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Temperature Control of Rubber Composites by Adaptive
Multidimensional Taylor Network during Microwave Heating Process

Shanliang Zhu'* 2 3, Chengcheng Li!, Yi Yang? 3, and Qingling Li» *

Abstract—Microwave technology has been widely used in rubber industry. In order to solve the
problem of uneven temperature distribution, a novel control method of adaptive multi-dimensional
Taylor network combined with Cuckoo Search is proposed in this paper. The adaptive multi-dimensional
Taylor network control method is used to obtain the suitable output powers and phase difference under
unknown system parameters. Cuckoo Search algorithm is utilized to optimize the whole situation and
find the best fit input variables at sampling points. To verify the proposed control strategy, the dielectric
permittivity of nitrile butadiene rubber composites is measured, and the control process is simulated
based on measured values. The simulation results show that the proposed method can well control
the temperature rising process with little difference between the average temperature and reference
trajectory.

1. INTRODUCTION

In recent years, more and more importance has been attached to microwave energy due to its
environmental protection and energy saving in rubber industry. Microwave heating technology has
been used in preheating, rapid curing, vulcanization, and drying. Many previous studies have been
reported [1-6]. For instance, Makul and Rattanadecho [1] proposed a new mathematical model for
predicting temperature distribution inside the specimen during preheating natural rubber-compounding
by using microwave energy. Chen et al. [4] experimentally studied the temperature distribution in the
sheet rubber during microwave heating. They concluded that the temperature distribution in the rubber
sheet is seriously uneven, and the highest temperature occurred in the center zone of rubber sheet. In
fact, the problem of hot spots has always been one of the key problems of microwave heating research,
which has become one of the major drawbacks for industrial application [7-11].

However, the research on temperature uniformity control method in microwave heating process is
rarely reported due to its complex application environment [12-15]. Huang and Sites [12] developed
a microwave heating system equipped with a proportional-integral-differential (PID) control device for
in-package pasteurization of ready-to-eat meats. This control mechanism can improve the effect of the
temperature control, but the temperature difference between the surface temperature and the reference
is large. Akkari et al. [13] studied the problem of a global linearizing control algorithm for a multi-
input-multi-output (MIMO) microwave thawing process. This method can control the defrosting time
while preventing thermal runaway. However, the method requires a precise power distribution, which is
difficult to achieve in practical applications. Li et al. [14] demonstrated the effectiveness of microwave
heating control by the sliding mode neural network algorithm in two microwave sources under the
assumption that the temperature of the surrounding medium was constant. However, higher medium
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temperature was not considered because the above assumption is not true in a higher temperature
environment.

In recent years, a multi-dimensional Taylor network (MTN) has been used in the nonlinear system
identification and control [16]. The approximation-based MTN control scheme has been proved to
be an effective and reliable method for nonlinear system control [17-19]. Motivated from the above
researches, a novel method of combining the adaptive MTN and Cuckoo Search algorithm is proposed
to solve the problem of uneven temperature distribution during the microwave heating in this paper.
The suitable input powers at sampling points are obtained by the proposed adaptive control law in the
microwave heating control system. MTN is selected to identify the unknown functions in the system,
and the MTN parameters are adjusted in an online manner. Cuckoo Search is utilized to optimize the
whole situation and find the best fit inputs powers at those sampling points. In order to verify the
proposed control strategy, a kind of nitrile butadiene rubber (NBR) composites is selected as microwave
heating materials, and the temperature dependent dielectric properties are measured experimentally.
The simulation results show that the difference between the average temperature of those sampling
points and the reference trajectory is controlled well, and the uniform temperature rising process of the
NBR sample can be realized. The main contributions of this paper are summarized as follows:

(i) For the first time, the MTN approach is utilized to the temperature control in microwave
heating. A new adaptive MTN control algorithm combined with Cuckoo Search algorithm is designed,
which effectively improves the uniformity of temperature field.

(ii) The proposed control strategy can solve the problem of temperature control during microwave
heating process when the ambient temperature of the medium changes with the heating temperature of
the medium. However, to the authors’ knowledge, the existing results were obtained under the condition
that the ambient temperature of the medium was constant.

2. HEAT TRANSFER MODEL

Considering a one-dimensional slab of the rubber material of thickness L exposed to uniform plane
microwave from both right and left side, as shown in Fig. 1. The uniform electric and magnetic fields
vary in z-y plane of uniform intensity and vary only along the direction of propagation, z axis. The
lateral dimensions are assumed to be much larger than the thickness in z axis.

Figure 1. Physical model of microwave heating by two sources.

