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Abstract

Network induced delay is the main factor that
deteriorates the performance of networked control. In
order to effectively restrain the impact of network
delay on NCS, a new approach is proposed that
improved Smith dynamic predictor combines fuzzy
immune PID control. Because this dynamic Smith
predictor does not include network induced delay
models, therefore it is applicable to some occasions
that network induced delays are time-variant,
uncertain, and larger than one sampling period, even
tens of sampling periods, simulation results show that
the approach is effective.
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1. Introduction

Sensor, controller and actuator are sequentially
connected via dedicated wiring, such control system,
whose feedback loop is closed via a network, is called
Networked Control System (NCS)[1]. Although using
network provides many benefits such as less wiring,
better interfacing, lower costs, simple installation and
maintenance, high reliability and an open architecture.
However there are some disadvantages such as
communication delays, non-delivery of the message
carrying the loop information from one component to
the other.

In the NCS, one of the important issues to treat is
the effect of the network induced delay on the system
performance, It is well-known that time delay in a
closed loop control system degrades the performance
and can lead to system instability [2, 3].

In order to overcome influences of time-delay for
NCS performance, according to variety property of
time-delay , the primary approaches of controlling the
plant with network induced delays are certainty
control in [4,5] and stochastic control in [6,7]. The
literature [8] changes time-varying system into time

invariance system through the introduction of buffer,
this method solves the case that the control delay is
larger than one sampling period, the disadvantage is
that the insertion of buffer artificially expands all the
delays, and thus the system performance is reduced.
Kim et al [9] propose a new method for obtaining a
maximum allowable delay bound for the scheduling of
the NCS. Liu et al [10,11] study the design, simulation
and implementation of networked predictive control
system, it is simulated in the off-line and real-time
simulation environment and also implemented in a
networked predictive servo-control test rig. It is shown
that predictive control is an active network delay
compensation method. Chen et al [12] study Smith
predictor in the NCS based on delay identification.
Fite et al [13] propose the use of a Smith predictor in
the architecture of the bilateral manipulation system to
compensate for the destabilizing effects due to the
presence of time delay, includes a model adaptation
scheme in the predictor, to realize certain robustness
of adapting dynamics environment.

The defects of above methods are to require
controller or actuator storing a large amount of past
information [14], or suppose the network induced
delay is constant, or distribution is known, or sensor-
to-controller delay tsc is equal to controller-to-
actuator delay tsc, or the network induced delay is
shorter than one sampling period, or the network
induced delay through the introduction of buffer is
larger than one sampling period, or need on-line
measure or identification network induced delay.
However, because of clock asynchronous of network
nodes [15], or delay uncertainty, it is difficult for
description delay by means of accurate mathematical
models. Based on Smith prediction compensator
principle [16], if the prediction model can accurately
approximate the true model, network induced delays
should be completely eliminated from closed loop
characteristic equation. Otherwise, the performances
of control system will degrade, even system
destabilization.

In this paper, a new improved Smith dynamic
prediction compensation approach is proposed. It
realizes  double  Smith  dynamic  prediction



compensations to network induced delays and true
plant time delay. Furthermore, we can totally eliminate
the delay tsc in the return path, while removing the
delays tca and tp in the forward path from the loop,
where delays are allowed to be time-variant, uncertain,
and possibly large compared to one sampling period,
even tens sampling periods. Therefore, the traffic on
the return path does not need to be scheduled, allows
utilizing the capacity of the communication channel
more effectively than static or dynamic scheduling
could. In order to increase the systematic robustness
and the ability of interference rejection, controller
adopts fuzzy immune self regulating PID control, and
simulation results show that the approach is effective.

This paper is organized for four Sections as
follows: Section 2 analyzes the Smith predictor and
proposes a new improvement Smith dynamic
prediction compensator approach, introduces fuzzy
immune self regulating PID control strategy. The
simulation is described in Section 3, followed by
conclusions in Section 4.

2. Problem description

In the NCS, the network induced delay is primary
factor which influences on the system performance.
Under different scheduling protocol, the network
induced delay may be constant, time-varying, or even
random variable [I7], the typical structure of NCS is
shown as figure 1:
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Fig.1: Structure of NCS.

