the Laplace transformations of
temhy with inputu, and output;. Observe that the center- the controller outputyc(t) and input e(t). Accord-
line angle for the IF-OFP plant given by (12) is equal td"dly,; Gi(s),Ga(s) denote the transfer functions describ-
the rotation angled* derived from Theorem 1 fob=1, ing the hy and hs, respectively. The open loop transfer
i.e. without scalingB = l,. Considering a scalindp # 1 function similar to (9) but without the time delays, T, ,
in the transformation the center-line of the IF-OFP plant€- GoL(S) = G1(s)Gs(s), is given by
_and controller sector changes to cBi2 gpb— dp/b. This b?Gc + Gp — btan(8) — beot(8) GGy,
is exactly the rotation angle given by Theorem 1 for the GoL = b2Ge -+ Gp + beot(6) + btan(0) GG, (13)

general case with scaling. Thus, by the transformation the

sector of the plant is rotated such that the sector of th¥here the Laplace variableis dropped for convenience
subsystemsh; has a center-line angle o, — 0. This of notation. Delay-independent stability can be guarahtee

however, is exactly the conic sector representation foefini only if the small gain theorem is satisfied.

gain %, stability, e.g. for the plant side in the transformed quollary 3 The linear t|mg-|nvar|ant closed loop Sys-
coordinates|vi|| < yhy||ur;|. The apex angles@ p, 26;c tem is asymptotically stable independent of constant time

of the plant and of the also rotated allowable controllef€Y if and only if|Go,|” <1. o
sector are invariant to the rotation though may hav? roof. The proof is stralgh_tforvyarq by gon3|der|ng the
changed due to scaling t09,2p, 26/ ., they are related ull open loop tr_ansfer functl_on, ie. mcludmg the forwar
to the % gain by tare;ip _ )'hl" and farﬂlic = 1/y,. The anc_i b_ackward time d_elay withi = T1 + T, which clearly
allowable controller area thus, expresées the small gaﬁ?t'Sﬂes the small gain theorem as

theorem of the open loop with the “rotated” subsystéms  |Go e /9T < [GoL|”|e 1¥T|* = |G| <1. m
andhz as has been shown also in Corollary 2. The rotation
of the IF-OFP plant and controller from Fig. 2(b) to a finite
gain .%, stable system is visualized in Fig. 3(a).

This condition is necessary and sufficient. Applying

Theorem 1 leads to the more conservative stability re-

sult yh, Yh, = |G1|”|G3|” < 1. The conservativeness comes
For comparison the classical small gain approach iBom the fact that most generallyG;Gs|® < |G1|®|G3|®

discussed. For simplicitp = 1 is considered. Clearly, holds with strict inequality. Equality is given only if the

the IF-OFP plant from Fig. 2 (a) can also be repmaximum magnitude ofG; and G; appears at the same

resented by anenlarged conic sector symmetric to frequencywmax= arg sup, a|G;] = arg sup, o[Gs] with @

the up axis, as shown in Fig. 3 (b). For the openthe maximum singular value.

loop gain ypye =tan(6 )tan(6;) <1 has to hold,  Under the restriction of Corollary 3, the controller and

where 267 | > |26k p| is the apex angle of the enlargedthe transformation can conjointly be designed in the LTI

conic sector for the plant. Accordingly, the stability alo case with known transfer functions; knowledge of the time

able controller sector with apex angl26? | < |26cc| is delay value is not required.

smaller than with the transformation approach, i.e. is more

conservative. V. PERFORMANCEISSUES

. In the following some performance issues as the steady
The main idea of the proposed approach can be surBee pehavior, and sensitivity to time delay uncertaingy a
marized as rotating the plant and controller conic sectof§jefy discussed for LTI plants and controllers. The closed
to achieve a non-conservative, gain representation in 105 ransfer functionG(s) from the reference input

the communicated signals compared to the classical smﬁgl the plant outpul, is computed by the transformation
gain approach. Arbitrarily large constant time delay doeéquations (3) to be

not alter this representation.

