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Abstract: In this paper, some issues related to design and analysis of real networked control systems (NCS) under the focus of the
most likely region of stability are addressed. Such a system is cumbersome due to its inherent variable time delays, ranging from micro-
seconds to hours. To show the influence of such huge variations in the control performance, a laboratory-scale luminosity system has
been setup using the Internet as part of the control loop with dominant time constant in the order of milliseconds. Proportional and in-
tegral (PI) control strategies with and without explicit compensation for the time-delay variations were implemented using an event-
driven controller. Using the well-known Monte Carlo method and subsequent analyses of time responses, it has been possible to identify
the most likely region of stability. Some experimental results show the influence of the statistical parameters of the delays on the determ-
ination of the most likely regions of stability of the NCS and how these can be used in assessment and redesign of the control system. The

experiments show that much larger delays than one sample period can be supported by real NCSs without becoming unstable.
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1 Introduction

Networked control system (NCS) is an emerging
theme that has lately attracted much research interest as
an effective control alternative. Some survey papers have
been recently published in the literaturel: 2. NCSs re-
quire the concurrence of proper tools for representation,
analysis and synthesis of controlled feedback systems,
aiming at reducing the existing gap between the theoret-
ical achievement and practical applicationsl35 of NCS.
This paper presents some experimental results. The au-
thors believe that these experiments can provide: 1) a
better understanding of the behavior of real NCSs with
variable delays and 2) how far the control strategy can go
to improve performance with the minimum risk of violat-
ing stability conditions.

In an NCS, the control loop is closed over data com-
munication networks in real time. The control signals and
feedback measurement (input and output signals of the
plant) are transmitted over a network. As shown in
Fig.1, the NCS design should consider all delays in the
loop, namely; 7, (the plant itself); 7, (the sensor data ac-
quisition); 7. (time spent in the execution of the control
algorithm); 7, (the actuation derive); 7s. (time elapsed in
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the message transmissions between sensor and the con-
troller) and 7cs (time elapsed in the message transmis-

sions between the controller and the actuator).
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Fig. 1 NCS architecture

The control loop closed over a data network commu-
nication also has to cope with delay variations, sampling
irregularities(f, noise in the communication channel, cor-
rupted data, packet lossesl” 13 connection losses and lim-
ited capacity of the network[14-16]. Tf the clocks of the loc-
al and remote stations are synchronized, by means of
time stamps, e.g., it is always possible to determine the
value of 7, at execution time of the control algorithm,
the delay can be compensated by the controller17].

However, the value of 7., is only known for sure after
the control algorithm execution and this is obviously not
available at the time that the controller generates the
control signal. Therefore, more elaborate strategies for
prediction and compensation of the delays are required in
NCSs, depending on the way that delays occur and on
the characteristics of the controlled process(®: 13, 18-28]
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In the design of an NCS, there are some problems of
great complexity that, in general, have been treated in an
isolated way. Since the various factors affect one another,
they should be integrally considered. This directly im-
pacts the modeling, the analysis and the synthesis of the
NCS. Concerning the variable delays, they cause irregu-
larities in the sampling periods and a real NCS has to
cope with fractional values of delays in relation to the
sampling period. According to the literature, in general,
the delays commonly observed in real NCSs can be
grouped in two categories with the following characterist-
ics: 1) They are variable and limited up to a single
sampling period(24 29 30] or, in some cases, they are lim-
ited to two or three sampling periods3! with bounded de-
rivativeB2l or unbounded derivative2. 30; 2) They are
taken as deterministicl3 and considered fixed or limited
to a maximum or medium value for analysis of specific
operating conditions(?3; 24, There are few models that de-
scribe arbitrary variations of delays limited to a value
greater than one sample period[33.

It is important to note that delay in NCSs should be
treated differently from the one in traditional time-delay
systems due to its particular characteristics. For example,
when a long delay occurs in an NCS, the messages are
queued and the controller, upon the reception of delayed
signals, can processed them sequentially, almost instantly,
in a very short time. Different from what happens in
standard time delays systems, a great delay value can be
recovered quickly if it is followed by small delays. That
is, the delay increases with every sample and reduces al-
most instantly.

The effects of delays, found in real NCSs, usually,
have been addressed either in isolation or in combination
with certain constraints (in the majority of cases, limited
to one sampling period) and other singularities, e.g., ir-
regularsamplings36l messagerejections3”,quantizationprob-
lemB8, packet lossesB9421 and packet reordering43l. This
paper mainly focuses on the effect of the variable delays;
the other listed singularities will be addressed using the
proposed methodology in future works.

In this work, emphasis is given to the control design
and analysis focusing on the most likely stability region of
NCSs subject to variable delays, like those found in real
systems. Under the current paradigm in the NCS area,
the analysis and design are based on the maximum delay
limit, by means of deterministic approaches. In this work,
a probabilistic analysis approach is used, as an alternat-
ive to conventional design methods. It is expected that
this study could emphasize the importance of the use of
probabilistic methods for analysis and design of NCSs in
a more realistic way, especially in practical applications/'”
44]

In a broader study of the authors, some real NCSs
have been implemented, with time constants ranging
from milliseconds to hours, including processes with con-
straints that require particular control solutions. Al-
though different control strategies have been proposed,

implemented and evaluated for each process, in this pa-
per, it is decided to present the results obtained with the
luminosity control loop of a laboratory-scale optical oven,
since this loop has the smallest time constant. A system
with small time constant is more difficult to establish the
feedback control under a network since delays have more
pronounced effects. Besides, faster systems require better
accuracy in the synchronism between the local and re-
mote stations and in the measured values of the varying
delays. In [44], a methodology was proposed to make ana-
lyses of the most likely regions of stability in an NCS. It
was evaluated in a simulated study using as a bench-
mark a first order system with time constant in order of
seconds. In this work, this methodology has been applied
to a real NCS using a system with time constant in order
of milliseconds with varying delays in all links (7sc, Tea
and Ts,). Since these delays are effectively measured, a
more accurate evaluation is feasible contributing to the
implementation of adequate compensation techniques.

In [23], a time-driven proportional integral (PI) con-
troller with explicit compensation for time-delay vari-
ations was proposed. Though based on [23], in this work,
an event-driven PI controller has been proposed and im-
plemented in a real system. Event-driven controllers are
better suited to NCSs, since the varying delays found in
real systems cause irregularities in the sampling times. An
event triggered control was also used in [6, 13]. In this
work, the event of messages arrival has been used to trig-
ger the start of the control signal calculations.

The major contributions of this paper are 1) the pro-
position of an event-driven controller based on a time
driven-controller with explicit compensation and 2) to
show, by means of some experimental results, that the
statistical parameters of the delays have an impact on the
determination of the most likely regions of an NCS stabil-
ity. Therefore, they can be used in the assessment and re-
design of the control system, so as to obtain better per-
formance. It is worth emphasizing that the conventional
methods commonly used for analysis and design of NCSs
not so rarely result in extremely conservative systems
with consequent significant loss of performance. Under
these considerations, the proposed method can be seen as
an alternative to implement an NCS with acceptable per-
formance even in adverse conditions. It may be particu-
larly advantageous when applied to systems prone to
have delays of tens of sampling periods. Moreover, the
statistical methods are useful to take into account the
probability of occurrence of events with low probability
but are also the ones that mostly reduce the stability
margins. These unlikely events could be disregarded in
closed loop design and, whenever necessary, included in
an alarm status for eventual transfer to a more conservat-
ive control or even switched to manual mode.

2 System and platform descriptions

The experimental tests described in this work have
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been accomplished using a real test platform especially
designed for monitoring and control purposes called NCS-
CMUFH3, In the NCS-CMUF platform, the networked
control system can operate either in local mode (in which
the control loop is closed only in the local network, con-
troller area network (CAN)) or in remote mode (in which
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Fig. 2 NCS-CMUF architecture

the control loop is closed over a CAN, an RS-232 link and
the Internet), as illustrated in Fig. 2.

