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Abstract: A new framework for networked control system based on Generalized Predictive Control (GPC) is proposed in this
paper. Clock-driven sensors, event-driven controller, and clock-driven actuators are required in this framework. A queuing
strategy is proposed to overcome the network induced delay. Without redesigning, the proposed framework enables the existing
GPC controller to be used in a network environment. It also does not require clock synchronization and is only slightly affected by
bad network condition such as package loss. Various experiments are designed over the real network to test the proposed approach,

which verify that the proposed approach can stabilize the Networked Control System (NCS) and is robust.
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INTRODUCTION

Networked Control System (NCS) is composed
of a central controller and a remote system containing
a physical plant, sensors and actuators (Halevi and
Ray, 1988; Nilsson, 1998; Walsh et al., 1999a; 1999b;
Branicky et al., 2000). The controller and the plant are
located at different spatial locations and directly
connected through network to form a closed loop
control. Fig.1 shows the NCS configuration and the
time delay induced by network, where u is the control
signal and y the output signal. The network delay can
be categorized into two parts according to the direc-
tion of data transfers. One is the Control-
ler-to-Actuator delay 7™, and the other is the Sen-
sor-to-Controller delay 7.

Network delays are well known to degrade the
performance of control systems or even to destabilize
it (Zhang et al., 2001), so the overall NCS perform-
ance is greatly affected by the network delay regard-
less of the types of networks used.

Recently, various methods have been developed
to maintain the stability and the performance of NCS
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with delay problems:

(1) A deterministic predictor-based delay com-
pensation was developed (Luck and Ray, 1990; 1994).
This method uses an observer to estimate the plant
states and a predictor to compute the predictive con-
trol based on past output measurements. However,
this method prolongs the delay artificially so that it is
so conservative that the performance depends greatly
on the model accuracy.

(2) An optimal stochastic control method is
proposed to control an NCS on random delay net-
works (Nilsson, 1998). The effects of random net-
work delays in an NCS were treated as a Lin-
ear-Quadratic-Gaussian (LQG) problem.

(3) A non-linear and perturbation theory (Walsh
et al., 1999a; 1999b) was used to formulate periodic
and random network delay effects in an NCS as the
vanishing perturbation of a continuous-time system
under the assumption that there is no observation
noise. However, this methodology requires a very
small sampling time so that an NCS can be approxi-
mated as a continuous-time system.

(4) By using robust control theory, a networked
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controller is designed in frequency domain (Goktas,
2000). A major advantage of this methodology is that
it does not require a priori information about the
probability distributions of network delays.

(5) An intelligent control was proposed using
fuzzy logic to adaptively compensate for IP network
induced time delay in NCS applications (Almutairi et
al., 2001). The advantage of the fuzzy logic com-
pensator is that the existing PI controller need not to
be redesigned, modified, or interrupted for use on a
network environment.

Actuator

Plant

Sensor

Fig.1 Configuration of NCS

In this paper, a new methodology based on
Generalized Predictive Control (GPC) (Clarke et al.,
1987) was proposed to cope with the network induced
time delay. This methodology uses GPC to compute
predictive control signals based on the past meas-
urement. A queuing strategy for using predictive
control signal is proposed. We use the campus-wide
network of Zhejiang University for the experiments,
which is a local area network (ZJULAN) containing
Ethernet at the physical layer.

PLANT DESCRIPTION AND GPC ALGORITHM
FOR REAL TIME CONTROL

Consider the plant described by CARIMA
(Controlled Auto-Regressive Integrated Moving Av-
erage) model

Alg )y(0)=B(g Hut-1)+C(g HED/(1-q)

and the cost function

J(NpNzJVlM)=E{2[(y(f+j)—yr(f+j)]2

J=N,

+Z“i(j>[Au(r+j—1)]2}, (1)

where A, B and C are polynomials in the backward
shift operator ¢~'; N is the minimum costing horizon;
N, is the maximum costing horizon and A(j) is a con-
trol-weighting sequence.

