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Abstract—We consider the problem of performing control the Smart-grid network demands, but its probabilistic data
over large complex networked systems with packet drops. M@& transmission due to packet drops, make it less suitable for
specifically, we are interested in improving the performane of process control [3], [2]. However, the CA MAC scheme

the regulation of control loops when the communication is mee X | lat d hiah reliability if th i
over low-cost wireless networks. In control over wireless etworks ~9Uarantees low latency and high refiability it the sampliing

it is common to use Contention-Free (CF) schemes where nopPeriod is not fixed and large, such as the system with event-
losses occur with the price of low scalability and complicad based controllers which are finding an increasingly re$earc

scheduling policies. In this work we propose a hybrid MAC and  attention nowadays [9]. Therefore it is natural to incogier
control architecture, where a small number of control loopswith different types of control strategies (e.g. typical timasen

high demand of attention are scheduled in a CF scheme and well . .
regulated loops are scheduled in a lossy, asynchronous anighly and event-based control) in order to have the benefits of both

scalable, Contention-Access (CA) scheme. We model and ayz¢  types of controllers.
the performance of such system with Markov Jump Linear This work considers a hybrid MAC communication layer

System (MJLS) tools and compare it with other architecture combining both CA and CF MAC schemes. The underlying
types. Performance is evaluated using a quadratic cost fulion jqe4 s to provide two different control laws according te th
of the state. . . .

protocol being used. In this setup, these control strasegie

l. INTRODUCTION should be chosen in conjunction with the properties of the

associated protocol. Roughly speaking, the CA MAC is conve-

_ There are major advantages in terms of increased prodgsn; 1o run control regulations with small set-point déicia
tivity and reduced installation and maintenance costs @ i, 5jj0ws to multiplex several loops in the same network.
use of wireless communication technology to build the Smaflhereas communication based on dedicated time slots may

grid infrastructure [1], [2]. The IEEE 802.15.4 standarq [3y¢ |imited to isolated emergency (e.g. disturbance ocooee
has received considerable attention as a low data rate and When a loop needs a special attention.

power protocol for WSN applications in Smart-grids, indust o this original control scheme emerges a hybrid control

control, home automation and health care see [1], [2]. AMeC&ctyre. We will see that discrete-time Markov Jump Linea
interesting application of WSN is on integrating the autima gy stams (MJLS) provide a suitable framework to model the
metering infrastructure and the Smart-grid power genemati;¢,rementioned control scheme. Conditions for analysts an
plants [5], [2]. In the Smart-grid context, the IEEE 802.13,hr0] of such systems have been established in [7], [8]. In
smart utility networks task group 4g works for the physicalis naner, we exploit some of these tools to assess théitstabi
layer amendments of IEEE 802.15.4 standard to support latgey herformance of the overall control law over a Networked
and geographically diverse networks, such as process hirol System (NCS).

factory automation. [,5] The outline of the paper is as follows. Section Il defines
In terms of Medium Channel Access (MAC) Contro&he considered problem. In Section Ill, we introduce the

schemes, a contention-free scheme, such as Time Divisifl ils on a hybrid MAC communication and the design
Multiple Access (TDMA) [6], is the dominant MAC schemecp,acteristics. Section 1V presents the MJLS tools fdsititp
for industrial control applications. This choice is motd 4 performance analysis. An example illustrates the Hybri

by the high determinism and high reliability provided by & chitecture performance in Section V. Section VI conctude
Contention-Free (CF) scheme. The drawback of this accegs paper.

scheme is that it requires time synchronization and pre-

scheduled fixed length time-slots by a centralized cootdma

Hence, for a large network such as the Smart-grid, a singlewe consider several processes and controllers that commu-

CF MAC scheme might not be implementable and thusicate over a wireless network, as shown in Fig. 1. Let us

compromising the operation of the grid. assume that each of these processes is described by a linear
On the other hand, Contention-Access (CA) MAC schemesochastic differential equation

are largely used for monitoring applications because of its do(t) = Ax(t)dt + Bu(t)dt + du(t))

scalability, flexibility and easy configuration, clearlytifi 1
y Y Y J yifig dv(t) = w (t)dt + F(t)wa(t)dt @