In the results presented in this paper, the remote op-
eration mode has been chosen, configured with the sensor
and the actuator operating locally and the controller re-
motely. It was considered that the sensor is time-driven
and the controller and the actuator are event-driven.
That is, the sampling period is determined at the sensor
level. At each sampling instant, the sensor sends a mes-
sage with the most recent measurement of the plant out-
put (feedback signal) over networks to the remote con-
troller, which processes the feedback signal, generates the
control signal and forwards it, via the networks, to the
actuator. The actuator, in its turn, receives the control
signal and sends an acknowledgement message back to
the remote controller together with a time stamp. Since
all messages have timestamps, it is possible to calculate
the value of 75, and 7., delays. Even so, the value, of 7.,
delay is only available to the remote controller after the
application of the control signal with the arrival of the
acknowledgment message. Therefore, its effect can only
be computed and eventually compensated in the follow-
ing samplings. Every message generated by each one of
the network elements has a specific serial number. The
serial number is used to establish the communication
handshaking and plays an important role in the net-
worked control scheme. Upon receiving a message, the re-
ceiver station sends an acknowledgment message to the
sender station with the same serial number of the origin-
al message. This structure allows the detection of pos-

sible packet loss or message repetition by means of the
serial number checking. To minimize the occurrence of
packet losses in the NCS-CMUF platform, the stations
are provided with a mechanism for resending messages
with a transmission buffer based on priority scheme and
proper timeout settings.

In the NCS-CMUF platform, the synchronism
between the local and remote stations (remote controller
and CMUF server) is established by means of the net-
work time protocol (NTP) service. The synchronism
among the local stations is ensured by a remote reset of
the clocks by means of messages. In the current setup,
the software of the remote control station and the CMUF
server (see Fig.2) has been implemented in a computer
with Linux kernel. The codes of the gateway, of the actu-
ator, of the sensor and of the local controller stations
(Fig.2) have been implemented in PIC16F876A-based mi-
crocontrollers.

The plant used to develop the tests presented here
consists of an optical oven equipped with an incandes-
cent lamp and with temperature and luminosity sensors.
The luminosity control loop has been chosen to be the
controlled variable because it has a small time constant,
in milliseconds (Since, from the point of view of net-
worked controller, fast dynamics are more difficult to con-
trol than slow dynamics). The sensor measurement range
is between 0 and 226 lux.

The actuation on the plant is performed by means of
a circuit based on a thyristor that modulates the electric
power delivered to the lamp. The actuation signal is sent
to the plant by means of the pulse width modulation
(PWM) output of the microcontroller station of the NCS-
CMUF platform. Roughly speaking, this signal is in-
versely proportional to the root mean square (RMS)
voltage applied to the lamp. The signal range is between
150 bits (corresponding to the maximum voltage of 108.4V,
i.e., 100% of the control signal) and 800 bits (correspond-
ing to the minimum voltage of 27.7V, i.e., 0% of control
signal). The information in bits is given throughout the
paper to highlight the nonlinear characteristic of the loop
which the controller has to cope with.

3 Modeling and controller design

3.1 Modeling

A second-order model with time delay has been con-
sidered suitable to represent the dynamics of the luminos-
ity loop. The traditional complementary response meth-
od is used to get the model parameters from actual step
responses. The estimated transfer function is presented in
(1) which has been used for design of controllers, with the
dominant time constant equal to 201ms and the gain
equal to 0.63 (bit/bit) that corresponds to 2.6 lux/% of
the control signal.
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Fig. 3 Block diagram of the closed-loop system

AYp 0.63¢ 0"

Guls)=3g, = (0.201s + 1)(0.053s + 1) (1)

The discrete model has been obtained using the Z-
transform with zero-order hold (ZOH) and a sampling
time of the 100 milliseconds (this is the minimum value of
the sampling time that is possible to implement on the
NCS-CMUF platform). The discrete model output (in
bits) is then given by (2):

—a1 Ay (k—1) — @2 AYL(k—2)+
biAupk—1-0,) + b2Aurk_2_9,)
Yok = AYLk) + Yo

Ur (k) = A’U,L(k) —+ ug

AyL(k) =
(2)

where y;, and wur, correspond, respectively, to the output
and input of the plant, a; =—0.759 6, a2=0.092 2, b;=0.143 9,
bs = 0.0656, yp = 126 bits, up=0bits and 6,=1. Fig. 3 pres-
ents the block diagram of the closed-loop system.
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Fig. 4 Superposition of the simulated (solid line in black) and
real (dot line in blue) responses of the plant output

Fig.4 illustrates the plant output behavior (real and
simulated by means of the model shown in (2) subject to
a pseudo-random binary sequence (PRBS) input signal.
This result confirms the model validation in real opera-
tion conditions.

3.2 Standard PI controller

In this work, a proportional plus-integral (PI) control-
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ler with anti-windup scheme has been designed. For the
practical implementation of the controller, the discrete
equations, obtained by bilinear transformation, have been
used. The structure of the PI controller is shown in Fig. 5,
where K' = K.(1+ h/(2T;)) and 38 = (2T; — h)/(2T; + h),
h is the sampling time, K. is the proportional gain and T;
is the integral gain of the PI controller.

3.3 Event-driven controller: PI with explicit
compensation for time-delay variations

The PI controller with explicit compensation for time-
delay variations, proposed in [23], adapted for event-driv-
en controller, has been implemented. In this control stra-
tegy, the time-delay variations are compensated by means
of the explicit compensation of the control signal (Fig.6).
The main idea is the use of an extra feedback compensa-
tion aiming at reducing the deficiencies in the control sig-
nal (partially applied to the plant input in previous
samples) as consequence of the 7., delay variations. Due
to the large variability of 7., delays, the time at which
the calculated control signal (at each sampling instant) is

P ey

AR« e

Fig. 5 Block diagram of the discrete PI controller with anti-
windup
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Fig. 6 Block diagram of the PI controller with explicit
compensation of the control signal (PI4+EC)
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Fig. 7 Time profile of the signals in an NCS: effect of delays

effectively applied to the plant is also variable (and may
be greater or smaller than one regular sampling period),
as shown in Fig.7. To illustrate this, in Fig.7, the high-
ligthed control signal, u(—1), is effectively applied to the
plant for less than one sampling period.

The control system (Fig. 6) makes use of an estimat-
or to forecast the plant output values and, from them, to
generate a compensation signal for the control action.
Based on the model of the plant, the control signal
(which is supposedly applied to the system at each
sampling instant) is calculated and used to perform an
extra compensation in the control signall23l,

In Fig. 6, ACCud represents the accumulated control
signal deficit. This deficit is calculated based on explicit
compensation structure, that consists, essentially, of an
estimator, Q(z7'), a compensator, C'(z7'), and a filter,
F(z7'). The estimator makes use of an autoregressive
model with exogenous input as in (3).

Ay = — a1AYk—1) — @2AYk—2) = — @naDY(k—na)+
b1 Augg_1y + baAuge_oy + -+

b Auk—nb)J(x) = D) + Yo
(3)

where a1, -+, ana, b1, - ,bnp and yo represent the plant
model parameters, and yo and wuo are the initial
conditions. The control signal compensation is given by
(4).
A1y = (AJy + a1 A8 k—1) + 62 AJ(e—2)+
© e AY(k—na) — b2 AU _2)—
cee— bnbAﬂ(k—nb))/bl

E(k,D = Aﬂ(kfl) =+ ugp. (4)
The control signal deficit (ud) is given by (5):
ud(p—1y = Up—1) — Tk—1) (5)

where @ is the control signal calculated without compen
sation. The accumulated control signal deficit is then
given by (6).

nm—1
ACCud = > yACCud+ K;(1 - y)udg_;—1,  (6)

7=0

where K; represents the filter gain, y is the filter time
constant and nm is the total number of measurements
that come to the controller during the k-th sampling
interval. In the results presented here, nm is considered 1,
since the controller is event-driven and thus just one
measurement arrives during the whole sampling period
for the calculation of the control signal. In these tests,
Ky =1, and the filter time constant, y, is either set equal
to 0 (without filter) or v = 0.9, and v = 0.95 depending
on the test performed.

