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Model-based predictive controller design for a class of nonlinear
networked systems with communication delays and data loss*
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This paper discusses the model-based predictive controller design of networked nonlinear systems with communica-
tion delay and data loss. Based on the analysis of the closed-loop networked predictive control systems, the model-based
networked predictive control strategy can compensate for communication delay and data loss in an active way. The designed
model-based predictive controller can also guarantee the stability of the closed-loop networked system. The simulation re-
sults demonstrate the feasibility and efficacy of the proposed model-based predictive controller design scheme.
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1. Introduction

In recent years, control applications in which the con-
trol loop is closed through a real-time communication net-
work have received growing attention in control engineer-
ing, since the developments in microprocessors and network
abilities provide a convenient way for the remote monitoring
and adjustment of large distributed plants.!'=3] These systems,
usually referred to as Networked Control Systems (NCSs),
have many advantages such as low cost, easy maintenance,
and reduced power consumption, together with more and
more applications in industry, such as traffic, process control,
spacecraft, energy and power management, and rehabilitation

1491 However, the introduction of communication

treatments.
networks in control loops leads to some inevitable issues, in-
cluding network-induced delay, data packet disorder, and data
packet dropout, which can significantly degrade the system
performance or even make the system unstable in certain con-
ditions. These issues need to be taken into account when NCSs
are analyzed and designed.

To guarantee the performance of the control system, there
are many control strategies presented in the current liter-
ature for the design and analysis of NCSs, e.g., the aug-
mented discrete-time model method,!'”! the switched sys-

tem approach,!!!l the queuing method,'?! robust control, 3!

14] 15]

stochastic optimal control, state feedback control,!
fuzzy logic modulation,[!® event-based control,!'” impulsive
control,['8] and hybrid systems stability analysis.!'”! However,
many of these methods are restricted by some strict assump-
tions on NCSs and are passive to reduce the effect of the com-

munication delay and data loss in a conservative way for linear
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time-invariant systems. In fact, a challenging issue that com-
pensates for communication delays actively and overcoming
data dropouts is a really hard task if the closed-loop NCSs are
required to design in a less conservative way.

Considering the NCSs to be controlled are subjected
to communication constraints and nonlinearities, the model-
based networked predictive control (MB-NPC) scheme is pre-
sented in this paper. The basic idea of MB-NPC is that the
explicit model of the plant is used to estimate the future be-
haviors of the plant and give an appropriate control signal
to compensate for communication delays and data dropout.
This paper utilizes a model-based networked predictive con-
trol scheme to compensate for communication delays in both
the feedback and forward communication channels and also to
cope with data dropout in an active way. It proposes a design
strategy of the predictive controller for networked nonlinear
systems under suitable assumptions.

This paper is organized as follows. Some background of
the problem formulation and the MB-NPC scheme are pre-
sented in Section 2. Section 3 describes the stability analy-
sis of the model-based networked predictive control system.
Simulation results are given in Section 4 to demonstrate the
feasibility and efficiency of the proposed model-based predic-
tive method. The conclusion drawn from the present study is

presented in Section 5.

2. Nonlinear plant and MB-NPC scheme

A graphical representation of the MB-NPC system is
shown in Fig. 1.
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Fig. 1. (color online) Model-based networked predictive control system.

In a practical NCS, the communication network can be
located in the forward channel (i.e., from the controller to the
actuator) and/or the feedback channel (i.e., from the sensor to
the controller). When a data packet fails to arrive at its des-
tination within a certain transmission deadline, for example,
the upper bound of the communication delay, data loss occurs.
Based on physical networks, it is natural to assume that only a
finite number of consecutive packet-dropouts can be tolerated
by NCSs. Similarly, the communication delays in the feed-
back and forward channels of NCSs should also be bounded.
In order to design the MB-NPC approach, the following as-
sumptions are made.

Assumption 1 The communication delay in the feedback
channel is bounded by ny,; the communication delay in the for-
ward channel is bounded by n;.