Note, however, that Corollary 1 gives only a sufficient G(s) = J\F;g = Go(s)Gyr (s)e™ ™ (14)
condition for finite gain% stability as it relies on the
sufficient stability condition from Proposition 1. This can 1—GoL(s)
be expected as only very few knowledge of the plant and Gir(s) = T—Go(s)e 5™ (15)
controller input-output relation is required. In the follimg ) oL
LTI systems withknowntransfer functions are consideredWith Got
for plant and controller to obtain a necessary and sufficient
condition for delay-independent stability.

where

from (13) and
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The system can be seen as a series connection of the3) Zero Time Delay CaseAs the time delay reduces
standard closed loop syste@y without time delay and to zero, i.e.Ty =T, =T =0, the system reduces to that
transformation ané;, describing the influence of the time without input-output transformation, i.&(s) = Go(s) as
delay and the input-output transformation. be aggressivestraightforward computable from (14) and (15). The state-
designed without considering delay in the loop. ment holds as well for the general nonlinear case. This is
interesting as the controller can compared to the standard
1) Steady State BehaviorThe steady state behavior small gain approach be rather aggressively designed with-
with transformation and time delay is equivalent to thgyyt considering time delay. For zero time delay “nominal”
Steady state behaVior W|th0ut transformation and Withol.ﬁerformance iS recovered_ Together W|th IOW Sensitivity

time delay as easily derivable by settisg=0 in (14) this means that performance deteriorates gracefully for
and (15) resulting irG(0) = Go(0). For the nonlinear case jncreasing time delay.

this can be observed from the steady state condffiens;, o

henceze = M~1s = M~1s = M—lMZp =27, In summary, the proposed approach shows significant
In terms of steady state error the proposed approa@rgvantages over the standa_rd small gain approach. In

clearly outperforms the standard small gain approadiiCl €ven delay dependent input-output approaches are

which requires|Ge(jw)Gp(jw)| < 1,w >0, ie. free in- outperformed as_shown in a forthcoming paper [21_] in

tegrators in the open loop are not allowed. This leadhreory and _experlments. Here we demonstrate its efficacy

to a rather large steady state error, dajt)| . > 1w PY @ numerical example.

for a reference step input. In the proposed approach VI. NUMERICAL EXAMPLE

free integrators in plant or controller do not necessarily

appear as free integrators @p_ (13). As a result delay- o .
independent stability can still be guaranteed by Coroll-OW sensitivity to time delay of the closed loop system

lary 3. Further, since the steady state of the closed loop Sleth the proposed transformation approach. The controller

tem is not affected by the transformation, an integrator ii designed a-priori without considering the constant t_ime
the plant or the controller will guarantee zero steady sta glay. The parametels8 are chasen afterwards according

error. This can be easily demonstrated using exampletg’, Corollary 3.

The goal of this example is to show stability and the

e.g. Gp(s) = sil Ge(S) = éﬁ@ b—16—30 satisfies A Stable LTI plant is considered with the transfer func-
) S b 9 .
Corollary 3 and has zero steady state error. ion 1

Gp(s) = .

2) Sensitivity with Respect to Time Delay Uncertainty: ’ (0.55+1)(0.1s+1)
The proposed approach guarantees delay-independent P!l controller, heuristically tuned to give without time
bility, in the following we show that by appropriate designdelay a compromise between overshoot and rise time and
also the tracking behavior is rather insensitive to tim@ero steady state error, is used
delay uncertainty. Low sensitivity to time delay uncertgin 6(0.75+1)
means that a similar performance can be guaranteed in a Ge(s) = — s
large range of time delay values. The sensitivity of th$

closed loop system input-output behavior (14) with respe p order to achieve low time delay sensitivity in the low

to time delay is given by requency range the rotation and@lés chosen as a function
of the scaling parametdr according to

« T dG* ST GoL * 1
F = gar =S e S? (0)=GoL(0)=0= 6 =cot *(b),  (16)