We assume that sensor is time-driven, controller
and actuator are event-driven, and total delay is greater
than one sampling period, even tens sampling periods.
Where G(s) is the controlled plant without time delay,
C(s) is the controller, r and y are the input and output
of the system respectively, tsc and 1ca are network
induced delays, tsc from sensor to controller, and tca
from controller to actuator.

The closed loop transfer function of the system is
given by

V(s) /r(s) = C(s)e ““ G (s)/(1+C(s)e ““Gy(s)e %) (1)
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have been contained in the denominator of the closed
loop transfer function, they will degrade the stability
of NCS.

2.1. Smith predictor of the NCS

The internal compensation loop is closed around the
controlled plant side of the network. Smith predictor
based on controlled plant can be described as Fig.2.
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Fig. 2: NCS with Smith predictor in controlled plant.

Where C,(s) is prediction model of the controller
C(s), tscm is prediction value of network induced
delay tsc, and tcam is prediction value of network
induced delay tca. The closed loop transfer function of
the system as follows:

v(s) /r(s) = Cls)e ““Gy(s) / (1 + C(s)e ““Gp(s)e ™
= Gy(s)e "™ C(s)e ™™ + Gp(s)Cm(s) (2)

If tcam = tca, tscm = 15¢, Cy(s) = C(s), the
prediction models can accurately approximate the true
models, the above equation (2) is reduced to

¥(s) /1(s) = C(s)e ™ Gy(s) / (1 + Gy(s)C(s))  (3)

As can be seen from (3), the effects of the delays
have been completely eliminated from the
denominator of the transfer function. The system of
fig.2 can is simplified as fig.3.
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Fig. 3: Equivalent control system.
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If the controller C(s) in the forward path is
commutative with time-variant delay e™*, then the
system of fig.3 can is treated as the system of fig.4.
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Fig. 4: Equivalent system if C(s) and e

% are commutative.
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totally eliminate the delay tsc in the return path, while
removing the delay tca in the forward path from the



loop, thus scheduling in the return path is not needed.
When the prediction models can accurately
approximate the true models (tcam = tca, Tscm = Tsc,
Cu(s) = C(s)), the delays can be totally compensated.
But above-mentioned Smith predictor has some
problems:

e In practical NCS, the complete compensation
conditions of Smith predictor are difficultly
meet. First, because of delay uncertainty, it is
hard to get the precise prediction models
which include the network induced delay tsc
and tca. Secondly, on account of the clock
asynchronous of network nodes, it is difficult
to get the exact values of 1sc and tca by means
of on-line measurement or identification.
Thirdly, owing to delay results in vacancy
sampling and mult-sampling, Smith predictor
will bring compensation model errors.

e  When delay large compared to one sampling
period, even tens sampling periods, a lot of
memory units are required for storing old data
in controller and actuator, consume memory
resources and increase calculation delay inside
nodes.

e  When controlled plant includes delay tp, in
formula (3), the denominator of the transfer
function will contains exponent €™, the
stability of NCS should be influence.

2.2. Improved Smith predictor

We aim at existent issues in fig. 2, if C(s) = C(s), an
improved Smith dynamic predictor is shown in Fig. 5.
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Fig. 5: NCS with improved Smith predictor.

If the controller C(s) in the forward path is
commutative with time-variant delay €™, then the
system of fig.5 can is treated as the system of fig.6.
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Fig. 6: Equivalent control system.
When transter function ot true controlled plant is

Gy(s)e ™, prediction model is Gym(s)e ™, in order to
eliminate influences of delay e ™, by means of Smith

prediction compensation principle, the system of fig.6
can is simplified as fig.7.
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Fig. 7: Double Smith predictor if plant is Gy(s)e ™"

The closed loop transfer function of the system as
follows:

V(s) /r(s) = e “C(s)Gp(s)e /(1 + C(s)Gpm(s) +
C(s)( Gy(s)e ™ — Gpm(s)e ™™ ) 4)

If tpm = 1p , Gpm(s) = Gy(s) , the prediction
models can accurately approximate true models, the
above equation (4) is reduced to

(s) /r(s) = e C(s)Gy(s)e /(1 + C(s)Gy(s) ()

Then the system of fig.7 can is treated as the
system of fig.8§.
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Fig.8: Equivalent control system.