Il. PROBLEM FORMULATION
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Fig. 1. General Wireless NCS framework with packet drops. étwérk
Manager is responsible for coordinating the sampling timesensors and
select the control law used by each controller.

zero-order-hold, a time-varying discrete-time samplestey
is

z(kh + h) = Apxz(kh) 4+ By (u(kh) + v(kh)),
y(kh) = a(kh),
v(kh) = wy (kh) + F(kh)ws(kh),

)

where 4;, = e*", B, = foh e*dsB and the matrixF’(kh) =
61(kh), wheref; is a Bernoulli process with a probability o
occurrence {;(kh) = 1) equal to and 1 — 3, otherwise.

This characterizes a sporadic occurrence of the distuebaried
wy. The measured signal is sent across a wireless netw&&*
and the resulting signal, received on the controller side,
represented by.(kh). Besides, controllers are co-located wit

their respective processes and control signals use a leeli
communication channel.

The use of wireless networks requires to take into acco
their inherent unreliability, namely data loss. A simplet b
very convenient way to model data loss relies on a Berno
process ([11], [12]). In that casg(kh) andy.(kh) are related
by:

Ye(kh) = O2(kh)y(kh) + (1 — 02(kh))ye(kh —h)  (3)

where 65(kh) is a Bernoulli process with a probability of

dropout @>(kh) = 0) equal to~ and a probability of
successful deliverydg(kh) = 1) equal tol — .

Regarding the control law applied kyfkh), we propose to
employ a hybrid control scheme of the form

u(kh) = _Leg(kh)yc(kh)- (4)

tsp = Nslots X Tslot
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Fig. 2. Customized IEEE 802.15.4 Std superframe. A cootdir@eriodically
transmits beacon messages used for network synchromizatid configura-
tion. The superframe is divided in Contention-Free (CFR) &wontention-
Access Periods (CAP).

ture of the propose scheme.

Ill. SYSTEM ARCHITECTURE

In this section we discuss the system architecture consider
ing the hybrid aspect of process control and medium access
control.

A. Networked Control System with Hybrid MAC

We consider the NCS of Fig. 1 with several control loops
where information is exchanged between the process and
controller, subject to channel access constraints. Thi¢rab
application requires a communication network which sutgor
low latency, reliability, flexibility and scalability.

Now, we give the overview of a hybrid MAC which supports
two channel access schemes: Contention-Access (CA) and
Contention-Free (CF). Fig. 2 shows a superframe structiure o
a hybrid MAC which has a very similar structure with the

¢IEEE 802.15.4 standard. Let us define the number of slots
per superframey,s, the slot timetgo, the superframe time
and the number of Contention-Free Period (CFP) slots,
p. A coordinator node in the network (Network Manager
(NM) in Fig. 1), periodically sends the beacon frames in
ievery superframe interval to identify its personal areavoei
s§nd to synchronize devices that communicate with it. The
coordinator and devices communicate during active period
uﬁp' Each superframe duration is divided in a CFP composed
of CFP slots and a Contention-Access Period (CAP). In the
a IFP, the dedicated bandwidth is used for time-critical data
packets. In the CAP, a CA MAC is used to access the channel
of non-time-critical data packets. Here we inverted theeord
of the appearance of the CAP and CFP with respect to the
IEEE 802.15.4 standard. We do this in order to reduce the
waiting time between a beacon from the coordinator and the
sampling of the process. This is not in the current standard
but could be changed in future revisions.

We now explain the design of the proposed NCS with hybrid
MAC architecture. The state diagram of the hybrid architest
is depicted in Fig. 3.

