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Design of Robust Networked Predictive Control
Systems

Junxia Mu, G. P. Liu and David Rees

Abstract — Random communication time delay highly
degrades the control performance of networked -control
systems. The paper addresses the problem by presenting a
novel control technique using a modified Model Predictive
Control (MPC) and a modified Smith predictor. By using
MPC, future control sequences are generated to compensate
for the forward communication time delay when control
signals are delayed or missed. Using the Smith predictor, the
backward time delay can also be compensated for. The design
of a filter is used to improve the robustness of the networked
control system. To illustrate the improvement in control
performance using the proposed method, simulation results are
presented to show that the method is superior to the standard
GPC and networked predictive control.

1. INTRODUCTION

With the development of network technology, the
Internet has provided a powerful tool for distance
collaborative work. It can be potentially used in many
applications, such as traffic control, tele-operation, tele-
surgery, space exploration and so on. Although Internet-
based control system is quite new and some theories are still
in its infancy, there has been increased interest in these
developments in recent years. This kind of control systems
provides a convenient way of remote monitoring and
control of plants that are located all over the world. More
and more researchers are working in this area. Some of
them have produced promising results using small-scale
experiments [1,2] and web-based control laboratories for
long distance learning [3,4].

It is well known that networked control systems are very
difficult to control due to the random network
communication time delay caused by the routes of the data
transmission and network traffic congestion [5]. This can
produce wrong command order, even lost command
packets, thus highly degrading the control performance of
controlled systems. Conventional control methods are not
suitable for this kind of systems. There is however an
advantage in networked control systems, which is that a set
of control sequences can be packed and transmitted from
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one location to another location at the same time through a
network channel. Liu et al. [6] proposed a Networked
Predictive Control (NPC) method to deal with these random
communication time delay problems. In order to improve
the control performance of the NPC scheme proposed by
Liu et al. [6], a modified MPC is proposed to compensate
for the forward time delay and a modified Smith predictor is
recommended for the backward time delay. To improve
system robustness of the proposed method to overcome
model uncertainties, a low pass filter is used. Simulation
results are presented to show the improvement in the
control performance using the proposed Robust Networked
Predictive Control (RNPC) method.

II. ROBUST NETWORKED PREDICTIVE CONTROL

In this paper, a modified Generalised Predictive Control
(GPC) [7] is used for the design of the networked predictive
control system shown in Fig. 1. The controller and plant are
connected by the Internet, which causes random
communication time delay and occasional data packet
misses. In order to compensate for the random forward time
delay, the networked predictive controller can be
configured as follows. During normal operation without
communication time delay, only the first predicted control
signal at each sampling instant is applied to the plant, the
remaining predicted control signals are just discarded.
However, when the networked control system is subject to
communication time delay and data packet failure, the
control signal generated on the remote side is delayed or
missed in its transmission to the plant side. In this case, the
predicted control input from the last available sequence can
be safely applied to the plant to compensate for these time
delays. In order to compensate for a time delay in the
backward channel, a modified Smith predictor is used.

To improve the robustness of the networked control
system, a low pass unitary gain filter is used to filter the
error produced between the delayed plant output
measurement and its delayed open-loop model output. The
proposed RNPC has several advantages. The design of the
filter is very simple and takes both disturbance rejection and
robustness requirements into account. This strategy consists
of two steps. Firstly, choose the GPC parameters to obtain
an optimal control performance for the nominal case
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without model uncertainties. Secondly compute the output
prediction using the open-loop model, which is corrected by
adding the filtered error signal between the delayed plant
output measurement and the output of the delayed open-
loop model.