] ) and the optimization problem
where G*(s) = Go(s)Gyr(s) is the transfer function (14)

without the purely time shifting parteSt. The min|Go (jw)[*,

sensitivity becomes low for smallGo.. Note that

this does not contradict the small gain stabilityis solved numerically for the intervals € [10-2, 10|
requirement for Go. from Corollary 3. Insensitiv- and b e [1072,10%] by carpet search using theninbnd

ity § =0 can be achieved using a proportional confunction of the MATLAB optimization toolbox.
troller Ge(s) = £tanf, independently of the plant. This The result of the optimization isb=0.4852 and
follows straightforward from substitutinGc in (13) result- by (16) 6=111(6412). It is straightforward

ing in GoL =0=>S" = 0=> Gy (s) = 1. The closed loop to show that [Go|* <1 holds, ie. the system
transfer function (14) reduces B(s) = Go(s)e S" with is delay-independently stable. The step responses
the time shifting part having no effect on the transienfor different values of the round trip time
performance. However, a proportional controller usuall@elay T € {20, 40, 80, 200} ms in Fig. 4 show a graceful
does not meet the performance requirements. Generalpgrformance degradation with increasing time delay when
a compromise should be made between performance aif¢ proposed approach is applied. As expected, without

insensitivity with respect to time delay uncertainty. transformation large oscillations occur with increasing
time delay; the system is unstable for= 200 ms.
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15 T=20ms . T=40ms input-output behavior. Analogously, in cas® e € Qq

Without - Without the reformulation of (2) leads ta(t) <0 which can be
] o transformation (s tensomaton satisfied only foru(t) = 0 since(de —1/4) > 0. ]
> / = A Proof of Lemma 2: If (0,€) €y, for the
051 |/ with transformation 0.5 | [ With transformation two angles 6,ie{1,2} it can be shown
. that o(6)B(6)=%—-306>0 meaning that a,p
0 1 2 3 % 1 2 3 have always the same sign for each angle, and
furthermore a(6,) = —B(61),6(62) = —a(61) meaning
15 T=8ms s T=200ms. that a(6),B3(6) have always different signs for the two
' n,Without ' |y Without angle solutions@,,i € {1,2}. Combining the above the
! /transformatlon M/xtraqsformatlon . .
1 AN ’ RS i first part of the lemma is proved.
.o N e b If (0,€)€Qy like before we
0.5 With transformation 0.5 with lr@nsfor{natipn get a(6)B(6) = 711 —0e=0 meaning that
b some of a,pB are zero and further-
% 2 3 % T 2 3 more B(&)=a(6)+o+e=B(8)>a(b),
time [s] time [s] thusa(6)=0,5(6) > 0. u
Fig. 4. Step response of the system with and without the framation ~ Proof of Theorem 1.To be shown is that the energetic
for various round trip time delay values. input-output behavior, i.e. IF-OFP property with, &p,
of the plant is inherited to the subsystdm i.e.
VII. CONCLUSIONS <yc7uc>t > 6p||yc,tH2+£pHuC,t”2~ (17)

This paper presents a novel input-output approach
stabilize networked control systems in the presence
arbitrarily large constant time delay. A linear combina

t - o "
g%ufﬂmency Rewriting the IF-OFP condition (2) for the
plant in terms of the transmitted variablgsgives

t t
tion of plant and controller input and output is trans- §M*TSM*13dr2/ sTM~ DM !sdr (18)
mitted over the communication channel instead of the 0 0
direct plant and controller output. It is applicable towith o 1 5 0
' i i - 2 |'p=| 9
all input-feedforward-output-feedback passive plants in S= [ 19 },D [ 0 & ]
2

cluding time-variant and non-linear systems. A sufficient
condition for finite gain.% stability is derived for the Subtracting the lefthand side from the righthand side we
general non-linear case with largely unknown model; &€t ;

necessary and sufficient stability condition for LTI system / SrT{Ci,j}Sde >0, i,je{1,2}, (19)
with known transfer functions. The proposed approach 0

allows non-conservative controller design without considwith the matrix{c; ; }

ering time delay in the loop resulting in superior tracking
performance. Due to the low sensitivity to time delay 51
the performance remains good even for high time delay ¢;,=cy,; = Zcos® — (gpb— —p)—sinZB =(0);
values. In this sense the proposed approach outperforms 2 b2

many other known time-delay input-output approaches. c,, = —B(6)=—a(0)— % — gob.