The NM in Fig. 1 is responsible for, at each beacon
time, configure the time for each process sensor to report

The controller is triggered on a Markovian jumping parameteneasurements when in a disturbed conditiér(X) = 1), and
0s3(kh) € {0,1}, enabled through some network features thaksigning the type of control used by each controller. Each
will be defined later. In the rest of the paper we will drop theensor is configured to send a warning message in the case its

notationkh for k in the sake of simplicity.

measurement exceeds a detection threstigldn abest-effort

In the following section we introduce the system archite¢BE) mode, a given loop is running in a CA MAC scheme. In
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Fig. 3. State diagram of the control over a hybrid MAC ardttiiee. A sensor where S}, is the solution to the algebralc Riccati Equation
and controller are ibest-effortmode with CA MAC, when no disturbances B B

occur. In case of a large perturbatiofy (= 1) the NM assignsicpp slots Sy = AZShAh + Qpn — (AZShBh)

to be used forTime-Triggeredmeasurement in a CF MAC. Thé&/ait mode Ta T &

models the system while it waits for the assigned CFP slots. X (Bh SnBp + Rh) (Bh ShAh)- (7)

where @, and Ry, are positive semidefinite (details on their
; calculation in [10]).
CFP slots used The state-feedback gain of the LQ control is given by

. L i The control law (4) is summarized as;
this case the sampling is given by a Bernoulli process, where

the sensor sends a measurement with @fk) = 1) = o (kh) = —Lox(kh), with 03(k) =0, ®)
it Wi Y —Lya(kh), with 05(k) = 1

and does not try to transmit with @i (k) = 0) = 1 — a. 12(kh), 3( .

This models an event-based policy with average sampling agyext we will present the closed-loop system details taking

a function of the sampling probability and the packet loss jnto account the different modes of the hybrid architecture
probability v. We denote the sampling period As. A fixed

BE mode control law will be used in this mode. AdditionallyC- Closed-loop System

each sensor is configured to send a warning message if itdet us pick a single system (2) from the general multiple

measurement exceeds a detection threstig|d NCS scheme in Fig. 1. Given that the measurement com-
When a large disturbance occurs, ig. = 1, F = 1, mMmunications are performed via the hybrid MAC scheme, the

and y(k) > dqp,, the sensor reports to the NM, and enter§formation collected on the controller side is

a wait (WA) mode. In this mode the sensor and controller 04 (k)02 (k)z (k) 2 CA MAC

L : . ; . : via ,
maintain thft_alr prtgwc;ushBE :nofde C?r?ﬁg;lr\;m%% an'\(lewaLt tfrc:r ye(k) = (1 = 0a(k)) 0 (k)ye(k) 9)
a new configuration/schedule from the . The at the (k) via CF MAC.

following beacon time, assignscrp consecutive CFP slots
to the loop and configures the controller to switch ttinae- The control law switches according to the mode at which the
triggered (TT) mode. Notice that now the sampling period oPlantis ata given step, (8), with sampling period = #o; =
the disturbed loop igi; = ty.: < hs. In this case, the loop hs- Gathering equations (8) and (9), the system (2) closed over
is using CFP in the next superframe. It is worth to note th#te hybrid MAC can be rearranged as,
since in CFP there are no packet dropouts,t:€k) = 1, Vk. =(k _ -

. ’ +1)=A k)+ B k), 10
Oncencrp slots are used, the corresponding controller re-sets # ) e(k)x( ) G(k)w( ) (10)
the control law to the BE mode. When a disturbance does rvwgere f(éﬂ) repre%sents the extenged sta}e \T/ector
occur, no CFP slots are used. (2" (k) ye(k — D" and w(k) = [wi (k) w;(k)]".