Assumption 2 The number of consecutive data dropouts
in both the feedback channel and the forward channel is
bounded by nq.

Assumption 3 All data are time-stamped, that is, they
contain the information on when they were delivered by the
transmission side.

Remark 1 Because the proposed predictive control se-
quence is based on time, the time stamp of the data transmit-
ted through the network is very important for NCSs. In this
regard, the time clocks in the components of NCSs are as-
sumed to have been synchronized by a proper synchronization
mechanism. > Since this paper mainly focuses on the pre-
dictive controller design problem, the synchronization issue
will not be discussed in detail here.

2.1. Nonlinear plant to be controlled

In the current paper, a nonlinear plant to be controlled
through the network is described by the following discrete-

time dynamic equation:

x(k+1) = f(x(k),u(k)),
y(k) = h(x(k)), 00

where x(k) € R" denotes the state of the system, u(k) € R
denotes the control input and y(k) € R denotes the measured
output. f(-,-): R" x R — R" is an n-dimensional smooth
vector field. In addition, it is assumed that the states of the
nonlinear system (1) are not straightforwardly measurable.

For the implementation of the MB-NPC scheme, a state
observer is employed to estimate the state variables and a local
feedback linearizing controller is designed for the nonlinear
plant (1) in the following.

2.1.1. State observer
Let uy,) (k) and yj,; (k) be the following vectors:

u(k+r—1)
ol uw+f_m |
u(k)
Wk+r—1)
= P @
y@)

For any integer m > 1, f is defined as follows:

S K)o (K)) = f (™ ekt (K)) u(k+m)), (3)
where f! (x(k),uy) (k) = f(x(k),u(k)). Hence, the value of
the state and measured output at time k +m can be written as

x(k+m) = fm(x(k)7u[1n] (k)),
y(k+m) = h®f" (x(k), up (k)), )

where “°” denotes the composition operator.
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Definition 1*?! Given a C* function h: R" — R! and
the smooth vector field f(x,u) on R" x R, the observability
matrix Q(x,u[,_)) is defined as

he 7 (x,up )
q h° f" 2 (x, )
Qx,upp1) = 4 :
he ! (x,upy))

h(x)
Ao (x,up, )
T ©)

In the linear case, i.e., f(x) = Ax+ Bu and h(x) = Cx, the ma-
trix (5) reduces to the well-known observability matrix.

By introducing the nonlinear transformation function
¢ (-,-) on the basis of Egs. (2), (3), and (4), it can be obtained
that

y(k—1)

Wk—n+2)
y(k—n+1)
O(x(k—n+ 1),14[”_1](/(—714— 1))
hofn_l(x(k_n+ 1),14[”,1] (k—l’l+ 1))
hofn_z(x(k_n+ 1)7”[71—2] (k_n+ 1))
: . (6)
R fH (x(k—n+1),upy(k—n+1))
h(x(k—n+1))

If the nonlinear plant (1) satisfies the following condi-
tions:

Condition 1 The observability matrix Q(x,up,_)) has
full rank for all (x,up,_y)).

Condition 2 The nonlinear algebraic equation (6) has a
unique solution

x(k—n+1)=0"" (yp(k—n+1),up_y(k—n+1))

for all (yj,,uj,—1]). Also, ¢~!(-,-) denotes the inverse trans-
formation of Eq. (6).

Then a state observer can be designed in the following!??!
X (k) = 0~ (v (k= n+ 1), up_yj (k—n+1)),

xA(k):fnil(X(k),u[nfl](k_n"‘r1))7 (7

where £(k) € R" denotes the state estimation for time k based

on the information of u},_;)(k—n+1) and yj, (k—n+1).
Remark 2

sign algorithms for discrete time nonlinear systems in the

There is a variety of observer de-

literature.[**?3] Compared with the existing nonlinear ob-
servers, the state estimation algorithm has the following main

characteristics: (i) a nonlinear change of coordinates is not
required; (ii) iterations to obtain state estimation are not
employed; (iii) if the observer gets the explicit knowledge
of the ¢! function, the calculation is very straightforward;
(iv) equations are computationally simple and easily imple-
mentable.