The PI controller was designed using the well-known
direct synthesis method. The application of this method
is based on the process model and the desired closed-loop
response. In this work, the desired closed-loop response
was set to 74 = 71 + 72 = 254 ms, i.e., equal to the open
loop time constant. Although the direct synthesis meth-

Table 1 Controller parameter

Parameters Values
K. 1.14
K’ 1.36
B 0.67

T; 254 ms

h 100 ms

od applied to a process modeled as of second order res-
ults in a PID controller, in the design in question, the de-
rivative term, Ty, was set to 0 (since the calculated Ty
value does not satisfy a practical implementation restric-
tion of the discrete controller). The values of the de-
signed controller parameters are listed in Table 1.

4 Analysis of the most likely region of
stability

To analyze the most likely region of stability of the
implemented NCS, the methodology proposed in [44] has
been adopted. It is noteworthy that the most likely re-
gion of stability is directly related to the maximum delay
limit (most likely statistically) that the NCS supports
without becoming unstable.

The method proposed in [44] evaluates, in a systemat-
ic way, the possible behaviors of the system in closed-
loop, subject to uncertainties, by means of the analysis of
the time responses. The delays present in NCSs are
treated as uncertain parameters. This method can be seen
as a tool for the evaluation of the applicability of the
various control techniques or settings to a given NCS.
The methodology (based on the Monte Carlo experi-
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ments coupled with a sorting algorithm and a gradient
search using the analysis of time responses) is intended to
provide less conservative limits of stability, or equival-
ently, the most likely regions in which stability is likely
to hold.

The accuracy of Monte Carlo algorithms depends on
the representativeness of random samplings. The best res-
ults are achieved by increasing the number of samples.
The results only ensure that all possible behaviors of the
system were analyzed if the limit of the number of
samples tends to infinity. However, it is possible to make
a relatively fair analysis of the most likely behaviors of
the system with a finite (relatively large) number of
samples. Thus, the most likely stability regions can be
probabilistically guaranteed. In [44], it has been shown
that the method, compared to conventional approaches,
gives a more realistic stability region for practical applica-
tions.

The method follows an algorithmic procedure whose
steps are: 1) Randomly generate the uncertain paramet-
ers (in this case the delay) as commonly found in real
NCSs using the Monte Carlo method; 2) For a given con-
troller, simulate (during a time-window of n samples) the
closed-loop system with the generated uncertain paramet-
ers; 3) Evaluate in this time-window (of n samples) if the
behavior of the time response (step or impulse or null ref-
erence, with initial state condition different from zero)
tends to destabilization or not; 4) Iteratively repeat steps
1) — 3) to find the most likely limit of uncertain paramet-
ers that provide a stable closed-loop system.

At each algorithm iteration, the set of uncertain para-
meters are generated and a data window with the plant
output is evaluated. To achieve the most likely limit of
the uncertain parameters, the algorithm has been imple-
mented with a search and convergence criteria, as de-
tailed in [44].

To analyze the luminosity control loop, some numeric-
al simulations have been performed using the method
proposed in [44]. To emulate the (variable) delay in a
more realistic way, an oversampled discrete-time model
(with the main sample period h=100ms and the second-
ary sample hy=h/200) has been used to generate the ran-
dom delays at each k-th intersampling time instant (¢t =
khy), hy < h and the delays are considered as multiples
of hy. The oversampled discrete-time model, obtained us-
ing hy = 0.5ms, is given by (2), where a; = 1.9881259, ap
= 0.9881493, by = 0.7362981 x 107°, by = 0.7333780 X
1075, yo = 126 bits, up = 0 bits and 7, = 1h = 200h2; with
the poles located at p; = 0.9975155 and p2 = 0.9906104.
At the plant output, y;, measurement noise has been ad-
ded in the simulation to provide conditions as close as
possible to the real conditions. The measurement noise
added in the simulation has been generated based on the
real noise measured at the plant. The distribution, mean
and variance of the real measured noise have been de-
termined from measured data and analyzed so that the

generated noise can present similar characteristics in the
simulation. The noise generated is Gaussian with mean
equal to zero and variance around 7.5 lux? (that corres-
ponds to the variance of the measured noise).

The simulations have been performed using the PI
controller with setpoint equal to 179.5 lux (350 bits). The
maximum (constant) delay determined from the phase
margin (using (7)) with the PI controller is equal to 469 ms.

max — —_— 7
7 W, (180/7) (7)
where P, is the phase margin and W,, is the crossover
frequency (at 0dB). The phase margin has been deter-
mined considering the continuous plant coupled with a
ZOH, (1 — e~*")/h, that is equivalent to the discrete system.
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Fig. 8 Stability threshold for NCS of the luminosity loop

The variable delays have been simulated with uni-
form, Gaussian and exponential distributions. Fig. 8 illus-
trates simulation results of the NCS with the luminosity
loop and the delays with Gaussian distribution. The max-
imum obtained delay was equal to Tmax = 785ms, i.e.,
greater than 7 samples (as h = 100ms). Fig.8(a) depicts
the delays applied with Gaussian distribution, Fig.8(b)
the number of occurrence of delays and Fig.8(c) shows
the plant output.

Table 2 summarizes the values of maximum delay, av-
erage delay, delay variance and the algorithm runtime
(obtained using a computer with Intel i3 2.4 GHz pro-
cessor and 2 GB RAM). The proposed algorithm is se-
quentially executed 10 times (#1 to #10) with 1000
samples and random delays with Gaussian distribution.
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The same procedure has been repeated with uniform
distribution and the results are listed in Table 3.

Comparing the data listed in Table 2 with the ones in
Table 3, it can be seen that the maximum values ob-
tained for the delays with uniform and Gaussian distribu-

Table 2 Simulation results: delays with Gaussian distribution

Test #  Run time (s) Average delay (s)  Variance Tmax (s)

1 56.61 0.352 0.020 0.785
2 39.42 0.314 0.016 0.690
3 36.03 0.349 0.019 0.745
4 27.38 0.352 0.020 0.840
5 39.29 0.338 0.018 0.815
6 53.75 0.355 0.019 0.800
7 23.70 0.326 0.016 0.750
8 33.15 0.277 0.013 0.615
9 23.82 0.340 0.018 0.830
10 25.37 0.359 0.018 0.760
Average 35.85 0.336 0.018 0.763

Table 3 Simulation results: delays with uniform distribution

Test #  Run time (s) Average delay (s)  Variance Tmax (s)
1 49.45 0.398 0.051 0.795
2 35.64 0.337 0.039 0.675
3 43.08 0.283 0.029 0.575
4 27.31 0.424 0.061 0.845
5 28.05 0.406 0.055 0.825
6 37.44 0.432 0.058 0.855
7 41.46 0.402 0.054 0.810
8 57.15 0.398 0.051 0.795
9 26.09 0.386 0.048 0.775
10 22.31 0.348 0.041 0.720
Average 36.80 0.381 0.049 0.767

tionswereverysimilar(TheaverageoflOtestswasequalto763 ms
for a Gaussian distribution and 767 ms for a uniform dis-
tribution). Reflecting that for this loop, the effect of the
distribution (uniform or Gaussian) was not so pro-
nounced, under the simulated conditions. As for the expo-
nential distribution, whose results are shown in Fig.9 and
in Table 4, the maximum obtained delay was Tmax =
5.985s, i.e., greater than the delays obtained for the
Gaussian and uniform distributions.

