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Abstract— The stability and performance of a networked
control system (NCS) strongly depends on the communication
quality in terms of time delay for example. According to the
Quality-of-Service (QoS) concept in modern communication
technology, the communication quality can be adapted to the
requirements of the network application. This paper presents
a first approach to conjointly control the NCS as well as the
communication quality on basis of the QoS concept. We assume
that the controller together with the time delay is switched to
meet control and network performance objectives. Sufficient Fig. 1. Architecture of the QoS controlled NCS: A switcheahdi delay
stability conditions are presented for the resulting switched gygtem.
time delay system based on the concept of piecewise continuous
Lyapunov functions and the Razumikhin approach. Simulations
and experiments validate the proposed approach.
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switchable between different levels resulting in piecewis
. INTRODUCTION constant time delay. The controller is synchronously astipt

In the view of affordability, widespread usage and welF€€ Fig. 1 for a visualization of the principal QoS control

developed infrastructure, communication networks arg Vefarchlteﬁturle. At'.m'n% alt mfax:jmlgln?)ltheHcontrol p;arfo:mang
attractive for the signal transmission in control systemtss generally, low ime delay IS desirable. However, low ime de

comes, however, at the cost of a no longer ideal sign}ﬁy .(hc'jgh neLvyor:k qtuahti) re(iuges Igdrgg nettr\ivofr'k .rt'eso:gse
transmission. The intrinsic communication unrelialeky] 1.€. Induces high network cost. Lonsidering the Tinite Nekwo

such as (varying) time delay and packet loss, have a strofgsources it is desirable that each net\_/vork applicatioy onl
influence on the stability and the performance of the close NSUMes as much of them as required to guarantee the
loop system. In the current NCS literature the communicatio esweq level of control performance.
quality is assumed to be given in advance, accordingly I.n this paper the time Qelay as well as the cqntroller are
stabilizing controllers are designed. Differently, ingiaper SWitched. Switched (hybrid) systems are dynamical systems
the communication quality is considered to be controllabldhat consist of a finite set of subsystems and a logical rale th
This is motivated by the Quality-of-Service (QoS) concept i orchestrates the swnchm.gs betwegq them. The sta@!tﬂy@f
modern communication technology. Generally, QoS refers &/Psystems themselves is not sufficient for the stabilithef
the capability of a network to provide different communica©verall system [2], [3]. Stability with arbitrary switclgrcan
tion quality to different network traffic. The communicatio P€ ensured by the existence of a common Lyapunov function.
quality can be adapted to the requirements of the netwoffowever, it is usually difficult to find a common Lyapunov
application. Depending on the QoS network architectur/nction for all candidates subsystems. As an alternative,
deterministic bounds on time delay and packet loss can [J&¢ concept of piecewise continuous Lyapunov functions
guaranteed, e.g. with the Integrated Service architegjre 1S developed in [4]-[6]. Dwell-time based switching is
A first implementation of the QoS concept can be found ifonsidered in [7], [8]. These approaches, however, do not
the Internet protocol IPV6. consider time delay. Most prom!nent for the analysis of tw_ne
Inspired by the QoS concept an innovative control g/idelay systems are Lyapunov-like approaches based either

chitecture is investigated here: It combines the control " the Razumikhin or the Krasovskii method, see e.g. [9}-
the time delay and the appropriate change of the systekf2] and references therein. Hybrid time delay systems are
controller following stability and performance requireme ~ considered in [13], [14] using an extension of the common

Here the time delay guaranteed by QoS is assumed to bgaPunov function approach, and adopting a dwell-time

based switching approach [15]. However, the time delajfitse
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and experiments. Therefore for each considered time delay Ill. FUNDAMENTALS

a controller is designed using a standard LMI method for . )

delay-dependent controller design. The optimal switching Stability of Switched Systems

instants are determined by numerical minimization of a cost gyitching between stable subsystems may result in insta-

function which comprises the control performance and thgjjity of the overall system [2], [3]. Stability with arbry

network cost. switching can be ensured by the existence of a common
The remainder of the paper is organized as follows: Theyapunov function. As a common Lyapunov function is

problem Setting is stated in Section Il. Section Il introda genera”y difficult to ﬁnd, an approach based on piecewise

the foundations of stability analysis for both time delaylan continuous Lyapunov functions is considered in this paper.

switched systems. In Section IV, the main result on thejecewise continuous Lyapunov functions are first intreduc

stability of switched time delay system is presented. Th@yr |inear switched systems in [4], extended to nonlinear

optimal performance is discussed in Section V; the approafitched systems in [5]; a very general result is derived

is validated in simulations and experiments. in [6].