2.1.2. Local feedback linearizing controller

For a local feedback linearizing control law, it is neces-
sary that the nonlinear system (1) can be linearized by state-
coordinate change and feedback. In the following, an impor-
tant definition related to the linearization is introduced.

Definition 2[?°! The relative degree of the nonlinear sys-
tem (1) is globally defined as the smallest integer ¢ such that

d/du(h°f¢) #0.
Construct a state-coordinate change
21 (k) h(x(k))
) = | 2 he f(x(k), u(k))
2n(k) he 1 (x (k) u(k))
= ¢(x(k),u(k)) ®
and a new input variable
v(k) = " " (x(k), u(k)). ©)
Many researchers have studied linearization by coor-

dinate change and feedback for nonlinear systems.?0-28]

Closed-loop stability analysis is a challenging problem. Suf-
ficient conditions for asymptotic stability are given by Kurtz

291 Syp-

and Henson for fully feedback linearizable systems.
pose the following conditions hold:
Condition 1 ¢ =n.

Condition 2 The nonlinear state feedback
u(k) = y(x(k),v(k)) (10)

is a unique solution of the nonlinear algebraic equation (9) for
all x(k) € R" and all v(k) € R.

Condition 3 z(k) = @(x(k),u(k)) is a globally defined
diffeomorphism, such that the nonlinear state feedback (10)
yields the linear form

z(k+1) = Az(k) + Bv(k),

y(k) = Cz(k), (11
where A, B, and C are:
0 1 0O ... 0 0
0 0 1 ... 0 0
A= ,
0O 0 O 0 1
0O 0 O 0 e
0
0
B=| ... , C=(10...00),,,.
0
1 nx1
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Condition 4 The origin of the linear system (11) is sta-
bilized with the pole-placement control law

v(k) = —Ko(x(k),u(k)) = —Kz(k)
= *knzn(k)*knflznfl(k)*"'*klzl(k)a (12)

where k; are adjustable controller parameters such that the
eigenvalues of the matrix A — BK are contained inside the unit
circle.

Then, x(k) = 0 is a globally asymptotically stable fixed
point of the closed-loop system comprising Egs. (1), (10), and
(12).

2.2. MB-NPC scheme

From Assumptions 1-3, let 7t = n¢ +nq and 7, = ny, +ng.
To obtain the states of the nonlinear plant on the controller
side, a state estimation on the basis of Eq. (7) can be designed
in the following:

x(k—1) = ¢ k=t —n+1),up_y(k— % —n+1)),
xA(k—Tb) = fn_l(X(k_Tb)vu[nfl](k_fb_n—’_l))a (13)

where £(k — i) € R" denotes the state estimation for time
k — i based on the information of u},_j(k—i—n+1) and
y[n}(k— i—n+1).

Although the state estimation equation (13) gives a one-
step estimation of the states at time k — Ty, the state predictions
from time k — 7, + 1 and k + 77 are still not known. On the ba-
sis of the information available on the controller side, the state
predictions from k — 7, + 1 and k 4 7r can be obtained by

k-t +1k— 1)
= f(R(k— 1), ulk— 1)),
t(k— 1 +ilk— 1)
= fRk—m+i—lk—1),ulk—1m+i—1)), (14)
where i = 2,3,...,7, + 7. Clearly, both 7, and 7; are fixed.
Based on the nonlinear plant model, all control inputs from
u(k — ) to u(k+ 7 — 1) are available on the controller side,
although some of them are not applied to the plant at time ¢.
When the states of the plant are estimated, the observer-
based state-feedback nonlinear controller is designed in this

paper. The control prediction on the controller side is gener-
ated as follows:

I/l(k+ Tf|k* Tb) = ’]/(xA(k+ Tf‘k - Tb), V(k+ Tf|k* Tb)). (15)
On the actuator side, the control input will be taken as

u(k) = u(klk— 7 — 1)
Y(x(klk— T — T¢), v(k|k — T — Tp)). (16)

Similarly, the feedback in the linearized system (11) can be
rewritten as

V(k) = V(k|k— Tp — Tf)

= h°f"()€(k|k—fb—Tf),u(k\k—’cb—rf))
= —Ko(x(klk— 1 — 7),u(klk — 7% — 77)).  (17)

It is clear that the communication delays can be compensated
by the above control strategy.