5 Experimental results

The results presented here upon were obtained in a
real NCS applied to the luminosity loop (see Section 2).
In the tests accomplished in the real plant, the stations of
the remote controller and CMUF server (see Fig. 2) were
physically located in a laboratory at a university campus
and they were configured with fixed IP in the same sub-
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Fig. 9  Stability threshold for NCS of the luminosity loop

Table4 Simulation results: delays with exponential distribution

Test #  Run time (s) Average delay (s)  Variance Tmax (s)
1 39.53 0.819 0.647 5.985
2 23.34 0.491 0.238 2.875
3 29.47 0.598 0.372 3.820
4 36.86 0.511 0.264 3.440
5 27.57 0.517 0.276 3.280
6 45.80 0.530 0.243 3.085
7 10.39 0.783 0.574 4.980
8 25.70 0.483 0.235 3.545
9 50.99 0.560 0.302 3.205
10 34.67 0.505 0.252 3.770
Average 32.43 0.580 0.340 3.799

network. Firstly, some tests have been performed consid-
ering only the natural delays of the network.

Since the natural delays did not present larger vari-
ations, some experimental tests have been subsequently
conducted with artificially increased delays (with the aid
of a buffer placed in the feedback loop). The use of this
buffer turned possible a more detailed analysis of the ef-
fects of larger delays and with reproducible characterist-
ics to evaluate different types of controllers.

5.1 Experiments with the natural delays

of the network
The behavior of an NCS, in closed-loop, subject to
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natural delays of a real network, is evaluated in the ex-
periments considered in this subsection. Thus, the tests
have been performed with PI and PI with explicit com-
pensation (PI+EC) controllers. The loop behavior in each
test, together with the profile of delay variations are
presented below.

The profiles of the plant output, of the control signal
and of the characteristics of delays obtained with PI con-
troller are illustrated in Fig.10 for a typical operating
condition. Fig.10(a) presents an excerpt of the con-
trolled plant output during an experimental test of over
an hour long (or 38000 samples) and the setpoint (PRBS
signal) with detail of the last 6000 samples. In Fig. 10 (b),
the corresponding control signal is shown. Fig.10(c)
shows the variation profile of delays 7s¢, Tca and 7sq. Note
that, at the beginning of the test, there is a loss of syn-
chronism, reflected by the increment in 7., and decre-
ment in 7s.. This synchronism error is mitigated during
the test by the use of a dynamic synchronization strategy
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Fig. 10 Test 1, PI controller and PRBS reference

that has been implemented in the NCS-CMUF platform,
which uses the standard NTP service. However, it is
noteworthy that this offset between the clocks (less than
10ms) that has been detected can be also occur during
the tests, since this offset value is in the range normally
provided by the NTP service (most likely between 0.1ms
and 10ms, but can exceed a hundred milliseconds with
low probability of occurrence)l6l. Synchronism assurance
is one of the major challenges in a implementation of real
NCSs.

Fig.10(d) shows the histogram with the number of oc-
currences per range of 7, delays. The analysis of

s Lidgipgs
= "1 ]

Figs.10(a) and 10(c) shows no correlation between the
maximum delay values and higher amplitudes of oscilla-
tions in the plant output. Note that the plant output was
little affected by variation of the delays in this test, since
the ratio Tmax/h was less than 1. This result confirms
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Fig. 11 Test 2, PI controller and sinusoidal reference
that delays smaller than one sampling period do not af-
fect significantly the response of this loop. Under this
condition of natural delays measured on the network,
where the ratio Tmax/h was less than 1, the PI controller
is able to keep controlling the loop, following closely a
PRBS reference. To verify if the performance (surpris-
ingly good) obtained with PI controller, in real network,
is not due to the PRBS reference features (that only has
2 levels), other tests were performed in closed loop with
PI using a sinusoidal reference (Fig.11).

The plant output, the control signal and delay charac-
teristics measured in the NCS controlled by a longer peri-
od of time (100000 samples) with sinusoidal reference can
be seen in Fig.11. Fig.11(a) shows only the final part of
the test to allow better viewing of the response. Note that
the system also followed the reference with more slow
variations such as the sinusoidal signal.

In order to find possible improvements that a more
elaborate control system could introduce, compensation
strategies have been implemented, such as the PI control-
ler with explicit compensation strategy (PI+EC), de-
scribed in Section 3. This strategy uses a structure with a
first-order filter for filtering the accumulated control sig-
nal deficit. Three values for the time constant of the fil-
ter (y), y =0, y = 0.9 and y = 0.95 have been considered
in the tests presented in the paper. Figs.12 and 13 illus-
trate the plant output and the characteristics of the
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Fig. 13 Test 4, PI+EC controller and y=0.95

delays measured in the tests with y = 0.9 and y = 0.95,
respectively.

The ratio Tmax/h was also small (slightly larger than
1, since the maximum delay is less than 110 ms and the
sampling time is equal to 100ms) in tests (Figs.12 and
13), thus, it was not possible to see a significant improve-
ment with the use of the explicit compensation strategy
in these cases, a fact that can be evaluated by visual in-
spection and by error variance, for which the values are

Table 5 Comparison of the controllers: with natural delays

Number of EI:I‘OI" Control signal Average Variance
Control 1 Variance o riance (%2)  Tsa (ms)  Tsq (ms?)
samples (lux?) v 0) sa sa

PI 38 084 61.80 162.6 49.71 14.76

PI+EC 10 000 62.79 179.5 48.63 8.302
(v=0)
PI+EC 10 000 58.87 170.8 48.31 4.101
(v=0.9)
PI+EC p
(v=0.95) 10 000 62.14 168.3 48.51 4.872
shown in Table 5.

Table 5 presents a comparison of results obtained in
tests performed using different types of controllers, with
PRBS signals as reference. Table 5 shows the type of con-
troller, the number of samples in each test, the error vari-
ance (in units of lux2), the control signal variance (in
units of %247)), the average of 7. (in units of ms) and the
variance of 7y, (in units of ms?) (the values shown in Ta-
ble 5 were calculated between the samples 1000 and
10000). Note that the average values of 7., in the tests
are similar to each other and less than half of the
sampling time, with a small variance.

Comparing the error variances obtained with PI+EC
controller with different y values, it is noticed that there
is a reduction in the error variance for y = 0.9, indicating
that the choice of the time constant of the filter is a rel-
evant factor in the design. The explicit compensation stra-
tegy is an interesting alternative for applications on plat-
forms where the messages do not have time stamps.
However, the influence of the adopted filter warrants fur-
ther investigations. Experimental tests have been per-
formed with two types of controllers in NCSs subject to
natural delays of the network. The time constant of the
plant is the order of milliseconds, even with a plant with
dynamics so fast, the controllers showed good results
tracking the reference (PRBS and sinusoidal). In the
practical implementation, it is very difficult to establish
the synchronization between the clocks of the local and
remote stations, especially for NCSs in plants with fast
dynamics such as luminosity loop, in which the time con-
stant is in the order of milliseconds. It is noteworthy that
plants with faster dynamics require a more precision in
synchronism, which is more difficult to ensure. Note, in
Fig.13(c), that the offset between the clocks of the local
and remote stations varied over the test. This increases
the difficulty to keep the synchronism with the precision
of a few milliseconds.

As the ratio Tmax/h has been small (less than 1) in the
tests performed with the natural delays of the network,
the effects of delays have not been very pronounced. Con-
sequently, the effects of compensation made by the con-
trollers have not been significant in these tests. For a bet-
ter evaluation of the possible improvements that control
strategies can provide, in the following sections, some res-
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ults will be presented obtained in tests using the artifi-
cially increased delays.

