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Abstract— Control loops integrated with communication
channels for information exchange among system components
are called Networked Control Systems (NCSs). Introduction of
communication channels induce time-varying communication
delays and make the controller design complex. In this paper,
an adaptive regulator (AR) that varies its gain depending on
the delays in the channel is proposed. The construction of
AR is based on the LQR approach. Computation of gains
in AR is simplified using the first order approximation that
reduces computation delays significantly thereby making the
adaptation rule more suitable for higher order systems. The
results are illustrated using studies conducted on Modbus
over TCP/IP (Transmission Control Protocol/Internet Protocol)
communication protocol and a simulation example.

I. INTRODUCTION

Modern trend in control is to employ communication chan-
nels for information exchange among system components,
and such systems are called Networked Control Systems
(NCSs). An overview of NCSs together with its applications
and advantages can be found in [1]-[5], see also references
therein. Communication channels introduce time-varying de-
lays in control loops, leading to performance deterioration
and possible instability of the system. Controllers for NCSs
should accommodate channel delays in their design for meet-
ing the performance specifications and to guarantee stability.
Most of the design methods available in literature on NCSs
are focused on construction of stabilizing controllers and
do not address the performance specifications, for example
tracking error. Adaptive controllers have been successfully
employed both in academia and industry for systems with
time-varying parameters. The essence of adaptive control is
to adapt the controller parameters, based on the time-varying
system parameter. Presence of time-varying delays in NCSs
naturally suggests to use the methods of adaptive control. But
the role of adaptation in NCSs has not been fully explored
till now.

Adaptive control of NCSs is a recent research topic and
the available adaptive control schemes can be classified
into three broad categories as: (i) gain-scheduling based
approaches [7], [10], [11], [12], (ii) adaptive control based
on either assumption regarding the delays [6] or delay
models [8], [13], and (iii) adaptive control rules that employ
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parameter identification followed by the controller update
step [14], [15], [9]. Most of the available results in adaptive
control, except [14], do not consider explicit performance
metrics intended from the closed-loop systems. In [14], an
adaptive control rule employing a parameter identification
followed by an adaptation step has been proposed for track-
ing the reference signal. The proposed adaptive control rule
requires the knowledge of the slot size in the channel which
is extremely difficult to predefine. Motivated by this, we
propose an alternative adaptive control rule for tracking the
reference signal in the presence of delays. Compared to [14],
we only use a Gaussian distribution for delays in the channel
that can be easily found from experiments.

The goal of this paper is to propose an adaptive controller
for NCSs subjected to random communication delays that
can assure optimality without introducing significant com-
putation delays. We propose an adaptive controller for NCSs
that varies its gains based on the delays in the channel.
Our controller is based on the LQR approach. The choice
of the cost function guarantees the optimal control inputs
and tracking errors. The resulting controller requires matrix
multiplications that is further simplified using the first-order
approximation of the controller gains. In the above linear
approximation a learning parameter is used to improve the
accuracy of the approximation. The learning parameter is ob-
tained using off-line simulation. To conclude, our controller
is computationally efficient yet guarantees high accuracy in
tracking the reference signal. Finally, we use the delay model
obtained from studies conducted on Modbus over TCP/IP
communication channels in our simulations to illustrate the
effectiveness of the proposed approach.

The paper is organized in five sections including the
introduction. In section II, we study the NCSs model and
formulate the problem. In section III, the proposed adaptive
control methodology is discussed. Numerical simulations are
shown to illustrate the proposed adaptive controller in section
IV. Conclusions and future directions of this investigation are
discussed in section V.

II. PROBLEM STATEMENT
Consider the linear time-invariant (LTI) system
z(t) = Azx(t) + Bu*(t) (1)
with controller
u (t) = ug, tekh+1,(k+1h+7Tk41) ()

where z(t) € R", u*(t) € R™, y(t) € RP are the
state, input and output vectors respectively and A, B, C' are



constant matrices with appropriate dimensions. Networks Ny
and Ny are used to connect sensor and controller output
to the controller and plant respectively. Generic NCS with
dynamics (1) and (2) is shown in Fig. 1.
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Fig. 1.