Consider a single-input and single-out with d+1 step time

delay plant, (G, +AG, )z~ modelled by an_d.
Bz

G =— 1
= (1)

A(zfl)zl-i-alz*1 +-ta, z

Ny

2

B(z"')=by+bz" +-+b, 7"

where AG,z™¢ is unconstructed model uncertainties. 7,
and n;, define the maximum number of the input and output

lag terms respectively. In GPC, the control trajectory can be
found by minimising the following function:

N, Ny
JLUW)= Y [rt+k) =5t +5)] +p Y [Au(t+k -]
k=N, k=1

A3)
with respect to N, future control inputs and subject to the
control constraints, namely

U(t) =[u(?) u(t+N, -D1" @)
Au(t+k)=0, N, <k<N,-d-1 (5)

where N; denotes the minimum prediction horizon, N, the
maximum prediction horizon, N, the control horizon, p the

weight factor and A =1- z~'. In order to derive a predictor,
the following Diophantine equation is used

Mz E (z Y+ F (27 =1 (©)

where the polynomial £, (z"')is of order k-1 and

F,(z7")is of order n,.

Controller Side

Each open-loop prediction is corrected by adding the
filtered error signal between the fixed time delayed (f) plant
output measurement and the output of the delayed (d+f)
open-loop model using a low-pass unitary gain filter given
in Eq. (8).

Y(t+d—i)

T . o . (7)

=p(t+d -+ Tt — f—i) =3t — f—i))

T(z)=——% (8)
| 04

Using the Diophantine equation (6) and the prediction in
Eq. (7), a future k-step ahead prediction is obtained.

Pt+d+k)=G,(z7 ) Au(t+k—1)

_ ©)
+zF [Gk (zhH-G, (z_l)] Au(t—1)+ F,(z"Hy(t+d)
for 1<k<N,-d
Gz H=E(z"HBT)
=gy +g 1z Ht g, 2 (10)

Gz =go+gz " +tgpzt

Therefore, the future predicted control sequence can be
determined by the following equation [6].
u(t) 1
”(IT”O - 1 u(t -1l 1)
u(t+1\}u ~1lp 1

(11
Hl

+ 1{2 (RO -GGy Au( 1= = F )3t +d)

Hy
where u(z+ilf) is the i-th step ahead control prediction at
time ¢, Au(z-1t-1) is the first predicted control input at time
t-1, and the matrix H is

Communication

u(t |0 channel Plant Side
o) :
Reference —» u(t+ N, -111) Forward u(?) Y1)
MPC > delay » Buffer > (G, +AG,)z* >
¥ uctin
S d) u(t—k; |t-k;)
+ i+ d) u(t+ N, -k, -1|t-k,)
Backward
P= 1) delay
T(z) (O= -
+ y-f)

Fig. 1. The robust networked predictive control system.
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In order to compensate for the network communication
time delay in the forward channel, which is assumed no
greater than the set of the predicted control sequence, a
network control predictor is proposed. It is assumed that all
predicted control sequences at the current time are packed
and sent to the plant. Then the networked delay
compensator chooses the control value from the latest
control sequences available on the plant side. For example
if the following predictive control sequences are received
on the plant side:

u(t—k|t—ky)
u(t—ky +1lt—ky)

u(t—kylt—ky)
u(t—ky +1lt-k,)

utlt—ky) u(tt—ky)

u(t+ N, =k =lle=k)) | |u@+N, —ky =1t=k,) |

(17)
u(t—klt k)

u(t—k, +1lt—k,)

u(tt—k;)

u(t+ N, —k; =1lt=k;) |

where the control values u(t|t—ki) for i= 1, 2,..., [, are

available on the plant side. The control input of the plant at
time ¢ is chosen from the latest control sequences as
follows:

u(t) =u(tlt—min{ky, k-, k; }) (18)

Thus the networked predictive control scheme can be
implemented in the following steps:
(1) Design the MPC parameters (N, N,, N, and p) to obtain
the desired control performance without the networked
communication time delay and model uncertainties.
(2) Use the same MPC parameters, the predicted control
sequence in Eq. (11) is obtained, based on past inputs, past
outputs and the future references.
(3) Transmit this control prediction sequence to the plant
side through the communication channel.
(4) Choose the control input in the buffer in accordance
with Eq. (18).