. . The state and input matrices depend on a set of jumping
We now introduce the control laws used in the presentgd ametery — {61, 05,05,04} and are driven by the Markov

architecture. model defined in Section IlI-D:
- Ap, — 03B, L1 — (1 —03)0204Bp Lo
0(k) = (05 + 0204)1

B. Hybrid control law —(1=03)(1 = 02)01Bn,Lo | o [ Bn, Bn,bs
i (1 —63)(1 — 62)041 Bowy=| o 5|
In our framework, we use two types of control laws with

different sampling rates. On one hand, when a loop is working\ve will now present the Markov model which captures the

in a BE mode, a Linear Quadratic (LQ) control is appliedahavior of the system described above.
to perform an efficient and optimal regulation of the process

according to an average sampling rate- h, andfs(k) = 0. D. Markov Model

On the other hand, if a large deviation of the set-point appea Taking into account the system architecture describedebov
(i.e. large disturbancey(k) > dy), in which the loop requires we propose a Markov model to characterize the state dynamics
a high attention, a suitable fast control should be set. i thand events occurring in the system.
latter case, a LQ control is applied but designed with a muchThe Markov model is depicted in Fig. 4. This model is
smaller sampling periody = iy = taot < hs andfs(k) = 1.  divided in three different interconnect sub-models follogy

The optimal control problem is now defined to be findinghe architecture presented in Sec. IlI-A, Fig. 3. They model
the admissible control signalk/) that minimizes the averagethe BE, TT and WA modes. For simplicity reasons the model



The Markov chain has a transition probability matfix=
[pi;] with distribution=(¢), ¢ € A/. The transition probabilities
are subject to the restrictions; > 0 and Zﬁ.vzlpij =1 for
anyi € N. Furthermore, assume independence of the noises
w; andwy from z andwu for any given Markovian state. Let
us define the operatd@t as follows: forV = (V4, ..., V), we
set&(V, k) = (&1(V, k), ...,En(V, k)) as,

N
E(V.k) = _pi(k)V) (13)
j=1
For now on we assume that whefk) = ¢, the plant is in
modei € N and: A, ) = A, B, = B; and F, ) = Fi.

In order to prove stability of the system in (11) the follogin
must hold.

Fig. 4. Markov chain model of the Hybrid control and MAC atelsture.

This model is divided in best-effort, time-triggered anditveub-models and . . .
incorporates probabilistic sampling, packet losses arwliroence of distur- Lemma 1 ([7]' [12])' System (11) (W'thOUt any 'nPUt) IS mean-

bances. The jump probabilities are defined [as, ..., ps] = [ay8, (1 — square stable (MSS) if and only if there exist matriégs> 0
B, (1= a)B,ay(l = B),a(l =71 = F),(1 - )1 =p),8,1 7] for i € N that satisfy the following LMIs:

Gi — ATE(G(k +1),k)AT —S; >0fori €.
shows to the case where the number of CFP slots used is 2, i.e.
ncrp = 2, and total number of superframe slotg, . = 10. The quadratic cost associated with sys@mwith an admis-
For each state in the best-effort mode there are six jumpigle control lawu = (u(0), ..., u(T—1)) and initial conditions
possibilities f1, ..., pg) in Fig. 4, which denote the combina-(zo,70) is denoted byJ(ro, zo,u) and is given by,
tion of the following cases: samplind4(k)), losing a packet

N T—1
(f2(k)) and the occurrence of a disturbanag (€)). This . 1 T ‘
arises from the fact that the MAC scheme for this mode J= E; {T(kz_o(x (k) Qi (k)

is a CA MAC. These probabilities can be grouped together - -

in a vectorTe = [ayf8, a(l — )8, (1 — a)B, ay(l — +u’ (k)Riu(k))] + = (T)Vif(T))}a (14)
B), a(l—=v)(1-=8), (1-a)(1—pF)]. The WA mode has the | ..o
same _state characteristics as the BE mode but differert S‘t(%pendent, and” is the time horizon for cost evaluation.
transitions. The TT mode foI_Iows the WA mode_, but a BESolving the cost function7 in (14) for a given control law
mode will follow a BE mode in the absence of disturbances k) = —Liz(k) gives raise to the following Lemma (inspired
The states in the TT mode are characterized by no pac 16 [7] (Tzhm 1.2)).

drops, P(d2(k) = 1) = v = 0 and a deterministic sampling
probability in the assigned CFP slot,(Ps(k) =1) = a = 1.