Minimizing the cost function yields the control
law

AU=(G "G+l 'G"(Y,-1)), )

where G is a (N,—N;+1)xN, matrix:

< 0o - 0

e 0

G= g:l g:o . :
gvy1 8wy En,-n,

Its elements are the coefficients of step response.
Y=[y(t+Ny), y(t+Ni+1), ..., W(t+N,)]" is the reference
signal within the prediction horizon; Y,=[y;(#+N)),
Y(t+N 1), ..., yi(++N>)]" is the prediction based on
the past measurement.

Notice that AU is not a scalar but a vector which
can be written as Eq.(3):

AUF[Au(f) Au(t+1) ... Au(t+N,)]. 3)
In real time control,
u(H=u(t=1)+AU,[0], 4)

where AU/[0] is its first element AU,. Let us define:
AU{j] (<N,) to be the (j—1)th element of AU at time ¢
and the control signal series to be U/[/], j=0,...,N,—1

{Ut [0]=u(t 1)+ AU,[0] )

ULA=U-1+AU[] (2D’

where u(¢—1) is the plant input at time z—1.

GPC FOR NCS

In this section, we investigate how to apply GPC
in NCS. Note that only the first value of AU is actually
used in real time control. There are N,~1 elements in
AU which are left unused. Using them to cope with
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the affects of network delay is our main consideration.

Response modes of sensor, controller and actuator

To apply GPC in NCS, requires that:

(1) clock-driven sensors that sample the plant
outputs periodically at sampling instants;

(2) an event-driven controller which can be
implemented by an external event interrupt
mechanism and calculates the control signal as soon
as the sensor data arrives;

(3) clock-driven actuators, which means the
plant inputs are not changed until the sampling in-
stants (Fig.2).
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Fig.2 Response modes: Senor & Actuator: time driven;
Controller: event driven

Queuing strategy (QS)

How to choose the input of the plant for the ac-
tuator in NCS? To demonstrate our basic idea, we
assume no exceptional errors (such as package loss,
the control signal arriving in disorder, etc.) occur. The
situation can be categorized into two cases: (1) no new
signal arrives within the sample period; (2) new signal
arrives.

Case 1: No new signal arrives

When the delay occurs, it is natural for the ac-
tuator to deal with the delay by using the predictive
control signals calculated from previous state instead
of the current control signal which has not arrived at
the actuator yet. Fig.3 shows the method.
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Fig.3 Queuing strategy for Case 1

Case 2: New signal arrives

Obviously, the newest control signal has the
highest priority to be the input of the plant. The issue
is which element of the newest control signal should
be chosen. Take time ¢ for example. Suppose that the
newest control signal U, ; is based on the state at time
t—2. To match the state, U, ;[2] should be taken as the
input of the plant (Fig.4).
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Combination of Case 1 and Case 2 and the re-
sulting general principle is shown in Fig.5. The gen-
eral expression can be easily concluded as:

U, = U,[t—n] (for tth sample time), (6)

where 7 is the time-tag of the control signal and sat-
isfies n<t.

Control signal

Sample time Should be applied

1 Ui[0]

2 U[0]  Ui[l]
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4 Ugo]  Gy[1]  Gif2]  Uy3]
ngh Priority Low
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Fig.5 Queuing strategy for general case

The time-tag is especially useful when the earlier
control signal arrives at the actuator later. The actua-
tor can pick up the newest control signal among all the
signals which arrive during a sample period. Fig.6 is
the flowchart of the queuing strategy for the actuator.

Summarization of applying GPC in NCS

The strategy for applying GPC in NCS is sum-
marized as follows:

(1) The controller also has to cope with the
situation that earlier measurement arrives later. The
treatment can be the same as that for the actuator.