Consider the switched system (1) without time delay

, () = foqy(x(t))- (3)
The general architecture of the QoS controlled NCS con-

sidered in this paper is illustrated in Fig. 1 The network inConsider a Lyapunov function associated to each subsystem.
duced time delay as well as the controller are synchronoushpen the stability of the switched system (3) is ensured by
adjusted by a decision-maker. The generation of the switcA-nonincreasing sequence of the Lyapunov function values
ing law is discussed in Section V. The switching mechanisrdt the switching instants into each subsystem. The precise
causes the variation of the system dynamics and results irs@tement is given as follows.
switched time delay system. In the general case of nonlinear Theorem 1: Given a switched (nonlinear) system (3) with
subsystems, the overall system dynamics is described byad-yapunov functiorV; with the equilibrium point at: = 0
delay differential functional of the form associated to each subsystefp i € P. Let ¢, >t; be

' switching times for whichv(t;) = o(t;) = ¢ such that

() = fow (@1, 20, 7o), () Vi(t,0) =0 andV;(t,z) > 0 for 2 € R™\{0},
wherez € R" is the state, having the same dimension for (i) V;(¢,z(t)) < ~v(Vi(tj,z(¢;))), Vt € [tj,t;41) With (-)

II. PROBLEM FORMULATION

all subsystems, and,;) € Rt represents the piecewise a positive continuous function and0) = 0,
constant time delay. The switching signalt) is a piece- (i) Vi(t,z(tx)) — Vi(tj, 2(¢;)) < —h(||z(t;)|]), where
wise constant finite valued function taking values on the || -|| denotes Euclidean normi(-) is a positive
setP :={1,...,N}. If o(t) = i, then subsystemis active continuous function and(0) = 0.

in the time intervalt € [tj,tj+1)_; N repreggnts the number Then the switched system (3) is Lyapunov stable. A strictly
of subsystems. By, € R" the initial condition of the time decreasing sequence at the consecutive switching instants
delay functional is specified which has the form of which o(t;,) = o(t;) implies asymptotic stability.

2= 2(t+0), 0€ [~Toq, 0, ?) Proof: See [6]. [ ]
o . ., o The stability condition of Theorem 1 is illustrated
hence at each switching instanthe “length” of the initial i, Fig. 2. The values of the corresponding Lyapunov function
condition depends on the time delay of the previous activg the switching instants are marked by filled symbols. The
subsystem. A finite number of switches is assumed in finitg,itched system is asymptotically stable due to the syrictl

time. The problem is assumed to be well-posed in the Senggcreasing values of Lyapunov functions at consecutive
that for each initial condition and switching sequence eherswitching instants.

exists a unique solution. A simplified model is considered in
this first analysis with the forward and backward time delay .
lumped into the single valug, ;). Note that this assumption E Stability of Time Delay Systems
represents no restriction in case of linear subsystems orThe standard time delay system is recovered from (1) by
control affine nonlinear subsystems with proportionalestatassuming no switching occurs, i€(t) = const. Two differ-
feedback, and with synchronous switching of forward anént techniques are commonly used for the stability analysis
backward delay. of time delay systems; the Lyapunov-Krasovskii approach
In contrast to conventional switched systems, the proposaad the Lyapunov-Razumikhin approach, see e.g. [9]-[12].
control structure comprises switching of controllers antet The construction of the Lyapunov function by the Krasovskii
delays. To the best knowledge of the author, there exists mpproach results in a function (¢, z;) depending on the
appropriate analysis and design method for such systein urdelayed state (initial conditiony,, which is rather difficult
now. The stability analysis starts from time delay system® analyze. The Razumikhin approach circumvents the dif-
and extends to switched time delay systems. The backgrouficulties by considering the Lyapunov functidv(t, z(t))
on stability of switched systems and time delay systems tfepending on the present staig) only. Asymptotic stability
introduced in the following. is guaranteed if the Lyapunov functiggV (¢, z(t)), £ > 1,



to t1 to t3 tq ts

Fig. 2. Piecewise continuous Lyapunov function of a switthgstem with

3 subsystems, the values at the switching instants in a westdisystem

form a strictly decreasing sequence.