Microwaves heat rubber materials volumetrically, and hence, the power absorbed by the rubber
due to microwave energy is included as the internal heat generation in the heat transfer equation [8]. In
this paper, a one-dimensional heat transfer model is proposed to predict temperatures inside the rubber
with the following assumptions:

(1) The rubber samples are homogeneous, isotropic, and non-magnetic materials.
(2)
(3)
(4) The rubber samples exchange heat with the outside through convection at the boundaries.
(5)

The mass transfer and volume changes during heating are considered negligible.
The initial temperature within samples and the section temperature at the same depth are uniform.

The temperature of the surrounding medium varies with the heating time.
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Based on the above assumptions, the heat transfer model is expressed as follows:

0T (z,t) OT?(2,t)
C L=k ’ P(z,t 1
pC = 12 4 P ) 1)
where T'(z,t) is the rubber sample temperature, p the rubber sample destiny, C, the specific heat
capacity at constant pressure, k; the thermal conductivity of the rubber sample, and P(z,t) the power
dissipated per unit volume and can be given by the following equation [20]:

Al? BJ?
P(z,t) = wepe”(T) %e_w(T)z + %e%(ﬂz +|A||B|cos (pa — B +2a(T)z)|, 0<z<L (2)

where a(T') and (3(T') are the phase constant and attenuation constant, which depend on the dielectric
constant of the rubber sample €'(T") and the dielectric loss of the rubber sample ”(T"). These parameters
vary with temperature. A= |Ale'¥4, B = |B|e'?? are the complex coefficients due to transmission and
reflection, respectively. | * | and ¢, are the absolute value and the argument of a complex (*). w and &
are the frequency of the incident radiation and the free space dielectric constant.

The following initial condition and boundary conditions for solving Eq. (1) are proposed:

T(t,2) = To(t) =Ty, t=0

oT(#)
ktw =h[I'(t) - Ts(t)], =z=0 (3)
—k, agf:) _ BT - Ty(t)], =1L

where Tj is the initial temperature of the rubber sample. T(¢) is the temperature of the surrounding
medium, which is related to the heating time ¢. h is a convection heat transfer parameter.

From Eq. (2), we can find that the absorbed power is related to the phase difference of the two
microwave input sources. The phase difference can be obtained either by changing the distance of the
input sources or directly controlling the input phases of the input sources. Hence, the input power
and the phase difference between the two input sources are regarded as control variables in the control
system.

3. DESIGN OF CONTROL STRATEGIES

As the absorbed power at an arbitrary position varies with the input power and phase difference, the
power distribution can be regarded as discretization actuators. The control thought of distributed
sensors and actuators can be used to control microwave heating process. For actual applications, there
are many influencing factors and unknown disturbances. Lyapunov-based adaptive control has good
adaptability through online identification. The MTN can approximate the unknown parameters in
control systems. So the adaptive MTN control law is designed by combining the adaptive control and
the MTN. However, only the input powers and the phase difference between the two input sources can
be controlled during the actual heating process. In order to make the power distribution equal to the
calculated values, Cuckoo Search is utilized to optimize the whole situation and find the best fit inputs
powers at those sampling points.

3.1. Adaptive MTN Control Law

The rubber sample is divided equally into IV layers. Let’s take a sample point at each interface and set
the sampling period be At. Therefore, the control system state equation can be deduced by discretizing
Egs. (1)—(3) as

y(k+1) = Ay(k) + Bu(k) + D(k) (4)

where y(k) = [y1(k, Az),y2(k,2A%), ..., y;(k,iAz),...,yn(k, NA2)]T, and y;(k,iAz) represents the
heating sampling temperature at the kth sampling period kAt and the ith sampling position Az,
1 = 1,2,...,N. Apnxny and B are the parameter dependent on the sampling period and the
thermophysical parameters of the rubber material. u(k) = [uy(k),uz(k),...,u;(k),...,un(k)]" is the
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control variable. D(k) = [D1(k,T1), Da(k,T3), ..., Di(k,T;), ..., Dn(k, Tn)]*, where D;(k,T;) contains
the rubber sample boundary temperature that depends on surrounding temperature and the unknown
conduction heat loss, and 7; is the temperature parameter at the kth sampling period and the ith
sampling position.

Set the tracking error e(k) = y(k) — ya(k), where y4(k) denotes the temperature reference
trajectory. The control law is designed as

u(k) = [ya(k +1) — Ay(k) — D(x(k)) — cre(k)] - B~ (5)

where |c;| < 1. u(k) cannot be directly applied because of the unknown disturbance D(k). Therefore,
the MTN is used to approximate the unknown disturbance. D;(k,T;) can be approximated as

Di(k, T;) = 0F (k)P (k, T) (6)
where él(k:) is the weight vector of the MTN. P(k,T;) = [k, T;, k%, kT;, T?,..., k™,...,T/"]" is the
1it 2 it it

m degree polynomial function of the MTN.
Hence, for any given arbitrary approximation error bound ep,,x > 0, there exists an ideal weight
vector 07T (k), such that [16]