Networked Control System (NCS)

Total delay in the control input 7, is the sum of networked-
induced delays in the channels Ny and N, denoted by
Tse and 7.4, respectively and computation delay 7. in the
controller

Tk =Tse +Te +Tea £=0,1,2,3,... (3)

We assume the total delay in the network 7%, to be less than
the sampling period h and, there is no re-ordering of packets.
These assumption ensure proper working of the NCSs by
eliminating out-of-sequence feedback information. Sampling
the system (1) under these assumptions leads to the discrete-
time model as in [17], [18]:

g1 = ¢k + To(Tr)ur + i (7h)ur—1 4)
where ¢ = eAh, Do(1s) foh ™ eAX B dX\ and (%) =
S e Bda.

The problem is to design an adaptive controller that adapts
its gains based on the delays 7 to regulate the state with
minimum control effort and/or to meet the desired perfor-
mance in the presence of time-varying delays. In particular,
the controller should

1) reduce the deviations of the state x; from the reference

signal r;, with minimum control effort

2) reduce the computation delay
The design requirements are conflicting that complicates the
controller design. In section III, we design a simple adaptive
controller to meet these conflicting design requirements.

III. ADAPTIVE CONTROLLER DESIGN

This section presents LQR based adaptive regulator that
adapts its gain in response to the time-varying delays. The
resulting control scheme requires complex computation that
introduce undesired computation delays. We reduce the com-
plexity using simple approximation.

The control objective is to achieve good regulation with
minimum control effort based on the LQR approach, using
the cost function

J = Z (ezQeT + quuT) + ef,QNeN (5)
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In (5), ex = xx — 7K, @ > 0 and R > 0 are weighing
matrices of appropriate dimensions, and Qn > 0 is the
terminal weighing matrix.

Define the cost-to-go function at time instant k as,

N-1

Z (eFQe; +ul Ru,) (6)

T=Fk

Jk(xk) =

+ e%QNeN
subject to relations (4).
Note that Jj(zx) gives the minimum of LQR cost-to-go,

starting from the state xj at time instant k. It has been
shown that Jy(xy) is quadratic, Ji(zx) = 2 Petr+2qkxr +

L Qry, where g, = —QTry, P, = PL > 0 that can be
found recursively working backwards from k = N by taking
Py =Qn.

Now according to the dynamic programming principle,
suppose we know Jiyi1(xgy1) and look for optimal wuy.
Observe that wu;, affects the terms ukTRuk and Jgy1(Tgy1)-
Therefore,

Ji (:I,‘k) = muin[(xk—rk)TQ(xk—Tk)+u£Ruk+Jk+1(xk+1)]

(N
From the necessary condition for optimality, we obtain,
taking into account (4),

Rup+TY Py [pi+Tour+T1up 1] +T8 Prpyre = 0 (8)

In the LTI case, as N — oo in (5), the value of Py
is proved to approach a steady value and can be replaced
by a constant matrix P > 0. It should be noted here that
the steady-state solution for P cannot always be guaranteed
in the case of time-varying systems, unlike the case of
LTI systems. For the simulation example considered in
this investigation steady state solution was achieved. This
simplification, with little manipulation, leads to

Uk = Lo (m6)xk + Loy (Th)uk—1 + Ly (7%) 7% )

where
L.(1,) = —(R+TIPT)'TTPe (10)
Lu(ty) = —(R+TIPLy)~'TEPT,
Ly(tx) = (R+T{PTo) HT7Q"Y)

are the adaptive control gains that depend on the network
delay 7.

Obviously, the control rule (10) requires the knowledge of
the delay 73 to compute I'g and I';. Moreover, computational
complexity increases as the system order n increases. Below
we suggest how to overcome these shortcomings.

A. Modelling Time-Varying Delays

Various models have been proposed for modelling time-
varying delays in communication channels [22], [23], [24],
[8], [25], [26]. In particular, delays have been described by
empirical distributions [22], [23], [24], Markov Chain [25],
shifted Rayleigh model [8] and Markov Chain Monte Carlo
model [26]. In this paper, like in [21], we assume that the
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Fig. 2. Schematic Block Diagram of Adaptive Regulator

channel is symmetric (or correlated) meaning that the delays
Tse and 7., are relateed by

Tsc = g X Tea

(1)

where ¢ is an arbitrary constant determined from experi-
ments. We use measurements from experiment on Modbus
over TCP/IP to model the delay. The samples generated by
a Gaussian distribution are shown to be close enough to
capture the delay distribution and will be used in controller
design instead of actual measurements. In case when the
empirical distribution does not fit normal distribution well
enough, the MH-sampler proposed in [26] can be used for
computation of delays.
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Fig. 3. Gaussian distribution of delays in MODDBUS over TCP/IP

B. Approximation of AR Gains

To simplify the computation of controller gains, a look-
up-table based approach was used in [26]. Unfortunately,
then the controller induces chattering behavior in state and
moreover, there are no guidelines to fix the number of
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Fig. 4. Gaussian distribution of delays in MODBUS over TCP/IP with

network loading

controllers in the table, that in general depends on the delays
in the channel.

