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Abstract—In this paper, an adaptive output following control
based on command generator tracker (CGT) is proposed and
applied to networked aluminum plate thermal process. One of the
most important problems is the time delay in networked control
system (NCS). An explorative technique is that the system with
time delays is approximated as high order lag system. A fixed
output feedback gain is discussed to guarantee robust stability
of the system with delays. Meanwhile, the adaptive following
control scheme is investigated to deal with the effect of network
delay and uncertainties. Finally, networked control system for an
aluminum plate thermal process is constructed and simulation
and experimental results are given to show the effectiveness of
the proposed design scheme compared with non-adaptive control
approach.

Index Terms—Networked control system, thermal process,
command generator tracker, robust parallel compensator, adap-
tive control

1. INTRODUCTION

In modern industrial control systems, sensors, actuators and
controllers are usually located at the various place connected
by communication network which gives rise to networked
control systems. Such that network-based control emerged as
a topic of significant interest in control field recently. One of
the most important problems is the time delay in networked
control system. It is well known that the occurrence of delay
degrades the stability and performance of control systems [1,
2, 3].
For this challenging problem, one of the simple and common
techniques is to approximate the system with time delays
as high order rational transfer function and to design model
output following control based on CGT [8]. The CGT theory
was first proposed for model following problem with known
constant parameters in [4]. However, parameters of the approx-
imating high order lag system are generally variable for time
delays from network and system’s devices are time-varying
and uncertainties. As a result, a weak tracking performance
or even a weak oscillation may be caused for the networked
control system. For the system with uncertainties, simple
adaptive control based on CGT was employed by Deng, etc. in
[5, 7], including feedback control to ensure robust stability and
feedforward control to obtain effective tracking performance.
But, it usually takes a long time to obtain reasonable adaptive
feedback gain to satisfy the robust stability. For improving
networked control system performance in this paper, a fixed
output feedback gain is discussed to guarantee robust stability
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and an adaptive CGT algorithm is investigated to deal with the
effect of network delays and uncertainties. That is, adaptive
output following control scheme based on CGT is proposed
for a networked aluminum plate thermal process.
The contents of this paper will be written as follows. In Section
2, a networked aluminum plate thermal process is introduced.
And the model of the process is derived and problem statement
is setup. After that, adaptive output following control based on
CGT is presented. Simulation and experimental results show
the effectiveness of the proposed method in Section 4. Finally,
Section 5 draws the conclusion of this paper.

2. PROBLEM STATEMENT

2.1. Networked Aluminum Plate Thermal Process

A networked aluminum plate thermal process shown in Fig.
1 consists of two parts connected by LAN: (1) Computer PC1
as a controller; (2) Computer PC2, I/O board and aluminum
plate setup as a controlled process [1].

Fig. 1. A networked aluminum plate thermal system

The experimental part is composed of a computer PC2 for
delivering control command from PC1 to I/O board and
delivering the process output information from I/O board to
a digital I/O board, heater control circuit, thermometer circuit
and an aluminum plate. The I/O board contains A/D, D/A and
buffer boards. Heater control circuit contains a compensator,
a counter oscillation circuit and solid-state relay.
Computer PC1 demands to process a networked control using
model output following control based on command generator
tracker given in Section 3, consisting of the following two
tasks: (1) Control the temperature of the aluminum plate; (2)
Communication with PC2 to obtain the temperature data. The
time delays are communication delays between PC1 and PC2
for delivering temperature data asτ1, and between PC1 and
PC2 for sending control data to heater asτ2, where the delays
τ1 and τ2 are measurable. Such that the total time delays
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defined asTD from getting the measured signal to sending
the control signal to the process are equal toτ1 + τ2.

2.2. Modeling

The configuration of the process is shown in Fig. 2. Three
laws are used to develop the mathematical model shown as
follows.
(1) Fourier’s law of heat conduction

q = −λ(dθ/dn) (1)

(2) Newton’s law of cooling

q = α(θ − θf ) (2)

(3) Equation between heat capacity and objects and their
specific heat

cmdθ = dQ (3)

Fig. 2. The configuration of the aluminum plate thermal process

Notations and parameters utilized are shown in Tables 1 and
2.