In order to deal with data loss, the following packet-based
transmission method is adopted. Taking into account the out-
put data loss in the feedback channel, one data packet of the
output sequence at time k is sent from the sensor side to the
controller side in the following:

y(k)

y(k—na)

Similarly, to prevent the control data loss in the forward chan-
nel, the following predictive control sequence is sent from the
controller side to the actuator side:

u(k ek — 1)

ulk+t—1k—1— 1) 19)

u(k+l’lt|k —Tp — }’ld)

On the basis of the time stamp of the transmitted data,
two data buffers are used to reorder the received data. One is
for the control input data on the actuator side, and the other
is for the output data on the controller side. Therefore, under
Assumptions 2 and 3, the output on the controller side and the
control input on the actuator side are always available for use.

Remark 3 The networked predictive scheme was also
proposed by Ouyang.%) However, the state observer used a
nonlinear change of coordinates in Ouyang’s method. In this
paper, a nonlinear change of coordinates is not required in state
estimation.

3. Closed-loop stability analysis of MB-NPC sys-
tem

Since communication delays and the MB-NPC scheme
are involved, the stability analysis for networked nonlinear
control systems plays a significant role in the design of the
predictive controller, which is derived hereinafter.

Theorem 1 Consider the networked nonlinear system (1)
with communication delays and data loss, where the commu-
nication delays are bounded by ny and n; in the feedback and
forward channels and the number of consecutive data dropouts
is bounded by nq4 in both the feedback and forward channels.
If all the conditions in Subsection 2.1 hold, the closed-loop
system comprising Eqs. (1), (16), and (17) is asymptotically
stable if and only if the eigenvalues of the matrix A — BK lie
in the unit circle.

080202-4
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Proof From Eq. (6), it can be obtained that

xtk—t—n+1)
= 0 (k=% —n+1),up_yy(k— % —n+1))
= x(k— 1), (20)

where k > 7, +n— 1. From Egs. (4) and (13), it can be ob-
tained that Vk > 1, +n— 1,

£(k— 1)

= /" k=), up_y (k— 5 —n+1))

= fnil(x<k— Ty —n+ 1),u[n,1](k—rb—n+ 1))

= x(k— ). 1)
Similarly,

Mk—tm+1k—1) = f(X(k— 1), ulk— 1))
Jx(k—1),u(k— 1))
x(k—fb-f—l), (22)

which uses Eq. (14). Using the above equation recursively re-
sults in

(k4 1elk — ) = x(k+ 7p). (23)
Let k+ 7 be replaced by & in the above equation, which gives
2(klk — 1 — 1¢) = x(k). 24)
From the MB-NPC scheme, the control input of the nonlinear
plant in Eq. (21) is
u(k) = u(klk—1 —1)
Y& (klk — T — %), K@ (£(k[k — 7 — 7))
= Y(x(k), —Kp(x(k))). (25)

Substituting £(k|k — 7, — 7¢), u(klk — T, — 7¢) into Eq. (17) by
Egs. (24) and (25) yields Egs. (11) and (12). Thus, the closed-
loop networked nonlinear system comprising Egs. (1), (16),

and (17) can be stabilized if and only if the eigenvalues of
A — BK are within the unit circle. The proof is completed.