III. ROBUSTNESS ANALYSIS OF NETWORKED PREDICTIVE
CONTROL SYSTEM

In order to study the robustness of the proposed RNPC,
unstructured uncertainties are considered. The reason for
using unstructured uncertainties is that in most industrial
systems, the high frequency structure of the system is
usually not known, thus low-order models are often used to
represent the complex dynamics. This results in some
unmodelled dynamics and the unstructured uncertainty
model seems to be a better way to quantify this kind of
uncertainties [8]. Also due to the forward and backward
time delay compensators, there is a difference between the
plant and its model. These can also be considered as
unmodelled uncertainties. It is clear from Eq. (11) that the
first prediction is obtained

u(tfe) =u(t =1t =1)+ H,R(t)

I 1 (19)
-H,G(z ) Au(t -1t =)= H F(z")3(t+d)
which gives
N -
() = H,R(t)-H,F(z" )yt +d) 20)

(1+H,G(z"HzHA

Using Eq. (11) and Eq. (20), the k-step ahead control
prediction at time #- &; is expressed by

u(tlt—k))=u(t—k; =t —k, =)+ H, ,R(t—k,)
—Hy Gz )Au(t—k; =1lt—k; —1)
—Hy o F(z )yt —k; +d)
= (1—Hki+1G(z*1 )A}*lu(t—ki|t—ki)
+Hy o R(t=k)=Hy  F(z7)3(t—k; +d)
u(te—k;)
(1,27 4, ANRGE= k) - FGTF0 -k +d)  (22)
(+H,G(zHz™hHA

21)

From Eq. (20) and Eq. (22), there is a proportional
relationship between u(t|t—kl-)and u(t|t), which can be

stated as
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u(tl) H,

(23)

The difference of input signals between the plant and
model can be stated as follows:

u(tfe —k;) —u(fo)
(H1 (4 =D+ H AT )(R(l) —F(z Yyt + d)) (24)
(1+ H,G(z™Hz™HA

In order to simplify the robustness analysis of the
networked predictive control system, let
H,=[h; by, hy(n,-ay]and use the first predicted
control increment obtained from Eq. (19). This is shown
below

r(t+d+1)

r(t+d+2)
Au(tt) = H, : 05)
r@t+N,)

—H,G(z )Au(t-1lt=1)—H,F(z )5t +d)

where it can be seen that the robust networked predictive
control can be simplified to the controller C(z) in Eq. (26)
and reference filter W (z) in Eq. (27) for the nominal case
without model uncertainties. However for the non-nominal
case, there is an additional controller D, (z) included and
each open-loop prediction is corrected by adding the
filtered error signal between the delayed output

measurement and the delayed open-loop model output. This
is shown in Fig. 2.

H,F(z™"
C(z)= L 26
@) (1-zH1+H,G(zHz™) (26)
Ny
Zhlizi+d
H\F(z™)

u(z‘z)

o, W(z) 4@"_‘2 C@2)

n -d-f
= e-n
_ +
y(+d) + T@)
—— z

Fig. 2. Equivalent structure of the robust networked
predictive control.
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To analysis the system robustness, assume that the
disturbance ¢(f)=0 and that an_d

function of the linear system in its nominal case.

gives the transfer

Unstructured uncertainties are represented by AGuz_d,
thus yielding
G=(G,+AG,)z™

L (o+hz et ™)

=— z
O l+qz +-4gq,, 2"

y (28)

The transfer function from u(t|t) to y(t+d)can be

expressed as

y(t+d) =G, +T(2) Z—d—fz [;D;(2)z
u(ft) P

-G,z
0

moy \HzV +H, AR
=G, +T(z)z" " z—( ! hi+l F -G,
,':()Q Hl

(29)