TABLE I
NOTATIONS FOR THE ALUMINUM PLATE

Heat flux q[W/m2]
Specific heat of aluminum c[J/kgK]

Thermal conductivity λ[w/mK]
Heat transfer coefficient α[w/m2K]
Flowing air temperature θf [K]

Variation in heat capacities dQ[J ]

TABLE II
PARAMETERS FOR THE CONFIGURATION OF THE ALUMINUM PLATE

c 900[J/kg/K] S1 0.072[m2]
α 25[w/m2K] S2 0.0012[m2]
λ 200[w/mK] S3 0.0006[m2]
d 2700[kg/m3] S4 2.7 ∗ 10−8[m2]
m d1 ∗ h ∗ l ∗ d[kg/m3]

From Eqs. (1), (2) and (3), we can obtain a lumped parameter
system, that is

d(θ − θf )
dt

mc = u− α(θ − θf )(S1 + 2S3 − S4)

−2λS2
θ − θf

d2
(4)

Definey(t) = θ − θf , then we take the Laplace transform of
the above equation. Such that the transfer function of input-
output can be derived as

G(s) =
Y (s)
U(s)

=
1

mcs + α(S1 + 2S3 − S4) + 2λS2
d2

=
1

729s + 9.656
(5)

Consider the time delays caused by communication network,
so we obtain the model of the aluminum plate thermal process
shown as follows

Gp(s) =
1

729s + 9.656
e−TDs (6)

2.3. Problem Setup

We consider the time delays described by the following 1st,
2nd or higher order lag element such that

e−TDs ≈ 1
(1 + TD

n s)n
, n = 1, 2, ..... (7)

The aluminum plate thermal process then can be rewritten as

Gp(s) ≈ G∗p(s) =
1

(729s + 9.656)(1 + TD

n s)n
(8)

where G∗p(s) is minimum phase process. That is,G∗p(s) is
a approximate process with high order lag element. In fact,
process parameters are variable and related to time delaysTD

for networked time delays are varying and uncertainties. The
objective of this paper is to design a stable tracking controller
for the approximate process by using adaptive output following
control approach based on CGT.

3. ADAPTIVE OUTPUT FOLLOWING CONTROL

The structure of adaptive output following control for the
networked aluminum plate thermal process is described in Fig.
3.

Fig. 3. Model output following control

whereu∗(t) is the adaptive feedforward input based on refer-
ence model and erroreya(t) between reference model output
ym(t) and the augmented process outputya(t), and u(t) is
feedback control input to ensure closed-loop stability of the
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system. The main purpose is that the augmented process output
follows reference model output.

3.1. Robust parallel compensator

Model output following control does not require the ref-
erence model to be of the same order as the process and
the knowledge of the process order is not needed. However,
instead of the order requirement, other conditions need to be
satisfied. That is, the processGp(s) is required to be ASPR [2].
Here,Gp(s) is non-ASPR process in the networked aluminum
plate thermal system for the relative degreen+m2−m1 ≥ 2
(m2 andm1 are denominator and numerator order ofG(s)).
Such that robust parallel compensator (RPC)F (s) is designed
to transform the non-ASPR processGp(s) into an ASPRness.
For the approximated processG∗p(s) with high order lag
element, we design a robust parallel compensatorF (s) that
makes the resulting augmented process:Ĝ(s) = G∗p(s)+F (s)
satisfying ASPR condition as follows:

F (s) =
s(

s + n
TD

)
(729s + 9.656)

n∑

i=1

F1i(s)

+
m2−m1−1∑

j=1

δjF2j(s) (9)

F1i(s) =

(
n

TD

s + n
TD

)i−1

, i = 1, . . . , n (10)

F2j(s) =
βjnj(s)
dj(s)

, j = 1, . . . ,m2 −m1 − 1 (11)

whereδ is small positive constant,dj(s) is monic stable poly-
nomial of any orderndj(≥ m2−m1− j) andnj(s) is monic
stable polynomial of any ordermnj(= ndj − (m2−m1− j)).
The parameterβ is chosen such that the following polynomial
is the Hurwitz polynomial.

r(s) = βm2−m1−1s
m2−m1−1 + · · ·+ β1s + β0, β0 = k (12)

Then, the augmented processĜ(s) can be re-expressed as

Ĝ(s) =
1

729s + 9.656
+

m2−m1−1∑

j=1

δjF2j(s) (13)

where, Ĝ(s) is considered to be consisted of a process
1/(729s + 9.656) and a small RPCΣm2−m1−1

j=1 δjF2j(s). So,
it can be concluded that the augmented processĜ(s) with the
RPCF (s) can be made ASPR by choosing a sufficiently small
δ. That is, we can transform the approximated processG∗p(s)
into an ASPR augmented processĜ(s) using a RPC.