V;, Q; and R; are positive semidefinite and mode

Lemma 2. Define a coupled recursive Lyapunov equation

Here we denote; = 3 andps = 1 — § in Fig. 4. (CRLE) fori € N andk =T — 1,...,0, as
The corresponding transition matrix is defined Byand
follows Fig. 4. X;(k) = A" (X (k + 1), k) AC
IV. CONTROL OVER A HYBRID MAC WIRELESS NETWORK T I
o . + [I _Liu@)} ©; [_ I } (15)
In this section we present the existent MJLS tools to analyze i(k
the hybrid control and MAC architecture and propose a method 9, 0 o
to perform this analysis. where X;(T) =V;, ©; = { 0 RJ and Ay = (A; — B;L;).
A. MILS Analysis tools The value of the cost (14) is given by,
Let us consider a general discrete-time Markov Jump Linear N .
System (MJLS); for a single plant as (2) [7], 7= Z i(z(O)TX-(O)J:(O) n Z (k) ((R
) 1 w1
2k +1) = Aa(k) + By (ulk) + v(k)) =T =0
y(k) = x(k) (11) + Fi{g) Ry Fi()E(X (k + 1), K)))  (16)

k) = k) + F, k _ .
v(k) = wi(k) + Fyywa(k) The CRLE valuesX;(k), are stored in a table for each given
Moreover,r(k) is a Markov chain with values in a finite step% and are used to obtain the cost valte

setN = {1,..., N} and transition probabilities -
N={1,...N} Honp t Next, we propose a method to analyze stability and perfor-

Pr(r(k+1)=j|r(k)=1i)=pik), i,j € N. (12) mance of the MILS model for control over a hybrid MAC.
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Fig. 5. Closed loop time response analysis of three plardsrgha network under different MAC schemes. A disturbanoeucs in plant 2 at time = 0.5.

B. Methodology It is worth to note that if a stationary solutioki; is derived
f{om (15) with a positive definite matri®© then it implies

We are now able to propose a method to analyze Stabll!\sélc';lbility of the system and the step (d) can be skipped (proof

and performance of the MJLS model depicted in Sec. lli and i ed because of the space limitation).

the tools presented above. - - ) )
Next, we illustrate the hybrid MAC architecture with an

According to the closed-loop characteristics from Seedll| :
of each mode and the Markovian jump parameters previoug’l mple and analyze its performance when compared to other
AC schemes.

defined in Sec. Il and IlI-A, it is required to ensure that th
overall system remains stable. The origin of a possiblealobest
behavior is twofold: i) Packet dropouts in the BE mode where
loops share the network resources in a CA MAC and packets

sent by sensors are subjected to loss and ii) Control law

switching where we have to guaranty that jumping from a As an example we consider the double integrator in the form

mode to another, does not result in any unstable behavior.of (1) with,

The effects of network communication over a hybrid MAC 0 1 0
and the hybrid control scheme have been modelled throuéh: {0 0} , B= H » By = V011, Ry, = V220001
a set of jumping parametets(k), i = {1,...,4}, resulting
in a MILS of the form of (10). A previous result, from [7], The control lawsl,y andL, are set with() — o R=
on performance assessment in terms of a cost function (14& 0 0

has been extended in Lemma 2 to deal with general contfbfl, @and sampling periods, = 0.65s, hy = 0.1s, respec-

u(k). To this end, the CRLE has been introduced and it c&}f€ly: The cost function7 (14) has parameter®; = V; =
be shown that it is closely related to stability as defined i R; =0,V ieN .Furthermorer, = [0 o]T_

V. EXAMPLE

L 0 0|’
emma 1. The wirel twork i d of th trol |

Let us summarize and describe the methodology as a € WIreless hetwork IS composed ot three contro’ 1oops,
procedure. with one sensor and one controller each as depicted in Fig. 1