(2) Using model to predict future output is in-
dispensable for both real time control and NCS.
However, the controller knows the input of the plant
in real time control, while the central controller in
NCS may not know that according to the queuing
strategies. So the actuator is required to send back the
input of the plant.

(3) The proposed approach does not involve
Model-based compensation (Zhang et al., 2001), so
that clock synchronization (Mills, 1991) is not nec-
essary.

(4) Package loss does not greatly affect the NCS
performance.

The framework of applying GPC in NCS is
shown in Fig.7.
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Fig.7 Framework of applying GPC in NCS

MODELING
PREDICTION

UNCERTAINTY OF  P-STEP

The performance of predictive control depends
on the model used for the prediction. So it is worth-
while to investigate the effects of modeling uncer-
tainty on the performance of the proposed algorithm.

The first step is to convert the time-varying delay
into a constant delay. Supposing that the maximum
delay is Tmax, p-step prediction must be used to deal
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with the maximum delay according to the algorithm.
The worst case is that the control signal u(?) is always
calculated from the state x(#—p). The most conserva-
tive consideration for modeling the uncertainty’s
effect is to take the worst case instead of the ordinary
case, which may involve time-varying delay.

According to Clarke et al.(1994), the true dy-
namic system can be described as:

a,. . =Aa +BAu, 7
where
a =[y, Viewn Au o Au o],
R N N Y
1 o --- 0 0
0 1 -~ 0 0 0
A= 0 o - 1 0 ,
00 --00
0 00
0 . .o
00 10 |

B’:_[bl’ 00 - 011 0 - 0]

Due to our conservative consideration and the
queuing strategy, the control law can be written as:
(the reference signal which does not affect the analy-
sis is set to be zero.)

Au, =K, B, ,, (®)

where K, is the gain of GPC controller corresponding
to p-step prediction, and f,, is the estimation of ¢
based on the recorded measurement of a;_,.

And the virtual control law can be written as:

Auyy = Ky, ©)

Au,, =K B, 2<j<p). (10)

The virtual control law requires that the control
signal is not used for control but is used for prediction
(U2[0] and U,»[1] in Fig.4). So B, can be given by
Egs.(11) and (12):

ﬂmu = Aa, + BAu,,
ﬂmu = Aﬂt\j—l + BAut\j—l

(11)

2<j<p). (12)
where Egs.(11) and (12) are the non-adaptive model
used in GPC algorithm. Then the uncertainty can be
given as:

SA=A-A,
SB=B -B. (13)

As we want to model the performance affected
by the predictive error, we define the error as:

e, =a - s

(14)

Let us discuss the situations when p=1 and p=2
are used to demonstrate our basic idea and then give
the model of the general case.

Case 1: p=1

Substituting Eqgs.(7), (11) and (9) into Eq.(14)
yields

e, =Aa,  +BAu  —(Aa, | + BAu,_,,)
=04, + B'Au,, — Bhu, (15)
=8Aa, , +B'Au,_, - B(K,a, )
= (54— BK,)a,_, + B'Au,_,.

Substituting Eq.(14) into Eq.(8) yields

AMt—l = Kl (at—l _et—l) : (16)
Substituting Eqgs.(16) and (8) into Eq.(7) yields
o,  =Aa +BK (a —e
t+1 t 1( t r) (17)
=(A'+B'K))a, - BKee,.
Substituting Eq.(15) into Eq.(13) yields
€ = (SA_BKO)az—] + B’K]ﬂt—lﬂ (18)

=(34—BK,)a, , + BK,(a, , —e, ).