Remark 4 It is clear from Theorem 1 that the stability of
the closed-loop networked nonlinear predictive control system
comprising Egs. (1), (16), and (17) is not related to communi-
cation delays and data loss. By the MB-NPC scheme, a sim-
ilar control performance can be provided as the one given by
the local control system, therefore, the above design scheme
largely simplifies the design procedure of the predictive con-
trollers for networked nonlinear systems.

4. Simulated example

To illustrate the model-based networked predictive con-
trol scheme, the discrete-time model of the nonlinear system

is described by
(xl(k+ 1) ) _ <x1 (k) cos(xa(k)) + u(k) )
x2(k+1) 2x1 (k) +x3 (k) ’

y(k) = x2(k).

The initial conditions of the system states were chosen as
x1(0) = —1.15, x,(0) = 1.45.

The implementation procedure of the model-based net-
worked predictive controller is given in the following:

Step 1 Design the state observer. According to Eq. (7), it
can be obtained that

(fl(k) > _ (xl (k) cos(xa(k)) +u(k—1) )
%2 (k) 221 (k) + x3 (k) ’

where (k) and (k) can be calculated using Eq. (6)

( g%) _ (o.sy(k)yzko;sﬁ(k— 1)) .

Step 2 Design the feedback linearizing controller. Con-
struct a state-coordinate change Eq. (8)

(28) = Cesciornan)
(2t

and a feedback Eq. (9)

z(k)

v(k) = h° f? (x(k),u(k))
= (2x1 (k) +x3(k))* + 2x1 (k) cos(xa (k) + 2u(k),

such that it yields the following linear system

(2%1?) = (8(1)) (2(]/?>+<(1))v(k),
(k+1) (k)

y(k) = z1(k).

Considering local control, the desired poles of the linearized
system are chosen to be [0.53+40.21i 0.53 —0.211]. Using the
pole placement method, the control gain matrix K is designed
to be K = [k kp] =[0.325 —1.060]. By Eq. (12), the local con-
troller is obtained that u(k) = —0.5k £ (k) — 0.5ky(2%; (k) +
(8)) — &1 (k) cos(£2(K)) — 0.5(21 (k) + 55 (k)2

Step 3 Design the networked predictive controller. This
can be achieved using the MB-NPC scheme in Subsection 2.2.

In this section, two cases are considered below.

Case 1 Networked control without MB-NPC scheme. In
this case, the MB-NPC scheme is not employed, but a normal
observer-based state-feedback control is used without taking
into account network delay compensation. It is assumed that
there exists a T¢-step delay in the forward channel. Thus, the
controller is given by u(k) = —0.5k £ (k— 7¢) — 0.5k (281 (k —
) + 53 (k—1¢)) — &1 (k— 7¢) cos (%2 (k— 7)) — 0.5(2%) (k— ) +
#(k— 1)) The simulation results in Fig. 2 show that the
closed-loop system is unstable.
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Fig. 2. Networked control without compensating for the communica-
tion delay.

Case 2 Networked predictive control. The model-based
networked predictive control strategy is used to compensate
for the network delay. The parameters of the networks in the
forward and feedback channels are 7y = 2 and 7, = 2. The
simulation results given in Fig. 3 demonstrate that the closed-
loop system is asymptotic-stable when the designed controller
parameters of the closed-loop MB-NPC system are the same
as those of the local closed-loop system.

1.5
— local control
1.0} - - model-based networked predictive control
S
= 0.5
©
=]
2
s 0 »#
@) -
—0.5
—1. . * . .
00 20 40 60 80 100

Simulation step: k

Fig. 3. Model-based networked predictive control.

5. Conclusion

This paper has addressed a design problem of NCSs with
communication delay and data loss. The model-based net-
worked predictive control scheme has been introduced to com-
pensate for communication delay and data loss. An algo-
rithm for designing a model-based predictive controller for
networked systems has been proposed so that the closed-loop
networked systems can achieve the desired poles and also
guarantee the stability of the closed-loop system. Its feasibil-
ity and efficacy have been confirmed by the simulation results

given in this paper.
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