does not exceed the maximum value
V(t,r;) = max V(t+6,z(t+0)),
oc[—T,0]

“4)

of the Lyapunov function over the past time delay interval

as stated more precisely in the following.
Theorem 2:

function V : R® — RT such that

M) w(z(@)]]) < V(t.2(t) < us(|j(t)]]) for some con-
tinuous nondecreasing function andus, u(s) > 0,
uz(s) >0 for s > 0 anduy(0) = 0 = u2(0),
V(t,z(t)) < —w(||z(t)]]), whenever
V(t+0,2(t+0)) <p(V(t,z(t))) forall 6 € [-7,0].

(ii)

Where w(s) and p(s) are continuous nondecreasing

functionsw(s) > 0, p(s) > 0 for s > 0.
Proof: See [11]. [ |

In the performance evaluation later in this paper, wé
consider a switched time delay system with linear tim?

invariant (LTI) subsystems
{,C(t) = Aol‘(t) + Alx(t — T),

xy =x(t+0), V0 € [—1,0], ®)

(Razumikhin Theorem) A time delay sys- (iii)
tem (1) witho(¢) = const. is said to be asymptotically stable
if there exists a continuous differentiable positive deini

IV. MAIN RESULT: STABILITY OF SWITCHED TIME
DELAY SYSTEMS

We assume a switched time delay system given by (1)
with asymptotically stable subsystenfs. A continuously
differentiable Lyapunov functiori/; is associated to each
subsystemi, where in generaV;(x) # V;(x) holds ifi # j.
Furthermore, suppose that there is no state jump in the state
of (1) at the switching instants, i.e. the solutiorft) is
continuous everywhere.

The following theorem extends the known Razumikhin
theorem to switched systems with piecewise continuous time
delays and providing sufficient conditions for asymptotic
stability.

Theorem 3: A switched time delay system (1) is said to be
asymptotically stable if there exists a continuously défe
tiable positive definite functior; for each subsysteme P,
active in the time intervat € [t;,¢;,1), such that

i) Vi(t,0) =0, Vi(t,z(t)) > 0 for = € R™"\{0},

(i) wr(|[z(®)]]) < Vit z(t)) < ua([[z(2)]]), whereus, us
are continuous nondecreasing functions(s) > 0,
us(s) > 0 for s > 0 anduy(0) = 0 = u2(0),

Vi(t, z(t)) < —w(]|z(t)|]), whenever
Vit +0,z(t+0)) < p(Vi(t,z(t))) with 6 € [—7;,0],
tetj,tiy1). w(s) and p(s) are continuous
nondecreasing functionsw(s) >0, p(s) >0 for
s>0 and V;(t,x(t)) is the right-hand derivative
Vi(t, () = lima—o.a50 W(t+A,w(t+i))—W(t,w(t))),
‘/i(tk?’xtk) - ‘/;(tj7xtj> < _h(thjH)’ h() is a
positive continuous function withi(0) =0 and

t;, > t; are consecutive switching instants for which
o(ty) = o(t;) = 1.

Proof: For the sake of simplicity, the switched time de-
lay system (1) is assumed to contain two subsystems
= fi(z, 2y, m1) andi = fo(x, x4, 72). Without loss of gen-
erality, the switched time delay system starts in subsys-

(iv)

em 1 at¢, with the initial condition x;, = z(to + 0),
0 € [—7,0]assuming |z, || < 01. The associated Lyapunov
function isV;. By (ii), there exists am; > ufl(uz(él)) >0
such thatV; (tg, z4,) < u2(61) < ui(e1). Since subsystem 1
is asymptotically stable by (i)-(iii), the Lyapunov funaii

yvith th.e system_matrice&o, Ay .G]R”-X.", and.the subsystem satisfies Vi (t, 2(t)) < Vi(to, z4,) < ui(e1) for all ¢ with
index i € P omitted here for simplicity. Using a quadratic to <t <t,, wheret, marks the switching instant when

Lyapunov function with the Razumikhin approach, a delays,psystem 1 is switched into subsystem 2. In addition,
dependent stability criterion can be formulated as a '—Mfimt ||lz(t1)]| = 0 following from (iii)
1—00 .

problem as presented in the following corollary.