The first part of the above equation is the system transfer

function for the nominal case. The second part is related to

the forward and backward time delay, and the model

uncertainties. These can be combined as total system
uncertainties by:

- -1 —ky—i
- Z'%(le +IZ+IA)Z o

i=0

(30)

Using the small gain theory [9], the normal |0| bound

uncertainty region is derived to maintain closed-loop
stability and is defined as follows:

—d C(Z) _ Jjo
‘T(z)z 5‘ IeETNE] <1, Yoe(O,r) z=¢® (31)
So
|5|<AP=M, Voe (0,7) z=e/® (32)

C(2)T(2)

It can be seen that if the uncertainties caused by the
forward and backward time delay, and unmodelled
dynamics are within a norm boundary in Eq. (32), the
system is stable. The model uncertainties have an inverse
relationship to the uncertainties caused by the forward and
backward time delay.

The nominal control performance of the system is not
modified by including the filter 7. When the plant and its
model are exactly the same and no forward and backward
time delay, then the error signal between the plant and its
model is zero. So the filter T has no effect on the control
performance of the closed system. However the disturbance
rejection is affected by including the filter. To estimate the



effect of the filter on the disturbance rejection performance,
consider the closed-loop transfer function between the

disturbance ¢(¢f) and the control input u(t|t—kl-). In
general, in order to achieve good performance for the
disturbance rejection, |u / q| should be close to one over the

system bandwidth.
gﬁﬁchnmnGAnf*fna
g || 1+C()G, () |

(33)
C(2)D;(2)G, (2)T(2)| _

=, Vo<wy,z=e'®
1+C(2)G,(2) |

where @, is the desired bandwidth of the closed loop

system. The percentage of the uncertainty norm boundary is
calculated as follow:

AP _[14CG,@) |_ D)
6,27 |C@G, TG [u/q)]

w= (34)

Eq. (34) clearly shows that the high disturbance rejection
performance leads to low robustness. So there is a need to
make a compromise between disturbance rejection and
robustness. In general, the unstructured model uncertainties
are dominant at high frequencies, therefore 7" must be
chosen to increase the value of yP at these high frequencies

and maintain the unitary gain of u /g for the frequencies
below the desired bandwidth®, . So 7" must be chosen to
have unitary gain at d.c. and to be a low pass filter.

IV. SIMULATION EXAMPLES

To illustrate the properties of the proposed robust
networked predictive control method, a discrete model of a
DC motor speed control system with a sampling time 0.12s,
gives the following transfer function

0.009201z" +0.005709z >
1-1.088z7" +0.2369z 2

The GPC controller is set to N; =1, N, =20, N, =20 and p
=0.1 for the best control performance when there is no
model uncertainties and no time-delay in both forward and
backward channels. The response is shown in Fig. 3(a). For
a 5-step fixed backward time delay, the system can deal
with a maximum 3-step fixed forward time delay using NPC
proposed by Liu et al. [6]. Using the standard GPC without
delay compensator, the system is unstable even for 0-step
forward time. However, using the RNPC method with the
filter setting, or = 0.9, the system is still stable for a 19-step
forward time delay. This is shown in Fig. 3(b).

5% denominator parameter uncertainties yield the
transfer function in Eq. (36). For a 5-step fixed backward
time delay, using NPC, the system can cope with a 3-step
fixed forward time delay. However using RNPC the

G(z)=

(35)

forward time delay can be increased to a 10-step fixed time
delay and the system is still stable. This is shown in Fig. 4,
where the system is stable using RNPC for a 10-step fixed
forward and a 5-step fixed backward time delay. However
using NPC, the system is unstable.

0.009201z" +0.005709z 2
1-1.1424z7" +0.2487272

(a)

G(2) =

(36)
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n n n L n
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Velocity (rad/s)

0 1‘0 2‘0 Ti 3‘0( ) 4‘0 5;0 60
Fig. 3. Step responses. (a) no model uncertainty and time
delay, (b) a 19-step fixed forward and 5S-step fixed
backward time delay using RNPC. Reference (dashed),
system output (solid).