Future research addresses optimal controller design, the b

investigation of more general transformations and, thBY inserting (6) intocy 2, c21 we can rewrite (19)
varying time delay and packet loss problem. a<9)||ur.t||2*B(9)HVr,t 250,

C11= 0(9);

[E=Y

ACKNOWLEDGMENT hence the cross terms in the quadratic form are cancelled.
The authors are indebted to Prof. K. Diepold from Tech- According to Lemma @spb: dpép € Q, hence we can
nische Universit Munchen for his inspiring comments. chooseg € [-7, 7] such thata > 0,3 > 0, see Lemma 2.
Thus, the subsysteim, see Fig. 1, is finite gait, stable

APPENDIX with
Proof of Lemma 1: If 3,6€Q=030UQ, . a(e)
with Qs = {5,6 € R|Se > 1/4;¢ < O}, and Vel = 1Pa(ueell < oy luel] 9t with = g

Q,={0,e€R|0¢ >1/4;¢ >0}, degenerate cases
occur. In cased, € € Q3 multiplying (2) with € <0 and
taking the square complement it follows

Taking further into account that the constant time
delay operator has an% gain equal to one and
using the assumption thau(t)=0 Vte[-T,0

Alt) =|ley — %||2+ (6 —1/4)||w|>>0, Wt andv;(t) =0 ¥t € [-T,0], we may state
ich | isfi i i g1 < flure]|?

which is satisfied for any pairu(7),y(t) since rtil = Ll

(6e —1/4) > 0 imposing thus no restriction to the system [Vigl? < [lwel?, ¥E>0.
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It follows that

a(8)|ull®~B(8)[l? = 0.

Analogously to (18) we may rewrite the latter equation apenceyn, yh, < 1, and thusp,, < 1.

t t
/slTM*TSM*ls.drz/ SM-TDM lsdr  (20)
0 0
which expressed in the variablgs, uc is nothing else 1]
than (17). Fornecessityit only has to be shown that
without this cancellation the time delay alters the enécget [2]
behavior of the subsystetm. This is straightforward to

show for a counter example such ggt) =k-up(t). = 3]

Proof of Corollary 1: We have to show that bounded in- [4]
put w e % implies bounded output, € %%.. By apply-

ing Proposition 1 to the closed loop system decomposed
into subsystems$y, and h; it is straightforward that also [5
the signalsuc,yc,e € %e. It remains to show that this
implies the plant outpuy, € Z2. Sinceu,v; are linear
combinations ofic, y. we haveue,ye € %e = Up, V| € Zoe.
The constant time delay operator is a finite gaih
stable operator sou;,vi € % = U,V € %. Since
againup,yp are a linear transformation af,v;, we have
thatur, vy € Z2¢ = Up,Yp € L2, i.€. there exists § < o
such that|lypt|| < y|wt|| holds Vt. Assuming the plant
output to be unbounded, i.e.yp ¢ %, results with
the same arguments as above in a contradiction to th#l
assumptionw € %%. [ ]

[6]
[71

(8]

Proof of Corollary 2:For the subsysterhg, it is straight-
forward to show that

(10]

[ho (Vi) < volll 1]
With Vo, = WV Y Vi, = Wiy Since for the time
delay operatorsyr, = yr, = 1 holds. It remains to [13]
show that yh,h, < 1. Substituting the transformation
equations (3) in (2) for the plant and using inequal-[l4]
ity kuy< |K|2(u?+y?),k € R, an upper bound for the

gain of the subsystenty, is computed by 115]

a(8)+14(6)|
B(6)—1¢(0)]

The % gain y,, of the subsystem$iz depends on the
valuesd; ande;. In order to derive a statement on the operil7]
loop gain yh,¥h,, Y, iS parameterized according Proposi-
tion 1 in terms ofdy, £y and a deviatiom\ accounting for
the strict inequality. Therefore we set

A= min[(gp+ 8)b, (€ + ) /b] > 0.

Ve | = NP (U )el| < vy lurell, - with v, < a6

(18]

(19]
It is straightforward to see that the controller
satisfies also (2) with, = —&,+A/b, €. =—0p+Ab
as o, < &, & < &. For, these values, g, and following
the same procedure as before an upper bound forzthe
gain of the subsysters is computed

[20]

(21]

B(6)+14(6)[—A
a(8)—14(6)[+A
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luell = [Iha(vi.e)ell < oI ell, with yf, <

Choosingé from (6) (7) it follows {(6) =0 and thus

a(6) B(6)—A

B(6) a(6)+A

Vo Vo, <

<1,

REFERENCES

Y. Tipsuwan and M. Y. Chow, “Control methodologies in netk
control systems,’Control Engineering Practicevol. 11, pp. 1099—
1011, 2003.