_ and configure according Sec. IlI-A. The detection threslimld
Procedure: set tody, = 2 for all sensor nodes. The network is simulated
(a) Design separately the two LQ contrdly and L1, with  using the Truetime ([13]) wireless network block of the IEEE
equations (6)-(7). 802.15.4 Std., with no retransmissions due to collisiond an

(b) Build the closed-loop state matrices structured as @) (1channel busyness. With this setup we simulate a slotted
and assigned per each mode in the Markov model defingersistent channel access. The sampling probability ia set

in Section 1lI-D (see Fig. 4). 0.33. The slot timet.,; = 0.1s, the number of slots on each
(c) Apply Lemma 1 to assess the stability of the overafluperframe is set tag s = 10, andncrp = 2. Moreover, we
scheme. define a pure CF MAC scheme as based on a traditional round-

(d) Apply Lemma 2 to calculate the cost associated to tmebin scheduling scheme with sequenc®, 3,1, 2, 3, ..., since
hybrid control over the hybrid MAC. it allows the highest fairness in the network.



" . TABLE |
A. Time Response Analysis J; = {numerical, analytical} cCOST(10~3) OF A SINGLE PLANT

Flg 5(a) 5(b) 5(C) ShOW the tlme response analySiS Of thgiARINGA WIRELESS NETWORK UNDER THE VARIOUS MEDIUM ACCESS
L= ’ ' . PR(61) = 1) = 0.01.
simulated system under Hybrid MAC, pure CA MAC and SCHEMES WITH DISTURBANCE w2 PROBABILITY PR(61) = 1)

pure CF MAC schemes. The regulation of all the loops iQS‘;rE)erirge 5 5718 7 {49672640} 5 5738 7 {5021: ‘67;6}
successfully performed and the systems are stable under a'ﬂCF {0.830.8} {690: 730} {018:0_8} {692:732}
MAC schemes. CA {4.5,7.4} {1190,1250} {4.3,7.4} {1197, 1398}

A disturbancews is active in plant 2, at = 0.5. In the
Hybrid MAC case the detection is reported from plant 2 at

t = 0.6s. It is clear that the disturbance rejection is more

efficient under the Hybrid MAC scheme when compared 1%er_formance. The design _is based on_allqwing a hybrid cbntro
the other two. The contribution of the fast contrbl at POlicy to run on a hybrid communication medium access
t = 1s during the TT mode clearly improves the regulatior’?Cheme- We introduced a Markov model to characterize the
even though it is observed a large communication 165§4]. proposed archi_tecture and analysis tools_ from MJLS theory.
The communication losses contribute for an average sagplifirough analytical and numerical calculations we were &ble
periodh ~ 0.65s in the Hybrid and CA MAC against = 0.3s show the effective improvement on performance of the céntro
for the CF MAC. Interestingly, the effect of the consecutiv?OPS sharing the wireless network. _ _

control action overcomes the worsen of performance given It\)XThe future work will consist of replacing the-persistent

a much larger sampling period. AC to CSMA/CA with retransmissions, allowing more

Next we analyze the analytical and numerical quadratic cdi§Xibility and less packet losses, but introducing delays.

performance of the hybrid architecture. accordance with this MAC we intend to design event-based
controllers that guaranty stability and performance whila
B. Performance Analysis BE mode.