5.2 Experiments with additional delays

Additional delays (beyond the nature of the network)
with exponential distribution were inserted into the
sensor-controller link. Fig.14 illustrates the additional
delays profile and the histogram with the number of oc-
currences.

Fig. 15 presents some test results performed with a PI

plilgis
L ]

1

controller with additional delays. Although large amp-
litude oscillations can be detected in this test, the system
remained controlled and stable. Fig.15(c) shows the oc-
currence of a 75, delay equal to 1652ms (at sample 1068),
i.e. greater than 16 sampling periods. Between the
samples 1074 and 1080, the 75, delay remained in a value
greater than 1300ms. After a setpoint change (which oc-
curs in the sample 1100), oscillations between 3 and 207
lux have been detected (this range corresponds to 180%
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Fig. 16 Test 6, PI+EC controller, y = 0.9, with artificially
increased delays

of the reference value set at 113 lux or 97% undershoot
and 83% overshoot). These large amplitude oscillations
are momentary due to the time varying characteristics of
the delays. It is seen that the oscillations disappear after
sample 1170. Fig.15(d) shows the histogram with the
number of occurrences within the range of 75, delays.
99% of the delays are less than 1200ms and average
delay equals to 603 ms, i.e. greater than 6 sample periods.
The system remained stable, even with the average delay
greater than the limit obtained for constant delay (equal
to 469ms, as seen in Section 4).

Fig. 16 presents the results obtained with PI control-
ler with explicit compensation, y = 0.9 and additional
delays.

Although the biggest delay registered in this test is
equal to 1936ms, with only one occurrence at sample
1241, this delay was not the one that resulted in the
worst oscillationsof the test. Inthe period between thesamples
1115 and 1160, there have been detected higher and longer
oscillations (between 2 and 214 lux). This fact corrobor-
ates the argument that the effect of the delay depends on
the way in which they occur and not only on its maxim-
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Table 6 Comparison between the controllers: Additional

delays
Number E%ror Control signal Average Variance Ty,
Control of samples o 20 variance (%2)  Tsa (ms) (ms?)
P (lux?) ° =
PI 2500 394.6 282.1 603.4 1.036X10°
PI+EC 2 800 468.5 302.2 443.7  8.605X10*
(y=0.9)

um value. So, a single delay of higher value and less fre-
quent (i.e., with low probability of occurrence), can be
supported by real NCSs without becoming unstable or
even deteriorating their performance. Therefore, if it is
considered only the maximum delay as limit to the design
of controllers, conservative results can be unnecessarily
obtained, emphasizing the importance and advantage of
considering the effects of delays in a probabilistic way
and not deterministic.

Table 6 shows a comparison between the two tests
performed with additional delays. The delay profiles were
quite different as illustrated by the histogram (Fig.15(d)
and Fig.16(d)) and can also be confirmed by the average
delays indicated in Table 6.

The tests with additional delays confirm that maxim-
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Fig. 17 Simulation, PI+EC controller, y =0.9: setpoint (solid
line in black), plant output simulated with K.=1.14 (solid line in
red) and plant output simulated with K.=0.18 (dash-dot line in
blue)

um delays greater than 19 samples and average delays
greater than the limit obtained for constant delays can be
supported by this NCS without becoming unstable. If
only constant (deterministic) delays are considered, the
design of controllers will be limited by the maximum pos-
sible delay, resulting in conservative results and unneces-
sarily degraded performance. In the case study presented
here, if it is considered the delay of 19 sample periods in
the design of the PI controller, the proportional gain K.
should be reduced from 1.14 to 0.18, i.e., around 6 times.
This reduction can result in a significant performance
loss, as shown in the simulation responses of Fig.17. It

can be seen that the system response becomes much
slower with the reduction of the controller gain.

6 Conclusions

The authors expect that the results presented in the
paper could contribute to a more realistic evaluation of
the behavior of real NCSs. Several experimental results
performed in the luminosity loop confirm the importance
of using proper tools for analysis and design of control-
lers closed over networked loops. In particular, it is
shown the necessity of considering the delay statistics for
NCSs analysis and design. If only the maximum delay
limit is used in the design of the controllers, conservative
results can be obtained, with unnecessary loss of perform-
ance.

The presented results show the effectiveness of con-
trol strategies in practical cases. The results show that
delays much higher than one sampling period can be sup-
ported by real NCSs, even when designed for much smal-
ler delays. Successful experimental running with ratio
Tmax/h greater than 19 sampling periods were presented
with the system remaining stable. This fact demonstrates
that limiting the maximum delay to one sampling time
may be too restrictive.

The use of more elaborate strategies to cope for great-
er delay variations depends heavily on the possibility of
determining with higher accuracy, in real time, the actu-
al delays present in the NCS loop. Some possibilities have
been considered in the paper but this matter, for its im-
portance, warrants further investigations.

References

1] X. H. Ge, F. W. Yang, Q. L. Han. Distributed networked
control systems: A brief overview. Information Sciences,
vol. 380, pp.117131, 2017.DOI: 10.1016/j.ins.2015.07.
047.

2] X. M. Zhang, Q. L. Han, X. H. Yu. Survey on recent ad-
vances in networked control systems. IEEE Transactions
on Industrial Informatics, vol.12, no.5, pp.17401752,
2016.DOLI: 10.1109/T11.2015.2506545.

(3] A. Kheirkhah, D. Aschenbrenner, M. Fritscher. F. Sittner,
K. Schilling. Networked control systems with application
in the industrial tele-robotics. IFAC-PapersOnLine,
vol. 48, mno.10, pp.147152, 2015.DOI:  10.1016/j.
ifacol.2015.08.123.

[4] J. B. Qiu, H. J. Gao, M. Y. Chow. Networked control and
industrial applications. IEEE Transactions on Industrial
Electronics, vol. 63, no. 2, pp. 12031206, 2016.DOI: 10.1109/
TIE.2015.2506544.

5] K. Y. Liang, S. van de Hoef, H. Terelius, V. Turri, B.
Besselink, J. Mrtensson, K. H. Johansson. Networked con-
trol challenges in collaborative road freight transport.
European Journal of Control, vol. 30, pp.214, 2016.DOI:
10.1016/j.ejcon.2016.04.008.

6] C. Peng, J. Zhang. Event-triggered output-feedback H.,
control for networked control systems with time-varying
sampling. IET Control Theory & Applications, vol.9,
no.9, pp.13841391, 2015.DOI: 10.1049/iet-cta.2014.

Liigipm
4 Y ]


http://dx.doi.org/10.1016/j.ins.2015.07.047
http://dx.doi.org/10.1016/j.ins.2015.07.047
http://dx.doi.org/10.1109/TII.2015.2506545
http://dx.doi.org/10.1016/j.ifacol.2015.08.123
http://dx.doi.org/10.1016/j.ifacol.2015.08.123
http://dx.doi.org/10.1109/TIE.2015.2506544
http://dx.doi.org/10.1109/TIE.2015.2506544
http://dx.doi.org/10.1016/j.ejcon.2016.04.008
http://dx.doi.org/10.1049/iet-cta.2014.0876
http://dx.doi.org/10.1016/j.ins.2015.07.047
http://dx.doi.org/10.1016/j.ins.2015.07.047
http://dx.doi.org/10.1109/TII.2015.2506545
http://dx.doi.org/10.1016/j.ifacol.2015.08.123
http://dx.doi.org/10.1016/j.ifacol.2015.08.123
http://dx.doi.org/10.1109/TIE.2015.2506544
http://dx.doi.org/10.1109/TIE.2015.2506544
http://dx.doi.org/10.1016/j.ejcon.2016.04.008
http://dx.doi.org/10.1049/iet-cta.2014.0876

50

(10]

(1]

(12]

(13]

(14]

[15]

(16]

(17]

18]

(19]

(20]

1

International Journal of Automation and Computing 15(1), February 2018

0876.