Eqgs.(17) and (18) enable us to obtain an aug-
mented state-variable representation Eq.(19) for p=1
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.| A'+B'K, -B'K, || ¢, (19)
e, | |(64-BK,+B'K)) -BK, || e |

Case2:p=2
Substituting Eqgs.(12), (10) into Eq.(8) yields
Au, =K

t

2P = K, (Aﬂzfzu + BAuzfzu)
=K, (Aﬂz—zu + BK]ﬂz—zu) =K,(4+ BK, )ﬂ1—2|]

=K,(A+BK (e, ,—e,,). (20)
Substituting Eq.(20) into Eq.(15) yields:
e, =(0A—-BK ), ,+BK,(A+ BK ), , @1
-B'K,(A+BK))e, ,.
Substituting Eq.(20) into Eq.(7) yields:
a,=Aa, +BK,(A+BK)a, ,—B'K,(A+ BK))e, ,.
(22)

Egs.(21) and (22) enable us to obtain an augmented
state-variable representation Eq.(23) for p=2

T
[at+1 ar et+1] =

A BK,(A+BK,) -BK,(A+BK)) | «
I 0 0 a_ |
(64-BK,) BK,(A+BK) -BK,(A+BK) | e_,
(23)

Case 3: The general case

Following the ideas of Case 1 and Case 2, we can
easily obtain the augmented state-variable represen-
tation Eq.(24) for general case.

The above Egs.(19), (23) and (24) can be divided
into nominal and uncertain parts:

Xt+1:( Y+6 T))(ta

where X=[a;1 a; ... tipi2 A pni e,+1]T; ¥ is the
nominal part which is a constant matrix containing
matrices A, B and ¥ is the uncertainty part which
may be time-varying.

Note that the state ¢ is only related to the error
e, , Eq.(24). Compared to the methodology proposed
by (Luck and Ray, 1990), our method is much less
affected by the accumulated error. Moreover, Eq.(24)
is obtained with the most conservative consideration,
so a better dynamics can be achieved during its prac-
tical application (Section 5).

CONTROL EXPERIMENTS OVER ZJULAN

Experimental environment

NetLab at Zhejiang University provides remote
access to many experimental facilities.

The system architecture of NetLab is shown in
Fig.8. Generally speaking, NetLab is comprised of
three important parts: client site, server and control
site. The network clients can be Intranet clients or
Internet clients from all over the world. The control
site and server are in the Intranet, communicating
with each other in SOCKET. The server is composed
of two parts: the main server and the database server.
The main server handles user requests, communicates
with the database server and the control computer on
the control site. The main server can also be accessed
via WWW (http://www.netlab.zju.edu.cn). These two
servers run on an XEON 2G*2 computer with 2 G
RAM.

p-1 p-1 7
- A 0 -~ 0 BK,([(4+BK,) -BK,[[(4+BK,)|
@, J=1 J=1 a,
a, 1 0o - 0 0 0 a,
: 0 I -0 0 0 :
= : C : : (24)
Q_,., : oo : : .
e 0 0 - I 0 0 a._,
er+1 v ’ P et—p+l
- "2 | (84-BK,)) 0 - 0 BK,[[(4+BK,) -B'K,[[(4+BK) |
L J=1 J=l i
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There are three significant reasons for us to set
up our experiment based on NetLab: (1) The estab-
lished architecture enables us to set up our experiment
more easily. The client site is replaced by the con-
troller of NCS and the controller site is replaced by
actuator and sensor of NCS; (2) The opening proper-
ties of NetLab enable us to test our proposed algo-
rithm under complex network conditions; (3) We can
easily use the Zhejiang University campus-wide
network (ZJUnet), which is a local area network
(LAN) containing Ethernet at the physical layer.
Communication between nodes is done using TCP/IP
sockets (at the transport and network layer, respec-
tively).
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Internet
gnnection

User

Serve{ Controller
/ N\
/ \ %\’ )
connection _ /\{ //
‘ i . ZJULAN
‘ / ’Actuator H\ § u %\
/ /and sensor \\ :

( S

\ - / Q7

N J ,/ <

Other
equipment

Intranet
client

Fig.8 System architecture of NETLAB

Experiments

Three experiments are carried out: (1) a virtual
plant controlled by GPC with the exact model; (2) a
virtual plant controlled by GPC with a biased model;
(3) a real plant controlled by GPC with online esti-
mation.