J.-P. Richard, “Time-delay systems: an overview of somemec
advances and open problemayitomatica vol. 39, pp. 1667-1694,
2003.

K. Gu, V. Kharitonov, and J. Chergtability of Time-Delay Systems
2003.

T.T. Georgiou and M.C. Smith, “Robust Stabilization iretkap
Metric: Controller Design for Distributed PlantsJEEE Transac-
tions on Automatic Controlol. 37, no. 8, pp. 1133-1143, August
1992.

C. Bonnet and J.R. Partington, “Bezout Factors and LG
Controllers for Delay Systems using a Two-Parameter Compansat
Scheme,”|IEEE Transactions on Automatic Contralol. 44, no. 8,
pp. 1512-1521, August 1999.

J. K. Hale and S. M. Verduyn Lunel|ntroduction to functional-
differential equations 1993.

Daniel E. Miller and Daniel E. Davison, “Stabilization the Pres-
ence of an Uncertain Arbitrarily Large DelaylEEE Transactions
on Automatic Contrglvol. 50, no. 8, pp. 1074-1089, 2005.

G. Zames, “On the Input-Output Stability of Time-Varyinghlin-
ear Feedback Systems, Part |: Conditions Derived Using Qusice
of Loop Gain, Conicity, and Positivity,” IEEE Transactions on
Automatic Contralvol. 11, no. 2, pp. 228-238, 1966.

G. Zames, “On the Input-Output Stability of Time-VaryingMin-
ear Feedback Systems, Part II: Conditions Involving Ciratethe
Frequency Plane and Sector Non-LinearitieEPEE Transactions
on Automatic Contrglvol. 11, no. 3, pp. 465-476, 1966.

R.J. Anderson and M.W. Spong, “Bilateral Control of @gberators
with Time Delay,” IEEE Transactions on Automatic Contralol.
34, no. 5, pp. 494-501, 1989.

G. Niemeyer and J. Slotine, “Stable adaptive teleojmmgt
International Journal of Oceanic Engineeringol. 16, no. 1, pp.
152-162, 1991.

] H. K. Khalil, Nonlinear Systems1996.

D. Hill and P. Moylan, “The Stability of Nonlinear Digsative
Systems,”|EEE Transactions on Automatic Contradol. 21, no. 5,
pp. 708-711, 1976.

J. C. Willems, “Dissipative Dynamical Systems - Part |: €el
Theory,” Arch. Rational Mechanics Analysigol. 45, pp. 321-351,
1972.

J. C. Willems, “Dissipative Dynamical Systems - Part linkar
Systems with Quadratic Supply Rategtch. Rational Mechanics
Analysis vol. 45, pp. 352-393, 1972.

R. J. Anderson and M. W. Spong, “Bilateral control ofeperators
with time delay,”|EEE Transactions on Automatic Contrafol. 34,
no. 5, pp. 494-501, May 1989.

R. Lozano, N. Chopra, and M. Spong, “Passivation of Eorc
Reflecting Bilateral Teleoperators with Time Varying Delayn
Proceedings of the 8. Mechatronics ForuEnschede, Netherlands,
2002, pp. 954-962.

S. Munir and W.J. Book, “Internet Based Teleoperaticsing
Wave Variable with Prediction,” ASME/IEEE Transactions on
Mechatronics vol. 7, no. 2, pp. 124-133, 2002.

B. Berestesky, N. Chopra, and M. W. Spong, “Discrete TiRaes-
sivity in Bilateral Teleoperation over the Internet,” Rroceedings
of the IEEE International Conference on Robotics and Autina
ICRA'04, New Orleans, US, 2004, pp. 4557-4564.

S. Hirche and M. Buss, “Packet Loss Effects in Passivepresence
Systems,” inProceedings of the 43rd IEEE Conference on Decision
and Contro] Paradise Island, Bahamas, 2004, pp. 4010-4015.
T. Matiakis and S. Hirche, “Networked Systems with Timeldye
Stability and Performance with a Input-Output-Transforoathp-
proach,” inProceedings of the IEEE International Conference on
Control Applications CCA’06Munich, Germany, 2006, to appear.



	Main Menu
	Symposium Overview
	Program at a Glance
	Session Index
	Author Index