S. Dey, A. Chiuso, L. Schenato. Remote estimation with
noisy measurements subject to packet loss and quantiza-
tion noise. IEEE Transactions on Control of Network Sys-
tems, vol. 1, no. 3, pp.204217, 2014.DOI: 10.1109/TCNS.
2014.2337961.

K. Okano, H. Ishii. Stabilization of uncertain systems with
finite data rates and markovian packet losses. IEEE
Transactions on Control of Network Systems, vol. 1, no. 4,
pp- 298307, 2014.DOI: 10.1109/TCNS.2014.2338572.

M. Nourian, A. S. Leong, S. Dey, D. E. Quevedo. An op-
timal transmission strategy for Kalman filtering over pack-
et dropping links with imperfect acknowledgements. IEEE
Transactions on Control of Network Systems, vol. 1, no. 3,
pp. 259271, 2014.DOI: 10.1109/TCNS.2014.2337975.

C. Peng, Q. L. Han. On designing a novel self-triggered
sampling scheme for networked control systems with data
losses and communication delays. IEEE Transactions on
Industrial —Electronics, vol.63, no.2, pp.12391248,
2016.DOI: 10.1109/TIE.2015.2504044.

M. Y. Zhao, H. P. Liu, Z. J. Li, D. H. Sun. Fault tolerant
control for networked control systems with packet loss and
time delay. International Journal of Automation and
Computing, vol.8, no.2, pp.244253, 2011.DOI: 10.1007/
511633-011-0579-z.

C. Latrach, M. Kchaou, A. Rabhi, A. El Hajjaji. Decent-
ralized networked control system design using Takagi-Sug-
eno (TS) fuzzy approach. International Journal of Auto-
mation and Computing, vol.12, mno.2, pp.125133,
2015.DOI: 10.1007/s11633-015-0879-9.

C. Peng, T. C. Yang. Event-triggered communication and
H,, control co-design for networked control systems. Auto-
matica, vol.49, no.5, pp. 13261332, 2013.DOI: 10.1016/j.
automatica.2013.01.038.

M. G. Cea, G. C. Goodwin. Stabilization of systems over
bit-rate-constrained networked control architectures.
IEEE Transactions on Industrial Informatics, vol. 9, no. 1,
pp. 357364, 2013.DOI: 10.1109/TII1.2012.2217976.

L. X. Zhang, H. J. Gao, O. Network-induced constraints in
networked control systemsa survey. IEEE Transactions on
Industrial Informatics, vol.9, no. 1, pp.403416, 2013.DOI:
10.1109/T11.2012.2219540.

Y. Q. Xia, Y. L. Gao, L. P. Yan, M. Y. Fu. Recent pro-
gress in networked control systemsa survey. International
Journal of Automation and Computing, vol.12, no.4,
pp- 343367, 2015.DOI: 10.1007/s11633-015-0894-x.

A. P. Batista, F. G. Jota. On the effects of time delay vari-
ations in the design of networked control system. Interna-
tional Journal of Systems, Control and Communications,
vol.5, mo.2, pp.120139, 2013.DOI: 10.1504/1JSCC.
2013.055981.

H. B. Song, G. P. Liu, L. Yu. Networked predictive con-
trol of uncertain systems with multiple feedback channels.
IEEE Transactions on Industrial Electronics, vol.60,
no.11, pp.52285238, 2013.DOI:  10.1109/TIE.2012.
2225398.

Y. P. Zhang, P. Cofie, A. N. Ajuzie, J. Zhang, C. M. Ak-
ujuobi. Real-time random delay compensation with pre-
diction-based digital redesign. ISA Transactions, vol. 50,
no.2, pp.207212, 2011.DOI: 10.1016/j.isatra.2010.11.
009.

H. Zhang, Y. Shi, M. X. Liu. H, step tracking control for

AR
(4}

(21]

22]

(23]

(24]

[25]

[26]

27]

28]

(29]

(30]

(31]

(32]

(33]

networked discrete-time nonlinear systems with integral
and predictive actions. IEEE Transactions on Industrial
Informatics, vol.9, no.1, pp.337345, 2013.DOI: 10.1109/
TII1.2012.2225434.

G. Franze¢, F. Tedesco. Networked control systems: A
polynomial receding horizon approach. IEEE Transac-
tions on Control of Network Systems, vol. 1, no. 4, pp. 318
327,2014.DOI: 10.1109/TCNS.2014.2357502.

R. N. Yang, G. P. Liu, P. Shi, C. Thomas, M. V. Basin.
Predictive output feedback control for networked control
systems. IEEE Transactions on Industrial Electronics,
vol. 61, no.1, pp.512520, 2014.DOI: 10.1109/TIE.2013.
2248339.

E. C. Martins, F. G. Jota. Design of networked control sys-
tems with explicit compensation for time-delay variations.
IEEE Transactions on Systems, Man, and Cybernetics,
Part C (Applications and Reviews), vol.40, no.3,
pp- 308318, 2010.DOI: 10.1109/TSMCC.2009.2036149.

A. Baos, F. Perez, J. Cervera. Network-based reset con-
trol systems with time-varying delays. IEEE Transactions
on Industrial Informatics, vol.10, no.1l, pp.514522,
2014.DOLI: 10.1109/T11.2013.2273434.

H. Bnitez-Pérez, J. Ortega-Arjona, J. A. Rojas-Vargas, A.
Duran-Chavesti. Design of a fuzzy networked control sys-
tems. Priority exchange scheduling algorithm. Interna-
tional Journal of Computers Communications & Control,
vol. 11, no. 2, pp. 179193, 2016.

J. B. Qiu, H. J. Gao, S. X. Ding. Recent advances on fuzzy-
model-based nonlinear networked control systems: A sur-
vey. IEEE Transactions on Industrial Electronics, vol. 63,
no.2, pp.12071217, 2016.DOI: 10.1109/TIE.2015.
2504351.

S. Bonala, B. Subudhi, S. Ghosh. On delay robustness im-
provement using digital Smith predictor for networked
control systems. FEuropean Journal of Control, vol.34,
pp. 5965, 2017.DOI: 10.1016/j.ejcon.2017.01.001.

Z. D. Tian, X. W. Gao, B. L. Gong, T. Shi. Time-delay
compensation method for networked control system based
on time-delay prediction and implicit PIGPC. Internation-
al Journal of Automation and Computing, vol. 12, no.6,
pp. 648656, 2015.DOI: 10.1007/s11633-015-0897-7.

L. Dritsas, A. Tzes. Robust stability analysis of networked
systems with varying delays. International Journal of Con-
trol, vol.82, mno.12, pp.23472355, 2009.DOI: 10.
1080,/00207170903061705.

M. P. W. H. Heemels, N. van de Wouw, R. H. Gielen, M.
C. F. Donkers, L. Hetel, S. Olaru, M. Lazar, J. Daafouz, S.
Niculescu. Comparison of overapproximation methods for
stability analysis of networked control systems. In Pro-
ceedings of the 13rd ACM International Conference on Hy-
brid Systems: Computation and Control, ACM, Stock-
holm, Sweden, pp. 181190, 2010.DOI:
10.1145/1755952.1755979.

M. B. G. Cloosterman, N. van de Wouw, W. P. M. H.
Heemels, H. Nijmeijer. Stability of networked control sys-
tems with uncertain time-varying delays. IEEE Transac-
tions on Automatic Control, vol.54, no.7, pp. 15751580,
2009.DOI: 10.1109/TAC.2009.2015543.

H. J. Gao, T. W. Chen, J. Lam. A new delay system ap-
proach to network-based control. Automatica, vol.44,
no. 1, pp.3952, 2008.DOI: 10.1016/j.automatica.2007.04.
020.