According to Fig. 5 to Fig. 8, we can see

e The improved Smith dynamic prediction
compensator can cancel effects the delays
which include network induced delay tsc , tca
and controlled plant delay tp in the closed
loop system, it realizes double Smith dynamic
prediction compensations.

e In improved predictor, there are no network
induced delay prediction models of tscm and
tcam, network induced delays do not need to
be measured and identified of on-line,
therefore network induced delays are allowed
to be time-variant, uncertain, and possibly
large compared to one sampling period, even
tens sampling periods. If only Gy, (s) = G, (s),
Tpm = tp, Smith dynamic predictor is always
effective.

e (C(s) controller can adopt traditional PID, also
adopts intelligent control strategy. In order to
increase the system robustness and the ability



of interference rejection, controller adopts
fuzzy immune self regulating PID control.

2.3. Fuzzy immune PID control

As is known, immune is a special physiological
reaction in biosome, corresponding antibody is
produced to resist attacking antigen, which is
destroyed by phagocytosis or particular enzyme
generated by antibody. Immune system is composed
of antibody and lymphocyte, which is made up of T
cells(auxiliary cell T, and suppressor cell T,) produced
by thymocyte and B cells created by marrow. When
antigen invades organism and is digested by
surrounding cells, messages are sent to Ty, and T cells,
and B cell is stimulated to create more antibody so as
to eliminate antigen. If quantity of antigen is large,
much more auxiliary cells Ty, yield, but number of
suppressor cell T, reduces, which results in more B
cell production; if antigen becomes less, number of T
increases and that of T, decreases, which results in the
decrease of B cell. Synergism between suppressor
mechanism and main feedback mechanism is realized
through quick response of immune system to antigen
and stabilizing immune system.

Based on the immune feedback theory, we adopt
fuzzy immune self regulating PID control strategy [18].

3. Simulation experiment

We use improved Smith predictor, simulation software
selects Truetime 1.5 [19], simulation network choose
CSMA/CD(Ethernet), sampling period h= 0.01 second,
given signal adopts square wave. The network induced
delays are allowed to be time-variant, uncertain and
possibly large compared to one sampling period, even
tens sampling periods.

In order to compare control effects under the
same network conditions, two selfsame controlled
plants of plantl and plant2 are selected, their inputs
are ul and u2, outputs are y1 and y2, respectively, and
all data are encapsulated in the same data package for
network transmission together. The plantl is
controlled by improved Smith predictor plus fuzzy
immune self regulating PID control strategy, and the
plant2 is controlled by traditional PID control strategy.
Simulation controlled plant is first-order plus delay
system as follows:

y1-smith-fuzzy-immune y2-traditional-pid
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Gp(s)e™ = 100e >/ (s + 100) (6)

In simulation process, a step disturbance signal,
which amplitude is 0.5, is inserted at 2.5 second, the
simulation results are shown in fig.9 to fig.12.

Fig. 10: Network schedule.
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Fig. 9: Outputs y1 and y2 of controlled plants.
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Fig. 12: The network induced delay tca.

From fig.9 to fig.12, we can see that the tsc and
tca of network included delay are random, time
variant and uncertain, the Tsc maximum is 1.12 second
and tca maximum is 0.88 second(sampling period h is
0.01 second). The yl (in fig.9, thick line expression)
satisfies the performance requirements of the NCS.
However, because y2 (in fig.9, filament expression) at
3.6 second, 4.0 second, 5.2 second, 7.4 second and



9.32 second surges and transpires, these fluctuates
result in system instability, therefore it doesn't satisfy
the performance requirements of NCS.

Simulation results show that the new improved
Smith dynamic predictor combining fuzzy immune
self regulating PID control is effective.

4. Conclusion

In order to overcome influences of network induced
delay for NCS performance, a new improved Smith
dynamic prediction compensation approach is
proposed. Its realization is unconcerned with network
induced delays of tsc and 7tca, whether network
induced delays are time-variant, uncertain and
possibly large compared to one sampling period, even
tens sampling periods. Further, In order to increase the
system robustness and the ability of interference
rejection, controller adopts fuzzy immune self
regulating PID control. Simulation results show that
the approach is effective.