3.2. Robust stable feedback control

Next, we consider the augmented processGa(s) for the
actual processGp(s) shown as follows

Ga(s) = Gp(s) + F (s) (14)

Denoting the model-process mismatch by

G̃(s) = Gp(s)−G∗p(s) (15)

as the additive uncertainty, we have

Ga(s) = G̃(s) + Ĝ(s) (16)

So, for the augmented processGa(s), we design the closed-
loop system with stable output feedback controllerC(s) = ke

which is described as a simple configuration with̃G(s) in
forward path andM(s) in the feedback path shown as Fig. 4.

Fig. 4. The configuration of the output feedback control system

Then,M(s) can be derived as

M(s) =
−ke

1 + keĜ(s)
(17)

For the closed-loop system with feedback gainke, if

‖G̃(jw)M(jw)‖ < 1, ∀ω ∈ [0,∞) (18)

then the robust stability can be guaranteed. Such that, from Eq.
(13), (17) and (13), a sufficient condition for the closed-loop
stability is given as

‖G̃(jω)‖ < ‖ 1
ke

+
1

j729ω + 9.656

+
m2−m1−1∑

i=1

δiF2i(jω)‖ (19)

Therefore, the augmented processGa(s) for the actual process
Gp(s) with the time delays given in (6) can be made robust
stable by feedback control, where feedback gainke is irrespec-
tive of the order of the lag element. That is, we can select any
order for the lag element to ensure the robust stability of the
control system. Meanwhile, the time delays and uncertainties
are bound such that a boundary of the feedback gainke can
be derived according to time delays and uncertainties. Next,
adaptive following control scheme based on CGT will be
presented.

3.3. Adaptive following control scheme

In Fig. 3, Gp(s) is the controlled process andyp(t) and
up(t) are the process output and the control signal respectively.
Let a minimal realization of approximated processG∗p be
(Ap,bp, cp) which is controllable and observable shown as
follows.

ẋp(t) = Apxp(t) + bpup(t)
yp(t) = cT

p xp(t) (20)
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The stable reference model is proposed by following state-
space representation:

ẋm(t) = Amxm(t) + bmum(t)
ym(t) = cT

mxm(t) (21)

where um(t) and ym(t) are the reference model input and
output, respectively. For the augmented processĜ(s)(G∗p(s)+
F (s)) and the reference model, we impose the following
assumptions:

(1) For the ASPR augmented processĜ(s) and the feed-
back gainke，the inequality (19) is satisfied．

(2) The reference inputum(t) and its higher derivatives
u

(i)
m (t)(i = 1, . . . , n + m2 −m1) are bounded．

The objective is to make the augmented process outputya(t)
track the reference model outputym(t) such that the model
output adaptive following control based on the CGT theory
is proposed. Under these assumptions, we design the control
input as follows:

up(t) = u(t) + u∗(t) (22)

whereu(t) is the feedback input which guarantees the stability
given by

u(t) = −keeya(t) (23)

eya(t) = ym(t)− ya(t)
ya(t) = yp(t) + yf (t)

whereyf (t) is output of the RPC which is presented by the
following state-space representation.

ẋf (t) = Afxf (t) + bfu(t)
yf (t) = cT xf (t) (24)

u∗(t) is the adaptive feedforward input based on the CGT
theorem given by

u∗(t) = k(t)T z(t) (25)

where

k(t)T = [kxm(t)T , kum(t)T ]
z(t)T = [xm(t)T , um(t)T ]

Adaptive rule is shown as follows:

k(t) = kI(t)T + kP (t)T (26)

where

k̇I(t)T = ΓIz(t)ey(t)− δ(t)kI(t)
kP (t)T = ΓP z(t)ey(t)

δ(t) =
δ1ey(t)2

1 + ey(t)2
+ δ2, δ1 > 0, δ2 > 0,

ΓI = ΓT
I > 0, ΓP = ΓT

P > 0

whereδ1, δ2, ΓI andΓP are adaptive control parameters. The
stability of the adaptive control system can be ensured under
the mentioned assumptions. For the proof see reference [6].

4. SIMULATION AND EXPERIMENTAL RESULTS

In this section, the simulation and experiment are utilized to
show the efficiency of the proposed design scheme compared
with non-adaptive control method for the aluminum plate
thermal process.
The communication time delays and process devices’ delays in
experimental environment are measured firstly shown as Fig.
5. The time delays consist of delivering the temperature signal
from the sensors to the controller and sending the control
signal from the controller to the process. As a result, it is
shown that the delays are varying about6 ∼ 7 sec in this
communication environment.
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7000

8000

9000

10000

Time[sec]

D
el

ay
[m

s]

Fig. 5. The measured time delays

From Eq. (8), we can see that parameters of the approximate
process are variable and related to time delays. For the
convenience to design RPCF (s) and robust feedback gain
ke, TD is selected as7[s]. So, we can obtain the following
approximate process model.