Y. Tipsuwan, M. Y. Chow. Control methodologies in net-


http://dx.doi.org/10.1049/iet-cta.2014.0876
http://dx.doi.org/10.1109/TCNS.2014.2337961
http://dx.doi.org/10.1109/TCNS.2014.2337961
http://dx.doi.org/10.1109/TCNS.2014.2338572
http://dx.doi.org/10.1109/TCNS.2014.2337975
http://dx.doi.org/10.1109/TCNS.2014.2337975
http://dx.doi.org/10.1109/TCNS.2014.2337975
http://dx.doi.org/10.1109/TIE.2015.2504044
http://dx.doi.org/10.1007/s11633-011-0579-z
http://dx.doi.org/10.1007/s11633-011-0579-z
http://dx.doi.org/10.1007/s11633-015-0879-9
http://dx.doi.org/10.1016/j.automatica.2013.01.038
http://dx.doi.org/10.1016/j.automatica.2013.01.038
http://dx.doi.org/10.1109/TII.2012.2217976
http://dx.doi.org/10.1109/TII.2012.2219540
http://dx.doi.org/10.1007/s11633-015-0894-x
http://dx.doi.org/10.1504/IJSCC.2013.055981
http://dx.doi.org/10.1504/IJSCC.2013.055981
http://dx.doi.org/10.1109/TIE.2012.2225398
http://dx.doi.org/10.1109/TIE.2012.2225398
http://dx.doi.org/10.1016/j.isatra.2010.11.009
http://dx.doi.org/10.1016/j.isatra.2010.11.009
http://dx.doi.org/10.1109/TII.2012.2225434
http://dx.doi.org/10.1109/TII.2012.2225434
http://dx.doi.org/10.1109/TCNS.2014.2357502
http://dx.doi.org/10.1109/TIE.2013.2248339
http://dx.doi.org/10.1109/TIE.2013.2248339
http://dx.doi.org/10.1109/TSMCC.2009.2036149
http://dx.doi.org/10.1109/TII.2013.2273434
http://dx.doi.org/10.1109/TIE.2015.2504351
http://dx.doi.org/10.1109/TIE.2015.2504351
http://dx.doi.org/10.1016/j.ejcon.2017.01.001
http://dx.doi.org/10.1007/s11633-015-0897-7
http://dx.doi.org/10.1080/00207170903061705
http://dx.doi.org/10.1080/00207170903061705
http://dx.doi.org/10.1145/1755952.1755979
http://dx.doi.org/10.1145/1755952.1755979
http://dx.doi.org/10.1145/1755952.1755979
http://dx.doi.org/10.1109/TAC.2009.2015543
http://dx.doi.org/10.1016/j.automatica.2007.04.020
http://dx.doi.org/10.1016/j.automatica.2007.04.020
http://dx.doi.org/10.1049/iet-cta.2014.0876
http://dx.doi.org/10.1109/TCNS.2014.2337961
http://dx.doi.org/10.1109/TCNS.2014.2337961
http://dx.doi.org/10.1109/TCNS.2014.2338572
http://dx.doi.org/10.1109/TCNS.2014.2337975
http://dx.doi.org/10.1109/TCNS.2014.2337975
http://dx.doi.org/10.1109/TCNS.2014.2337975
http://dx.doi.org/10.1109/TIE.2015.2504044
http://dx.doi.org/10.1007/s11633-011-0579-z
http://dx.doi.org/10.1007/s11633-011-0579-z
http://dx.doi.org/10.1007/s11633-015-0879-9
http://dx.doi.org/10.1016/j.automatica.2013.01.038
http://dx.doi.org/10.1016/j.automatica.2013.01.038
http://dx.doi.org/10.1109/TII.2012.2217976
http://dx.doi.org/10.1109/TII.2012.2219540
http://dx.doi.org/10.1007/s11633-015-0894-x
http://dx.doi.org/10.1504/IJSCC.2013.055981
http://dx.doi.org/10.1504/IJSCC.2013.055981
http://dx.doi.org/10.1109/TIE.2012.2225398
http://dx.doi.org/10.1109/TIE.2012.2225398
http://dx.doi.org/10.1016/j.isatra.2010.11.009
http://dx.doi.org/10.1016/j.isatra.2010.11.009
http://dx.doi.org/10.1109/TII.2012.2225434
http://dx.doi.org/10.1109/TII.2012.2225434
http://dx.doi.org/10.1109/TCNS.2014.2357502
http://dx.doi.org/10.1109/TIE.2013.2248339
http://dx.doi.org/10.1109/TIE.2013.2248339
http://dx.doi.org/10.1109/TSMCC.2009.2036149
http://dx.doi.org/10.1109/TII.2013.2273434
http://dx.doi.org/10.1109/TIE.2015.2504351
http://dx.doi.org/10.1109/TIE.2015.2504351
http://dx.doi.org/10.1016/j.ejcon.2017.01.001
http://dx.doi.org/10.1007/s11633-015-0897-7
http://dx.doi.org/10.1080/00207170903061705
http://dx.doi.org/10.1080/00207170903061705
http://dx.doi.org/10.1145/1755952.1755979
http://dx.doi.org/10.1145/1755952.1755979
http://dx.doi.org/10.1145/1755952.1755979
http://dx.doi.org/10.1109/TAC.2009.2015543
http://dx.doi.org/10.1016/j.automatica.2007.04.020
http://dx.doi.org/10.1016/j.automatica.2007.04.020

A. P. Batista and F. G. Jota / Analysis of the Most Likely Regions of Stability of an NCS and - 51

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

[42]

(43]

[44]

worked control systems. Control Engineering Practice,
vol.11, no.10, pp.10991111, 2003.DOI: 10.1016/S0967-
0661(03)00036-4.

A. A. Khan, D. M. Tilbury, J. R. Moyne. Favorable effect
of time delays on tracking performance of type-I control
systems. IET Control Theory & Applications, vol. 2, no. 3,
pp. 210218, 2008.

M. Posthumus-Cloosterman. Control over Communica-
tion Networks: Modeling, Analysis, and Synthesis. Ph. D.
dissertation, Technische Universiteit Eindhoven, Nether-
lands, 2008.

A. Seuret. Stability analysis of networked control systems
with asynchronous sampling and input delay.. In Proceed-
ings of 2011 American Control Conference, IEEE, San
Francisco, USA, pp.533538, 2011.DOI: 10.1109/
ACC.2011.5990854.

A. Ray, Y. Halevi. Integrated communication and control
systems: Part IIDesign considerations. Journal of Dynam-
ic Systems, Measurement, and Control, vol.110, no.4,
pp. 374381, 1988.DOI: 10.1115/1.3152699.

Y. Q. Xia, J. J. Yan, P. Shi, M. Y. Fu. Stability analysis of
discrete-time systems with quantized feedback and meas-
urements. IEEE Transactions on Industrial Informatics,
vol.9, mno.1, pp.313324, 2013.DOI: 10.1109/TII.
2012.2218113.

M. Moarref, L. Rodrigues. Piecewise affine networked con-
trol systems. IEEE Transactions on Control of Network
Systems, vol.3, no.2, pp.173181, 2016.DOI: 10.1109/
TCNS.2015.2428452.

D. Zhang, Q. G. Wang, L. Yu, Q. K. Shao. H. filtering for
networked systems with multiple time-varying transmis-
sions and random packet dropouts. IEEE Transactions on
Industrial  Informatics, vol.9, mno.3, pp.17051716,
2013.DOI: 10.1109/TI1.2012.2232674.

X. He, Z. D. Wang, X. F. Wang, D. H. Zhou. Networked
strong tracking filtering with multiple packet dropouts:
Algorithms and applications. IEEE Transactions on In-
dustrial Electronics, vol. 61, no. 3, pp. 14541463, 2014.DOI:
10.1109/TIE.2013.2261038.