Corollary 1: The time delay system(5) is asymptoticalIywheret1

stable if there exists real symmetric matiéikx> 0 and real
scalarsae > 0, a3 > 0 such that

M —-PAAy —PA?
—ATATP  —aP 0 <0, (6)

7(A%)TP 0 Oélp
where M = 1[P(A; + Ag) + (A1 + Ag)TP] + (o + a1) P.
Proof: See [12]. [ |

At the time instantt; the execution enters subsystem 2,
> to +maxy 23(7;) — 71 is required for the proper
definition of the initial condition for subsystem 2. Sinceré&

is no jump in the states at the switching instant, the initial
condition for subsystem 2 is given hy, = x(¢; + 6) with

0 € [—72,0]. By (iii) again, the associated Lyapunov function
Va(t,z(t)) can never exceed’(ty,z;,), Vi:t; <t <ty
where t, marks the switching instant from subsystem 2
back to subsystem 1. Sindery, || < €1, there is arex > 0
such thatugl(ul(@) > g;. With the same argument as

Based on these approaches for switched systems and tiat#ove it follows that|x(t)|| < e2, for all ¢ with ¢; < ¢ < t,.
delay systems we will derive our main result in the following Furthermore, it follows by (iii)limy, . ||z(t2)|| = 0.



At the time instant,, the execution re-enters subsystem 1both cases, the valué}-(tq,:ctq) is not changed, and thus
By (v) Vi(te,z,) < Vi(to,xt,) — h(||ze,|]) < ui(e1)  the stability condition from Theorem 3 is not violated.
holds, hencel||z(t)|| <e; for all ¢t with t3 <t <t3, t3

the next time instant when subsystem 1 switched back to V. PERFORMANCEEVALUATION
subsystem 2. With the same argument, it can be shown that
Va(ts, zt,) < ui(ez). In order to evaluate the potential of the proposed QoS con-

At each switching instantt;, the Lyapunov func- trol approach, simulations and experiments are conducted.
tion Vg(tj)(tj,ztj) is bounded from above by, (e;), Goal is to achieve a trade-off between control performance
which implies the existence of a >0 defined as and network cost. The switching law should guarantee sta-
z = limj o Vo) (t5, 2(t;)). As a result for each subsys- bility and optimal performance in the sense of this trade-
temi and any two consecutive switching instants > ¢;,  off. The generation of the switching law is discussed in the
o(ty) = o(t;) = i, by (iv) the following holds following.

0= klim Vi(tr, x(ty)) — lim Vi(t;,z(t;))
—00 J—0o0

< Jim [=h(]las )] < 0.

A. Towards Optimal Performance

For high control performance of a NCS, generally, a low
It implies lim; .. ||z(t;)|| = 0 for eachi, and thus leads time delay is desirable, however high network .costs are in-
t0 limy_oo 2(t + 0) = 0 for @ € [~7;,0] which completes duced. The network cost-performace trade-off is formalate

as multi-criteria optimization problem

the proof. [ |
Remark 1: In case of a time delay system without switch- min J = /O;(t)TQ(t)x(t) + Doy dt, @)
ing, i.e. o(t) = const.,, Theorem 3 reduces to the orig- o(t) 0