In this paper, we propose the first order approximation for
controller gains

L(Tk) ~ L(To) + %(T}C — 7'0)

that will be improved later by introducing a learning param-
eter W(7) that can be computed from off-line simulation,
yielding

12)

L(7) = ¥(7) L(1) + g—f(m — 7o) (13)

Note that in (12) and (13), 7y is the nominal delay or the
gain, corresponding to the sampling period of the system.

C. Modelling Random Delays in MODBUS over TCP/IP

Experiments conducted on Modbus over TCP/IP were used
to model time-varying delays as a Gaussian distribution and
the samples generated from this distribution were used for
verification of performance of AR. Two sets of experiments
were conducted, one without loading the network i.e. without
any other i/o (input and outputs) and the other by loading
the network (increase in number of i/0’s). We employed the
ABB’s AC-500 controller to model the delay. Fig. 3 and
Fig. 4 show the distribution of delays when the channel is
not loaded and with loading, respectively.

IV. RESULTS AND DISCUSSIONS

A. Numerical Example

The double integrator system
. 0 1 0
z(t) = [O 0] z(t) + [1] u(t)

y(t)=[1 0]x(t)

is used to illustrate the effectiveness of the proposed adaptive
regulator. Continuous-time dynamics (14) is discretized with
sampling period h under the assumption that 7, < h,
resulting in

(14)

(th)2
2
h—T1

1 h
e e Tr+

The sampled-data representation of linear NCS with total

7(h=3)

ot { } wps (15)
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Fig. 5. States of the double integrator system with AR controller and
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Fig. 6. States of the double integrator system with AR controller and
without network loading

delays less than sampling period can be obtained using
MATLAB and the routine NCSsd, developed by the author of
this paper [27]. The effectiveness of the proposed approach
is illustrated using both delay measurements (assuming sym-
metrical channels) and the samples collected from Gaussian
distribution with mean and variance computed from the
experimentation. States of the system (15) with delay mea-
surements from Modbus over TCP/IP network with loading
and AR controller (9) that involves matrix computations (10)
are shown in Fig. 5. It can be seen that the states are driven to
zero thereby showing the regulatory performance of the AR
controller. Simulation performance for 2000 iterations with
sampling period of 10ms resulted in a computation delay of
2ms per computation approximately. Here the computation
delay is quite significant and can increase with the order of
the system.

Simulation results for AR controller with delay samples
generated using the Gaussian distribution shown in Fig.3 (i.e.
low load condition) and with the first order approximation in
(13) is shown in Fig.6. Simulations were run for 2000 itera-
tions with the system sampling period of 10 ms resulted in
a computation of delay of 0.08 ms per computation approxi-
mately. This is a significant reduction in computation delays.
What is equally or even more important, the computation
delay is independent of the order of the system since only
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the first order approximations are used in the computations of
gain. Simulations also indicate that the computation time of
the approximation is independent of the nature of delays in
the channel. Variations of parameters L,,, L1, Lo for delays

Variation of L, gain with delays
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Fig. 7. Variations of the gain L, with delays

7 < h with sampling period h = 100ms are shown in Fig.
7, 8 and 9, respectively. A sampling period of 1s is used to
show the variations as for lower values the variations in gain
cannot be easily visualized from the graphs.
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Fig. 8. Variations of the gain L1 with delays

V. CONCLUSIONS

In this investigation an adaptive regulator (AR) for NCSs
subjected to random communication delays was proposed.
The computations in controller were simplified using the first
order approximation and it is confirmed using simulation
that the approximation reduces the complexity associated
with controller computations significantly. The proposed
methodology is illustrated using numerical simulations and
experiments conducted on Modbus over TCP/IP protocol.
Investigations on stability, implementation on real-time simu-
lation platform like True Time, and handling packet dropouts
are future research topics.
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