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a b s t r a c t

This paper introduces a packet-based dual-rate control strategy to face time-varying network-induced
delays, packet dropouts and packet disorder in a Networked Control System. Slow-rate sensing enables
to achieve energy saving and to avoid packet disorder. Fast-rate actuation makes reaching the desired
control performance possible. The dual-rate PID controller is split into two parts: a slow-rate PI
controller located at the remote side (with no permanent communication to the plant) and a fast-rate
PD controller located at the local side. The remote side also includes a prediction stage in order to
generate the packet of future, estimated slow-rate control actions. These actions are sent to the local
side and converted to fast-rate ones to be used when a packet does not arrive at this side due to the
network-induced delay or due to occurring dropouts. The proposed control solution is able to
approximately reach the nominal (no-delay, no-dropout) performance despite the existence of time-
varying delays and packet dropouts. Control system stability is ensured in terms of probabilistic
Linear Matrix Inequalities (LMIs). Via real-time control for a Cartesian robot, results clearly reveal the
superiority of the control solution compared to a previous proposal by authors.

© 2018 ISA. Published by Elsevier Ltd. All rights reserved.

1. Introduction

One of the main features of a Networked Control System (NCS)
[1e3] is to send data via a shared communication medium in
order to control a process. In the last few years, interesting ap-
plications have been reported in this field [4e7]. The present work
considers a low cost distributed sensor net, which sends data to a
powerful remote server (with high computation and information
storage features). One of the main goals of the contribution is to
achieve energy saving in this kind of set-up. Energy saving is a
crucial issue, especially in battery-powered wireless sensors,
having positive effects on their battery lives. As it is well known,
the energy consumption in sensor networks is usually due to
sensing, processing and communication operations. The last ones
consumemost part of this amount of energy. Therefore, in order to
save energy, a good option is to reduce the data flow frequency
through the net. However, a quite low transmission frequency

could imply failure to fulfil control specifications, or even process
instability. Different control proposals have been introduced to
reduce the communication rate preserving the control perfor-
mance. One of them is the packet-based approach [8e11], which
enables a sequence of signals to be sent over the network simul-
taneously. In the same way, techniques based on sending data
when some thresholds are exceeded [12e14] ei.e. event-based
control-, or just considering some specific data priority [15],
have been used. Another possible option is the so called “multi-
rate control”, which is a control technique able to assume different
rates for different control loop signals [16,17]. The present work
combines multi-rate and packet-based control techniques for
dealing, in addition, with some typical NCS problems such as
time-varying network-induced delays, packet dropouts, and
packet disorder.

The considered NCS locates the low cost sensor net, the process
and the actuator (with a low computation power) in the local side,
whereas the server (with high computation power and other ca-
pabilities) is situated in the remote side. Sensed values must travel
through the main network from the local side to the remote side,
and control signals, from the remote side to the local side. As it can
be said, to reduce energy, a slow transmission frequency was
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assumed in both links. Therefore, slow-rate sensed values and
slow-rate control actions travel through the NCS. Adopting a dual-
rate control strategy, an N faster control updating (being N a posi-
tive integer greater than one) can be assumed at the actuator device
by converting the slow-rate control signal into a fast-rate one,
which enables to achieve the desired control performance. This
proposal requires a special controller, actually a non-conventional
controller, which is able to compute control actions at period T
from signals taken at period NT [17]. In this work, due to the wide
knowledge of PID controllers in industrial and academic environ-
ments, a non-conventional PID control structure is taken into ac-
count. The controller is split into two parts: a slow-rate PI controller
and a fast-rate PD controller. The integral action is applied at slow
rate because it usually operates at this frequency zone, and hence, it
is located at the remote (server) side. The derivative actions, which
are associated with faster dynamics, are applied at fast rate, and
hence, the PD controller is located at the local side (inside the
actuator). The basic design procedure can be looked up in
Refs. [17e19].

The additional difficulties caused by the shared communication
medium (network-induced delays, packet dropouts, and packet
disorder) can appear depending on the network protocol used in a
specific application. Regarding the delays, these are due to waiting-
transmission-picking up times and are time-varying during the
course of the application. As it is well-known, not compensating for
the delays can imply a worsening of the control performance. This
problem can be overcome by using, for example, gain-scheduling
control strategies such as the one used in Ref. [20]. This proposal
allows obtaining a simple delay-dependent control law to retune
the parameters of the fast-rate PD controller from the round-trip
time delay. As the actuator is assumed to include low

computation capabilities, it is able to measure the round-trip time
delay and compute the fast-rate control signal. In this way, the
nominal (no-delay) control performance can be closely maintained
despite actuating in a non-uniform way due to the delays (that is,
the last control action computed in the previous sensor period is
held until new, current control actions are applied after the delay).