inal Razumi_lﬁhin theprem [11] (condition (iv) then fol- where ()T Q(t)z(t) is a measure for the control perfor-
lows from (jii) and is no longer needed)._ Furth.errr)oremance with Q(t) a weighting matrix of appropriate di-
the valuesVi(t;, z,), Vi(tx,z,,) at consecutive SWitthing mension, and 1, ;) = 7(7,()) represents the network cost
instants form a strictly decreasing sequence for each subsygsociated with a certain time delay. The switching sigal i
temi € P. If the time delay is setto zer = 0, i € P, then  generated by the optimizer representing the decision maker
the standard switched system is given and the stabilityltresthe sojution to this optimization problem gives the optimal
from [6] is recovered. For constant time delay,= const., switching instants and sequence. An analytical solution is
a similar result as in [16] is achieved. difficult to find as the problem is hybrid, non-convex in
Remark 2: Theorem 3 is applicable to switched systemgeneral and contains delay differential equations. Thiadur
with an arbitrary finite number of subsystems. The subsysmalysis is beyond the scope of this paper. Related optimal
tems can be nonlinear and time-varying. algorithms and conditions for switched systems are found
Remark 3: In Theorem 3, the considered switched timen [17]-[21], however, without considering time delay in
delay system is described by an idealized mathematictile subsystems. In order to demonstrate the benefit of QoS
delay differential equation containing controllers andmpl  control, the optimization problem is solved offline in thé-fo
The state is assumed to have no state jump, and the initlaving simulations and experiments with a similar approach
condition z;, for each time delay subsystem is well definedas in [21]. The switching times and sequence are fixed a
after switchings. However, for a real QoS controlled NCS agriori, the switching instants are determined by numerical
illustrated in Fig. 1, this assumption is no longer true as thoptimization.
following shows. Consider the plant= f(z,u(t — 7;)) and
the proportional state feedback controllett) = K;xz(t). B, Experimental System Model
Controller and time delay are switched at time instant N
t, to K, and 7;, respectively. If7; > r;, then there is  The position control of a one degree-of-freedom pendulum
an overlap in the control signal arriving delayed at System, see Fig. 3, modelled as a damper-mass system
the plant over a time interval; — 7;. Accordingly, if
7; < 7, the control signal remains undefined for the time
interval 7; — ;. This is equivalent to an overlapping oris considered, where is the angular position: the mo-
non-definition, resepectively, of the initial condition oftor torque. The inertia/,,s = 0.0274 kgm?® and the damp-
subsysteny. For the sound definition of solutions, we treating bs,s = 0.2874 Nms/rad are identified from the experi-
the erratic definition of the initial condition as a kind of mental system via a least square method.
state jump, representing a degree of freedom during design.The position of the pendulum is fed back via the QoS
Here, for the overlapping case, we propose to drop theommunication channel switched between the two constant
excrescent initial condition(t, + 6),6 € [—7;, —(7; — 7;)].  time delays; = 15 ms andr, = 6 ms. The control torque is
For the gap case, the absent initial conditiorgenerated by Pl controllers(t) = Ky, [ e(t)dt + Kpe(t),
is generated by holding the last received valuewith e =2, — x the control error, and € {1,2}. They are
ie. x(ty+60)==x(ty—m),0€|[—7;,—(1;,—7)]. In switched synchronously with the time delay. With= 100

u = szsx + bsysxv
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Fig. 3. Experimental one degree-of-freedom pendulum system. 15k
05F Vi
anda; = 7.8 the matrix inequality (6) gives the correspond- e 15 2 18]

ing positive definite matrice®;

0.0193  —0.0163 0.0004 Fig. 4. Simulation results: Time delay evolution (a), stateleton (b) and
P, = [-0.0163 0.0198 —0.0018] piecewise continuous Lyapunov function (b) of the pendukyatem,V;
0.0004 —0.0018 0.0017 and V> denote the Lyapunov functions corresponding to the subsystl

Z and 2 with the time delays; = 15ms andry = 6 ms.