G∗p(s) =
1

(729s + 9.656)(1 + 7
ns)n

(27)

Let n = 3 to approximate the time delays, we have

G∗p(s) = 1
729s+9.656 · 1

(1+ 7
3 s)3

= 1
9261s4+1.203e004s3+5261s2+796.6s+9.656

(28)

We obtain the minimal realization ofG∗p (Ap,bp, cp) given
as

Ap =




−1.2990 −0.5681 −0.3441 −0.0667
1.0000 0 0 0

0 0.2500 0 0
0 0 0.0625 0




Bp =




0.0625
0
0
0




Cp =
[

0 0 0 0.1106
]

(29)
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The reference model is given as follows

Gm(s) =
1

60s + 1

Am = −0.0167
Bm = 0.1250
Cm = 0.1333 (30)

and F(s) is given as

F (s) = s4+1.714s3+1.102s2+0.2362s
729s5+1259s4+819.9s3+240.2s2+27.63s+0.3258 (31)

We select the output feedback gain aske = 100 to ensure the
robust stability of the controlled system. Such thatu(t) can
be calculated as follows

u(t) = −100eya(t)− u∗(t) (32)

The robust stable margin of the controlled system is illustrated
in Fig. 6.

Fig. 6. The robust margin of the controlled system

Adaptive control parameters are designed as follows:

ΓI = diag[0.001, 0.02]
ΓP = diag[0.5, 0.5]
δ1 = 0.0001
δ2 = 0.0002

Non-adaptive control feedforward input compared is given as

u∗(t) = −0.2952xm(t) + 11.8703um(t) (33)

4.1. Simulation Result

Time delayTD is equal to7[s] for simulation. Fig. 7 and
Fig. 8 show the simulation results of non-adaptive and adaptive
control scheme whenum(t) = 1(t > 0). These show that
the process output can track effectively the constant reference
model output for two approaches.
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Fig. 7. The non-adaptive simulation result of constant reference input
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Fig. 8. The adaptive simulation result of constant reference input

When the input of the reference model is variable given as
follows

um =





1 0 ≤ t < 500
2 750 ≤ t < 1250
0 500 ≤ t < 750, 1250 ≤ t

(34)

the process output responses are shown in Fig. 9 and Fig.
10 respectively. When the process is heated, the attentive
tracking results have been obtained. But, there is a smaller
delay for adaptive control method during cooling. It shows that
under variable reference input there is better tracking effect for
adaptive control.

4.2. Experimental Result

Fig. 11 and Fig. 12 show the experimental result of the con-
stant reference input. Fig. 13 and Fig. 14 are the experimental
result of the variable reference input.
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Fig. 9. The non-adaptive simulation result of variable reference input
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Fig. 10. The adaptive simulation result of variable reference input
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Fig. 11. The non-adaptive experimental result of constant reference input
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Fig. 12. The adaptive experimental result of constant reference input
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Fig. 13. The non-adaptive experimental result of variable reference input

From Fig. 11, Fig. 12, Fig. 13 and Fig. 14, when the reference
inputs are changed, we can see that there are a little delays
during warming up and explicit delays during cooling down for
natural cooling. In Fig. 11 and Fig. 13, although good tracking
results are obtained, there exist small oscillations for the
augmented process output. To resolve this problem, adaptive
CGT algorithm is employed for the above process, where
CGT condition is assumed to be satisfied. As a result, small
oscillations are cancelled and a desired control performance is
obtained in Fig. 12 and Fig. 14.
The above simulation and experimental results show the effec-
tiveness of adaptive output following control scheme based on
CGT. Compared with non-adaptive control method, it is better
to resolve the problem of time delays, and more effective to
realize tracking control.
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Fig. 14. The adaptive experimental result of variable reference input

5. CONCLUSIONS

In this paper, adaptive output following control is inves-
tigated and applied to a networked aluminum plate thermal
process. The modeling and problem statement are given after
analyzing networked aluminum plate thermal process system
structure. An explorative technique is utilized to approximate
time delays as high order system with lag element. Then, a
RPC is designed to transform the augmented process with high
order system into ASPR. After that, a fixed output feedback
gain is obtained to guarantee robust stability of the system and
an adaptive output following CGT algorithm is presented to
cancel the effect of networked time delays and uncertainties.
Finally, simulation and experimental results are given to show
the effectiveness of the proposed method compared with non-
adaptive control approach.
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