Y. L. Wang, G. H. Yang. Time delay and packet dropout
compensation for networked control systems: A linear es-
timation method. International Journal of Control, vol. 83,
no. 1, pp. 115124, 2010.DOI: 10.1080,/00207170903104174.

J. N. Li, Q. L. Zhang, M. Cai. Modelling and robust stabil-
ity of networked control systems with packet reordering
and long delay. International Journal of Control, vol. 82,
no. 10, pp. 17731785, 2009.DOL:
10.1080/00207170902729898.

A. P. Batista, F. G. Jota. Effects of time delay statistical
parameters on the most likely regions of stability in an
NCS. Control Engineering and Applied Informatics,

vol. 16, no. 1, pp. 311, 2014.

[45] F. G. Jota, P. R. S. Jota, E. C. Nobre. Method and Device
for Measuring and Monitoring, WO /2009,/033246, 2009.

[46] C. D. Murta, P. R. Torres Jr., P. Mohapatra. QRPpl-4:
Characterizing quality of time and topology in a time syn-
chronization network. In Proceedings of IEEE Global
Telecommunications Conference, San Francisco, USA,
pp. 15, 2006.

[47) D. Ruppert. Statistics and finance: An introduction.
Journal of the American Statistical Association, vol. 101,
no. 474, pp. 849850, 2004.DOI: 10.1007/978-1-4419-6876-0.

Ana Paula Batista received the
B. Eng. degree in electrical industrial en-
gineering from the Federal Center of Tech-
nological Education (CEFET-MG),
M. Eng., Brazil in 2004, the M. Eng. de-
gree in control systems from the Federal
University of Minas Gerais (UFMG),
Brazil in 2006, and the Ph.D. degree from
the Federal University of Minas Gerais
(UFMG), Braz11 in 2014. She is currently a professor with De-
partment of Electrical Engineering, CEFET-MG.

Her research interests include networked control systems,
monitoring and control systems, and energy efficiency.

E-mail: anapaula@des.cefetmg.br (Corresponding author)

ORCID-iD: 0000-0001-9847-1203

Fabio Gongalves Jota received the
B.Eng. degree in electronics engineering
and telecommunications from the Pontific-
al Catholic University of Minas Gerais
(PUC/MG), Brazil in 1978, the M. Eng.
degree from the Polytechnic School, Uni-
versity of Sdo Paulo, Sdo Paulo, in 1982,
and the Ph.D. degree from the University
of Oxford, UK in 1987. He was postdoctor-
al fellow Wlth the University of Newcastle, Australia in 1997. He
was the coordinator with the Graduate Program in Electrical
Engineering and the Director with the Centre for Research and
Development in Electrical Engineering, both UFMG, in 1994
and 1995. From 1999 to 2002, he was the coordinator with the
undergraduate course in control and automation Engineering,
UFMG. He is now a retired professor of control, automation and
instrumentation from Federal University of Minas Gerais,
Brazil.

His research interests include industrial control and instru-
mentation, adaptive control, networked control systems, monit-
oring and control systems for smart grid, energy efficiency and
juridical aspects of the automatic control.

E-mail: fgjotaQufmg.br

ORCID-iD: 0000-0002-1040-3247

plilgis
r ]

1


http://dx.doi.org/10.1016/S0967-0661(03)00036-4
http://dx.doi.org/10.1016/S0967-0661(03)00036-4
http://dx.doi.org/10.1109/ACC.2011.5990854
http://dx.doi.org/10.1109/ACC.2011.5990854
http://dx.doi.org/10.1115/1.3152699
http://dx.doi.org/10.1109/TII.2012.2218113
http://dx.doi.org/10.1109/TII.2012.2218113
http://dx.doi.org/10.1109/TCNS.2015.2428452
http://dx.doi.org/10.1109/TCNS.2015.2428452
http://dx.doi.org/10.1109/TII.2012.2232674
http://dx.doi.org/10.1109/TIE.2013.2261038
http://dx.doi.org/10.1080/00207170903104174
http://dx.doi.org/10.1080/00207170903104174
http://dx.doi.org/10.1080/00207170903104174
http://dx.doi.org/10.1080/00207170902729898
http://dx.doi.org/10.1080/00207170902729898
http://dx.doi.org/10.1080/00207170902729898
http://dx.doi.org/10.1007/978-1-4419-6876-0
http://dx.doi.org/10.1016/S0967-0661(03)00036-4
http://dx.doi.org/10.1016/S0967-0661(03)00036-4
http://dx.doi.org/10.1109/ACC.2011.5990854
http://dx.doi.org/10.1109/ACC.2011.5990854
http://dx.doi.org/10.1115/1.3152699
http://dx.doi.org/10.1109/TII.2012.2218113
http://dx.doi.org/10.1109/TII.2012.2218113
http://dx.doi.org/10.1109/TCNS.2015.2428452
http://dx.doi.org/10.1109/TCNS.2015.2428452
http://dx.doi.org/10.1109/TII.2012.2232674
http://dx.doi.org/10.1109/TIE.2013.2261038
http://dx.doi.org/10.1080/00207170903104174
http://dx.doi.org/10.1080/00207170903104174
http://dx.doi.org/10.1080/00207170903104174
http://dx.doi.org/10.1080/00207170902729898
http://dx.doi.org/10.1080/00207170902729898
http://dx.doi.org/10.1080/00207170902729898
http://dx.doi.org/10.1007/978-1-4419-6876-0
http://dx.doi.org/10.1016/S0967-0661(03)00036-4
http://dx.doi.org/10.1016/S0967-0661(03)00036-4
http://dx.doi.org/10.1109/ACC.2011.5990854
http://dx.doi.org/10.1109/ACC.2011.5990854
http://dx.doi.org/10.1115/1.3152699
http://dx.doi.org/10.1109/TII.2012.2218113
http://dx.doi.org/10.1109/TII.2012.2218113
http://dx.doi.org/10.1109/TCNS.2015.2428452
http://dx.doi.org/10.1109/TCNS.2015.2428452
http://dx.doi.org/10.1109/TII.2012.2232674
http://dx.doi.org/10.1109/TIE.2013.2261038
http://dx.doi.org/10.1080/00207170903104174
http://dx.doi.org/10.1080/00207170903104174
http://dx.doi.org/10.1080/00207170903104174
http://dx.doi.org/10.1080/00207170902729898
http://dx.doi.org/10.1080/00207170902729898
http://dx.doi.org/10.1080/00207170902729898
http://dx.doi.org/10.1007/978-1-4419-6876-0
http://dx.doi.org/10.1016/S0967-0661(03)00036-4
http://dx.doi.org/10.1016/S0967-0661(03)00036-4
http://dx.doi.org/10.1109/ACC.2011.5990854
http://dx.doi.org/10.1109/ACC.2011.5990854
http://dx.doi.org/10.1115/1.3152699
http://dx.doi.org/10.1109/TII.2012.2218113
http://dx.doi.org/10.1109/TII.2012.2218113
http://dx.doi.org/10.1109/TCNS.2015.2428452
http://dx.doi.org/10.1109/TCNS.2015.2428452
http://dx.doi.org/10.1109/TII.2012.2232674
http://dx.doi.org/10.1109/TIE.2013.2261038
http://dx.doi.org/10.1080/00207170903104174
http://dx.doi.org/10.1080/00207170903104174
http://dx.doi.org/10.1080/00207170903104174
http://dx.doi.org/10.1080/00207170902729898
http://dx.doi.org/10.1080/00207170902729898
http://dx.doi.org/10.1080/00207170902729898
http://dx.doi.org/10.1007/978-1-4419-6876-0
http://dx.doi.org/10.1007/978-1-4419-6876-0