Improved Smith dynamic predictor is simple in
structure, based on intelligent nodes [20], it is easy for
actualization, therefore it has widely application
prospect.

Acknowledgment

This work was supported in part by the Traction
Power State Key Laboratory Research China.

References

[1] W. Zhang, M.S. Branicky and Phillips, Stability
of networked control systems. I[EEE Control Syst.
Mag., pp. 21:84-99, 2001.

[2] T.C. Yang, Networked control system: a brief
survey. IEE Proc.-Control Theory Appl., 153:
403-412, 2006.

[3] 1. Baillieul and P. J. Antsaklis, Control and
Communication Challenges in Networked Real-
Time Systems. Proceedings of the IEEE, 95: 9-
28, 2007.

[4] A. Ray and Y. Halevi, Integrated communication
and control systems: Part I-Analysis. JASME
Journal of Dynamic Systems, Measurement and
Control, 110: 367-373, 1988.

[51 A.Ray and Y. Halevi, Integrated communication
and control systems: Part II-Analysis. JASME
Journal of Dynamic Systems, Measurement and
Control, 110: 374-381, 1988.

[6] L. W. Liouand A. Ray, A stochastic regulator for
integrated communication and control systems:
I-formulation of control law. Journal of the
ASME, 113: 604- 611, 1991.

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

L. W. Liou and A. Ray, “A stochastic regulator
for integrated communication and control
systems: II-formulation of control law”, Journal
of the ASME , 113: 612-619, 1991.

Y. S. Xiong, L. Yu and J. M. Xu, Design of
sliding mode predicting controller for network
control system. Electric Drive Automation, 25:
39- 40, 2003.

D.S. Kim, Y.S. Lee, W.H. Kwon and H.S. Park,
Maximum allowable delay bounds of networked
control systems. Control Eng. Pract., 11: 1301-
1313, 2003.

G. P. Liu, D. Rees, S. C. Chai and X. Y. Nie,
Design, simulation and implementation of the
networked predictive control systems. Meas.
Control, 38:17-21, 2005.

G. P. Liu, D. Rees and S. C. Chai, Networked
predictive control of internet/intranet based
systems. Proceedings of the 25th Chinese
Control Conference 7-11 August, Harbin,
Heilongjiang, pp. 2024- 2029, 2006.

P. Chen, Y. Dong and S. Ji, The study of Smith
prediction controller in NCS based on time delay
identification. 2004 8th Conference on Control,
Automation, Robotics and Vision Kunming.
China, 6-9th , December, 2004.

K. B. Fite, J. E. Speich and M. Goldfarb,
Transparency and stability robustness in two-
channel bilateral telemanipulation. ASME
Journal of Dynamic Systems, Measurement, and
Control, 2001.

M. Y. Chow and Y. Tipsuwan. Network-based
control systems: A tutorial. In Proceedings of
IECON'OI: The 27th Annual Conference of the
IEEE Industrial Electronics Society, pp.1593-
1602, 2001.

S. Johannessen, Time synchronization in a local
area network. I[EEE Control Syst. Mag., 24: 61-
69, 2004.

0. J. M. Smith, Closed control of loops with
dead time. Chemical Engineering Progress, 53:
217-219, 1957.

F. L. Lian, J. R. Moyne and D. M. Tilbury,
Performance evaluation of control networks:
Ethernet, Control Net, and Device Net. I[EEE
Control Syst. Mag., 21: 66- 83, 2001.

L.H. Fang, Z. Z. Wu, A.G. Wu and A. H. Zheng,
Fuzzy immune self-regulating PID control of
networked  control  system. International
Conference on Computational Intelligence for
Modeling  Control and Automation, and
International Conference on Intelligent Agents,
Web Technologies and Internet Commerce
(CIMCA-IAWTIC'06), 2006.



[19]

[20]

O.L. Martin, HK and A Dan, TrueTimel.5
reference manual. Department of Automatic
Control, Lund University, Sweden, January,
2007.

M. Cakmakci and A. G. Ulsoy, Bi- directional
communication among “smart” components in a
networked control system, 2005 American
Control Conference June 8-10. Portland, OR,
USA. pp 627- 632, 2005.