Here we investigate how the performance cgstn (14)
using the Hybrid architecture proposed when compared to a

pure CA and CE MAC schemes. At the same time we validatEf] A. Willig,"Recent and Emerging Topics in Wireless Indial Commu-
’ nication”, IEEE Transactions on Industrial Informaticsol. 4, no.2, pp.

the Markov model presented in Sec. IlI-D, according to the 102-124, 2008.
TrueTime simulation model of the Hybrid architecture. [2] P. Park,’Protocol Design for Control Applications ugiWireless Sensor

; ; ; Networks”, Licenciate Thesis, TRITA-EE 2009:041, ISBN:8991-
Considering the same system and parameters setup as in the7 415-441-5, Royal Institute of Technology, 2009,

example, we achieve the results presented in Table | forfthe @) "IEEE Std 802.15.4: Wireless Medium Access Control (MA@nd
disturbance probability of%. The numerical value of the cost Physical Layer (PHY) Specifications for Low-Rate Wirelessr-P

is calculated using (14) and the analytical value using.(16) ﬁgg?}'/mai‘eye%t‘ggﬁ‘;/i\éVPANS)"' IEEE, 2006, [Online]. Avdile:

The Markov models of a pure CA and CF MAC are defineds) "IEEE Std 802.15 Task Group 4e: Wireless Medium Accessit
in [14]. The numerical analysis run-time was 2 minutes on (MAC) and Physical Layer (PHY) Specifications for Low-Rateré¥

; ; less Personal Area Networks (WPANSs)”, IEEE, [Online]. Aable:
a Intel Centrino 2 @ 2.0GHz. The analytical results were hitp://wvw, ieee802.0rg/15/pub/ TG4e. html.

achieved through Monte Carlo simulations with duration ofs) |EEE 802.15 Smart Utility Networks (SUN) Task Group 4EHE,
10 simulation seconds. [Online]. Available: http://www.ieee802.org/15/pub/FGhtml

The case of no disturbance is not presented here but tl[l% H_ART Comm_unlcatlons Foundation. Hart protocol speeifions, revi-
sion 1.0. http://www.hartcomm.org, 2007.

results shown that the CF MAC scheme outperforms the oth@s o.L.v. Costa, M.D. Fragoso and R.P. Marques, "Disctitee Markov
two schemes. In this case the TT mode is not used in the Jump Linear Systems”, Springer, 2005.

: : : : [8] J.-W. Lee, G.E. Dullerud "Optimal disturbance attenomtfor discrete-
hybrid architecture and it then a pure CA MAC. As shown in time switched and markovian jump linear systems”, SIAM dailiron

time response analysis the CA MAC decreases performance control and Optimization, Vol. 45, No 4, pp. 1329-1358, 2006

REFERENCES

due to a much Iarger sampling period_ [9] M. Rabi and K. H. Johansson, "Event-triggered strated@ industrial
We observe in Table | that the Hybrid MAC has a lower control over wireless networks” Wireless Internet Confiees(WICON),
2008.

quadratic control cost against the other two schemes as W@&$ k.J. Astrom and B. Wittenmark, "Computer-Controlled Systenfen-
expected from the time response analysis. Moreover, we tice Hall, 1997

: J. Hespanha, P. Naghshtabrizi, Y. Xu, " A Survey of Rédeesults in
observe that the performance of the undisturbed loops unéet Networked Control Systems”, Proceedings of the IEEE, V6|, 90, 1,

the Hybrid MAC is worst since two CFP slots are used in loop  2007.
2 during the TT mode. Even though this occurs, the benefit 8] P. Seiler, R. Sengupta, " Analysis of communicationskss in vehicle

: : : control problem”, Proceedings of the American Control @oefce, pp
using the TT mode in loop 2, gives a lower overall control cost 1491-1496, June 25-27, 2007.

for all the loops. From Table | we confirm that the numericad3] A. Cervin, D. Henriksson, B. Lincoln, J. Eker, K.-E. Amz: "How Does
and analytical values of the cost are fairly consistent amd s  Control Timing Affect Performance? Analysis and Simulatiaf Timing

the Markov models approximate the Truetime simulation Using Jitterbug and TrueTim1EEE Control Systems Magazin23:3,
’ pp. 16-30, June 2003.

[14] J. Araljo,"Markov models of Contention-Based and @mtion-Free

VI. CONCLUSION AND FUTURE WORK schemes in control applications under disturbancé¥H Report 2010.

In this work we proposed a novel architecture for control
over wireless networked systems in order to improve control