2

Velocity (rad/s)

200

1001

0

Velocity (rad/s)

-100

-200 - ¢ ¢ . -

Time(s)
Fig. 4. Step responses for a 10-step fixed forward and 5-
step fixed backward time delay with 5% denominator
parameter uncertainties. (a) RNPC, (b) NPC. Reference

(dashed), system output (solid).

If there exists unmodelled dynamics, such as Eq. (37),

0.01z7' =0.009007z2

G(z) =
@ 1-0.006738z7"

(37

the control performance is improved using RNPC compared
with NPC (Fig. 5). This is based on a comparison between a
5-step fixed backward and a 10-step fixed forward time
delay for the case of RNPC, with a 5-step fixed backward
and 2-step fixed forward time delay for NPC. These were
the limiting values in the case of RNPC and NPC to ensure
stability.

If the system has unmodelled dynamics in Eq. (37) and a
2-step fixed time delay uncertainty in both channels, the
control performance is still superior using RNPC. This is
shown in Fig. 6 where the system can cope with a 8-step
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fixed forward time delay for a 5-step fixed backward time
delay using RNPC. However using NPC, even with no

forward time delay, the system is still unstable.
@

Velocity (rad/s)

] 10 20 30 40 50 60

-3
T

o

Velocity (rad/s)

o 10 20 N sg( ) 20 50 60

Fig. 5. Step responses for a 10-step fixed forward and 5-
step fixed backward time delay with unmodelled dynamics.
(a) RNPC, (b)NPC. Reference (dashed), system output

(solid).

Velocity (rad/s)

Velocity (rad/s)

2005 10 20 30 20 50 60

Time(s)
Fig. 6. Step responses for a 5-step fixed backward time
delay with unmodelled dynamics and a 2-step fixed time
delay uncertainty in both channels. (a) RNPC with a 8-step
forward time delay, (b) NPC with a 0-step forward time

delay. Reference (dashed), system output (solid).
@
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Time(s)
(b)
800

Q
T 400p
z
8
s © N .
>

—-400

0 10 20 30 40 50 60

Time(s)
Fig. 7. Step responses for a §-step random forward and a 5-
step fixed backward time delay with unmodelled dynamics
and a 2-step random time delay uncertainty in both
channels. (a) RNPC, (b)NPC. Reference (dashed), system
output (solid).

Fig. 7 gives the performance in the case of time delay
and model uncertainties for a 8-step random time delay in

the forward channel and a 5-step fixed time delay in the
backward channel. The system uncertainties are as follows:
(a) a 2-step random time delay in both channels. (b)
unmodelled dynamics shown in Eq. (37). Using RNPC, the
system is stable. However it is unstable using NPC.

In conclusion, RNPC has a superior control performance
to NPC for parameter uncertainties, unmodelled dynamics
and time delay uncertainties for both fixed and random time
delay in the forward channel and fixed time delay in the
backward channel.

V. CONCLUSIONS

This paper has presented a method to improve the
robustness of networked control systems subject to random
transmission time delay. This is achieved by using a
modified MPC, which can generate future input signals
applied to the system when the input signal is delayed or
missed in the forward communication channel. Using a
Smith predictor, the time delay in the backward channel can
also be compensated for. Using this structure, the
robustness of the networked control system can also be
improved using a low pass transfer function to filter the
error signal between the delayed plant output measurement
and the delayed open-loop model output. The uncertainty
norm boundary has been obtained. If the system
uncertainties along with uncertainties caused by the forward
and backward time delay are within its norm boundary, the
system is stable. Simulation results show that the proposed
robust networked predictive control method has
dramatically improved the control performance compared
with the standard GPC and the NPC method proposed by
Liu. et al. [6].
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