[ 0.0184 —0.0214 —0.0004]
Py, = |-0.0214  0.0346 —0.0014],

| —0.0004  —0.0014  0.0026] original design of the pendulum can be found in [22]. The
using thel m tool box of MATLAB. The values of DC-motor current, resulting in torque, is provided by the
the Pl controllers areKp; = 8.5, K;; =7 for - and PWM amplifier operated under current control. The reference
Kpy =10, K15 = 12 for 75, showing that for the low time signal is given by voltage from the D/A converter and is an
delay model the controller can be tuned more aggressivelyoutput of the 1/0 board. The position of the lever is measured
) by an optic pulse incremental encoder and processed by
C. Smulations a quadrature encoder on the I/O board. The control loop
The simulation shows the effect of the switched time delaincluding the controller, the time delays and the switching
system with respect to stability and performance. Here ttgirategy are implemented in MATLAB/SIMULINK' block-
switching strategy is chosen such that the stability ofesyst sets. Standalone realtime code is generated directly frem t
is guaranteed. The pendulum model is initiated with the highIMULINK model. All the experiments are performed with
delay communicationr; = 15ms along with an initial an- a sampling time interval of’y = 0.001s.
gle zy = 1rad; the reference input is; = Orad. The model The switching instants are determined using the opti-
is switched to low delay communication with, = 6 ms mization procedure proposed in Section V-A. The net-
and the corresponding controllerfat= 0.2s. The pendulum work costs are heuristically set tg(r;) =2 x 107°s™*
model is switched back and forth at= [0.8, 1, 1.2]s and andn(r2) =5 x 10~°s~!. The initial conditions are spec-
stays at high delay communication fram= 1.2 s to the end. ified by 2 = [0,0], § € [-71,0] and ¢(0) =1, i.e. sub-
The evolution of the systems stateis shown in Fig. 4 (b) system 1 with time delay. A step function, which has
by the solid line. For comparison the state evolution withhe amplitude 0.1rad at= 1s serves as position reference
high delay communication and low delay communicationnput z, to the system. The position error is used for the
are depicted by the dash-dotted and dashed line in Fig. 4 (loptimization in the cost functional (7), the weight is set
respectively. Even for this rather arbitrary switchingagtgy, to Q(¢) = I. The numberk of switches and the switch-
the performance in terms of overshoot and settling time afg order are fixed prior to optimization, here with= 2
the switched time delay system is better than the systeamd{(¢,2), (t2,1))}, i.e. switching into subsystem 2 takes
only with high delay communication. The evolution of theplace att =¢;. The optimization problem is solved off-
piecewise continuous Lyapunov function of the switchedine using thef nmi nsear ch algorithm from the MATLAB
system is shown in Fig. 4 (c). The values at the consecutiitimization toolbox resulting in the switching timéas= 1s
switching instants form a strictly decreasing sequence, tland¢, = 1.5, respectively.
switched time delay system is asymptotically stable. The evolution of the time delay is presented in Fig. 5 (a).
The position evolution for the switching approach, and
for comparison also for low and high time delay without
The experimental validation is performed using the sam&witching, is presented Fig. 5 (b). Surprisingly, the shéid
controller and time delays as in the simulation. The expesystem shows a control performance comparable to the
imental testbed consists of the 1DOF pendulum as shovaystem without switching and only with low time delay, see
in Fig. 3 connected to a PC running under RT Linux. Thalso Table I. However, the network cost of the switched

D. Experiments
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Fig. 5. Experimental results: Communication time delay (a) apsitipn
evolution (b) of the experimental pendulum system. 7]
TABLE |. EXPERIMENTAL RESULTS
(8]
High delay Low delay Switched delay
Settling timé [s] 1.153 1.061 1.033 9
Overshoot [%] 90.5 80.7 80.4 (o]
Network costs 10x10™°  25x107°  12.28x107°
[10]

time delay system i$0.88% lower. Less overshoot and
a10.14% lower settling time than with high time delay only, [11]
is observed. These experimental results show the potentfﬂ]
of proposed approach and are indeed very promising for
a further investigation of QoS control in NCS. For real13]
application a number of challenges remain to be addressed,
e.g. online generation of a (sub-)optimal switching law and
consideration of time delay in the switching signal. [14]

VI. CONCLUSION

In this paper a novel concept of Quality-of-Service controﬁ15]

for networked control system (NCS) is introduced. The NCS
itself and the communication quality in terms of time delay!6]
is conjointly controlled to meet control performance antt ne
work cost objectives. The time delay of the communicatiofi7]
network is switched together with the controller resulting
in switched system with piecewise constant time delay. ﬁs]
sufficient stability condition is derived based on the Razu-
mikhin approach for time delay systems and the piecewise
continuous Lyapunov function method for switched systemﬁg]
Simulations and experiments show that the proposed QoS
control approach is very promising as a trade-off between
. ) [20]

control performance and network cost is achieved.

Future research includes the extension of the results to the
less conservative Lyapunov-Krasovskii approach and enlir[ 21]
generation of the switching law.

1The settling time is defined for the output response first taheand
thereafter remain withis% of the final value.

2Theoretically, the settling time for low time delay withoutishing is
expected to be lower than with switched time delay. A posshki@anation
for the slightly higher settling time are nonlinear phenomengh as
backlash and friction.

[22]
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