Concerning the packet disorder, once again, the fact of choosing
a slow sensing period NT (concretely, the sensing period will be
longer than the longest round-trip time delay) is beneficial, since it
can avoid this phenomenon. Obviously, the decision needs to
perform some off-line experiences with usual operation conditions
to detect some delay features. Sometimes, a statistical distribution
of the network-induced delay is even found [21,22]. As previously
commented, despite the fact of choosing the slow sensing period in
this way, dual-rate control techniques (with faster control period)
enable to achieve a satisfactory performance [17,18]. And, once the
sensing period and the rest of NCS parameters are defined, LMIs can
be used to ensure control system stability.

Finally, with regard to packet dropouts, if a network protocol
like UDP is assumed, this phenomenon can occur [21,22]. In this
work, a packet dropout can be derived either from an effective loss
or from the expiration of a maximumwaiting time. In addition, an
upper-bound for consecutive packet dropouts M can be estab-
lished from the off-line experiences. In order to deal with up to M
possible packet losses, a prediction stage is included at the remote
side, which contains a state resetting procedure [23,24] in order to
face even unstable processes (or marginally stable ones, such as
the position output for DC motors governing the axis of a Carte-
sian robot, which is used in this work). If a packet dropout occurs,
a different solution is implemented for each network link. For the
local-to-remote link, the process estimator provides the estimated
output value in order to generate the current (estimated) PI
control action. For the remote-to-local link, a packet-based
strategy is adopted. The packet includes the current PI control
action and M future ones to be used just in case the dropout
occurs.

Summarizing, the main motivation of this paper is to introduce
some control techniques (multi-rate and packet-based ones) in
order to save energy (reducing the number of transmissions) while
maintaining a satisfactory control performance in a NCS, where
some typical problems (time-varying network-induced delays,
packet dropouts, and packet disorder) must be faced.

The main contributions of this work with regard to another
proposal in Ref. [20] are: 1) the remote-to-local network link is now
considered, which allows not only to distribute the controller be-
tween remote and local sides, but also to deal with remote-to-local
delays; 2) the network-induced delay is now stochastic. Then,
probabilistic LMIs are required to ensure control system stability; 3)
packet dropouts are considered in both network links. They are
faced via a prediction technique which contains a state resetting
procedure in order to even cope with unstable processes.

The paper is structured in the following sections. In Section 2,
the problem scenario is formally introduced. In Section 3, control
techniques used in the remote and local sides are presented. Con-
trol system stability is enunciated in terms of probabilistic LMIs in
Section 4. Simulation results in Section 5 illustrate the benefits of
the proposed control strategy. Section 6 validates the results using a
real physical process. Finally, conclusions close this contribution.

2. Problem description

The proposed NCS is depicted in Fig. 1, where the network
is placed between the remote and local sides, and can introduce

Nomenclature

N, t, T, NT Multiplicity, and basic, actuation and sensor
periods

tlrk ;t
rl
k ;tk Local-to-remote, remote-to-local, and round-trip

time network-induced delay
dlrk ;d

rl
k Local-to-remote and remote-to-local packet

dropout occurrence

yNTk ; byNTk ; _yNTk Actual, estimated, and actual or estimated,
system output (at NT)

rNTk Reference signal (at NT)
eNTPI;k Error signal (PI input) (at NT)

xNTk ;bxNTk ; _xNTk Actual, estimated, and actual or estimated,
system state (at NT)

uNTPI;k; buNT
PI;k; _u

NT
PI;k Actual, estimated, and actual or estimated, PI

control action (at NT)
~uTPI;k Expanded PI control action (at T)

uTPI;k;
buT
PI;k;

_u
T
PI;k Actual, estimated, and actual or estimated, PI

action converted at T

uT ;tkPD;k;
buT ;tk
PD;k; _u

T ;tk
PD;k Actual, estimated, and actual or estimated,

(retuned) PD control action (at T)
M Upper bound for estimations
z t-unit operator
z ¼ zL; L ¼ T

t T-unit operator

zN ¼ zN ¼ zN,L NT-unit operator
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