All experiments show that the proposed method
can be applied in practice because of its stability and
robustness.

1. Experiment 1

Generally, the delay of ZJULAN occurs abruptly
and is less than 0.5 s, which make us choose the pre-
diction region to be 0.5 s.

Remark: (1) the delay is recorded in the con-
troller as: delay=T(U)-T(U,.;), where T(U,) is the
time instant of U, arriving at the controller. (2)
“gpctqs” means that GPC algorithm and queuing
strategy are combined in NCS and “gpc” means only
GPC is used.

In this experiment, a second order system with
low damping ratio was chosen to be the plant:

2
G(s) = Ko,

- 25
s’ +20w s+ 3)
where K=2, (=0.1768 and w,=14.1421.

The model can be obtained exactly with sample
time 7=0.05 s:

A(g )y(t)=B(g Hu(r-1),

where A=[1 —1.355 0.7788] and B=[0.4422 0.4063].

The parameters for the experiment are: predic-
tion horizon N;=1, N,=10, control horizon N,=10,
weighting factor A=5. The interface of the experiment
is shown in Fig.9. To show the result of the experi-
ment clearly, the data is re-drawn by MATLAB
(Fig.10). Clearly, the delay does not affect the per-
formance so that the response is very similar to that of
the real-time control system.

Experiment selection

Algorithm selection & ~Experiment result
Parameters selection

Fig.9 Experiment interface

Amplitude

Time (s)

Fig.10 Application of GPC in NCS with an exact model

2. Experiment 2
It is well known that the performance of predic-
tive control depends on the model. The robustness of
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GPC was analyzed in Clarke et al.(1994), where its
robustness both in non-adaptive case and in adaptive
case was shown. This experiment aimed at testing the
performance with a biased model. The model is arti-
ficially selected as A=[1 —1.0 0.7] and B=[0.4 0.4].
Other parameters selected are the same as those in
Experiment 1. The performance is shown in Fig.11.
Though the performance is affected by the net delay
compared with the real time application, the system
remains stable, which indicates that the proposed
method inherits the robustness of GPC. Better per-
formance can be achieved by using online identifica-
tion and the result is given in Experiment 3.

4

Amplitude

Time (s)
Fig.11 Applied GPC in NCS with a biased model

3. Experiment 3

This experiment was quite different from the
above two. A second order system Eq.(25) which
consists of amplifiers, resistances and capacitance
was selected to be the plant, so noises and model
uncertainty were involved. Online identification was
used to estimate the parameters of the plant by recur-
sive least squares method. The initial parameters of 4,
B were all set to be zeros.

TCP/IP sockets provided reliable transmission of
data packets, regardless of possible collisions that
might happen on the physical transmission medium.
Therefore, TCP/IP will result in packet delay but not
packet loss. To test the effect of package loss, 1% of
data were rejected deliberately at some time selected
randomly. The result is shown in Fig.12, which indi-
cates that the package loss does not greatly affect the
system performance as long as the model can be es-
timated correctly.
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Fig.12 Application of GPC in NCS of adaptive case

CONCLUSION

This article proposes a queuing strategy for GPC
application in NCS. The test was carried on ZJULAN
and indicated that good performance can be achieved
through the proposed method. The advantages of the
proposed approach are summarized as follow:

(1) Compared to (Luck and Ray, 1990; 1994),
the proposed approach enables NCS to inherit the
merits of GPC, such as stability, robustness and good
dynamics. The advantage of the proposed queuing
strategy is that the existing GPC controller need not
be redesigned for use on a network environment.

(2) The proposed approach has an effective
framework which does not need clock synchroniza-
tion, which makes the proposed algorithm simpler and
easier than some other approaches.

(3) In the proposed approach, the close-loop
system performance is not greatly affected when
package loses occur, which enables an easy applica-
tion in practice.
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