D;(k,T;) = 0;" (k)P (k,T;) + £(k, T;) (7)

where ¢(k,T;) is the MTN inherent approximation error, |e(k,T;)| < emax-
According to Egs. (6) and (7), the MTN general approximation error is defined as

Dy(k,T;) = Di(k,T;) — Di(k,T;) = =0 P, (k,T;) — e(k, T;) (8)

where 0;(k)=0;(k) — 6 (k) denotes the weight error.
In order to design the adaptive control law that ensure system stability and tracking error
convergence, a new augmented error signal is defined as

Dilk = 1,T3) = v(k) ) — e1(k)

A
er(k—1) = ( (9)

C1

where v(k) is an auxiliary control signal, and [ is a positive constant.
According to Eq. (9), the adaptive control law by Lyapunov techniques can be designed as

Adi(k) = ZPm(k=1,T)er (k) ler(k)| > emax/G

R (10)
Ab;(k) =0 le1(k)| < emax/G

~

where Af;(k) = 0;(k) —0;(k—1), v and G are positive constants. The adaptive control process is shown
in Fig. 2.

MTN Adaptive
approximate law

# 0P (kT)

v, (k+1 u(k) Microwave |y (k) Y (k)
4L Controller ——®| heating —P»Q€——

system + | -

Figure 2. The adaptive control structure based on the MTN.
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3.2. Stability Analysis

We assume that the control system in Eq. (4) is subjected to the control law in Eq. (5), the adaptive
control law in Eq. (10), and [|6(0)||?, €2(0) < oo, where || - || denotes the Euclidean norm of a vector.
According to the adaptive control law design process, the discrete-time Lyapunov function V' (k)
and auxiliary control signal v(k) are designed as follows:
The Lyapunov function

V (k) = et (k) +8" (k)6 (k) (11)
and the auxiliary signal
v (k) = v1 (k) 4+ va (k) (12)
where v; = =25 PT (k — 1, T))P,,(k — 1,Th)er (k), vy = Gey (k).

270%
Then, the first-order difference of the Lyapunov function can be given:

AV(R) =V (k) =V (k—1) = (k) — e (k—1) +~ [éT(k)+§T(k— 1)] [é(k) “dk-1] (13
Combining Eq. (9) with Eq. (13), we have
6 (k) + 02 [Dik. 1) — v (k)] —28 [Dilk — 1.T) — v (k)] 2 ()

AV (k) = ef (k) — 2

] (009 -0:0) 4Bk~ 1) = 010 )| [ (e -6:00) - (A1) -0506-1)) | 1)
Using Eq. (8) for Dz(k —1,T;) and the definitions 6; and Af;, it follows that:
28 [~8F(k = )Py (k= 1,T3) = £ (k= 1,T3) = v(k)] ex (k)
AV (k) = -V + 5
“
+yAGF (k) AO; (k) + 270 (k — 1) AOT (k)

Vi 42Tk 1) [’yM}(k) - ﬁPm (k- 1.1 e1<k>]

2Bk 1) 4 o)) e (k) + A AGT (K)AG,(R) (15)
1
where )
e 2| Di(k, Ty) — v (k
_dwna #pen ]

551 S

since 0 <c? < 1.
Substituting Eq. (10) into Eq. (15), we have

. v, - 20_5 [e(k —1,T;) + v (k)] er ()
5 \?
AV (k)=14 + (ﬁ&) PL(k — 1T Py (k — 1, T)ed k), ler (B)] > emax/G, - (16)
-V — 2 [é;r(k: — P, (k= 1,T;) +v(k)+e(k — 1,T;)| e1 (k), |e1 (k)| < emax/G.
\ 551

Subsequently, the stability of the control system in Eq. (4) is analyzed from two aspects. On the
one hand, a negative definite AV (k) can be obtained for |ej (k)| > emax/G which ensures the stability
of the control system in Eq. (4). On the other, when |e;(k)| < emax/G, for any time k, ||0(k)| and
e1(k) are bounded. Moreover, the track error e(k) can converge to a bound that could be predetermined
by choosing appropriate design parameters. The detailed analysis of these results can be referred to
Lemma 5.6.1 and Theorem 5.6.1 in [21]. Hence, the stability analysis of the control system in Eq. (4)
shows that the adaptive controller proposed in this paper can achieve the boundedness of all signals as
well as the convergence of the tracking errors.
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3.3. Optimization Algorithm

The needed power distribution at each sampling position can be obtained by using the above control
strategies. However, only the input powers and the phase difference between the two input sources
can be controlled during the actual heating process. In order to make the power distribution equal to
the calculated values, Cuckoo Search algorithm [22] is chosen for finding the optimal input powers and
phase difference. The pseudo code of the Cuckoo Search used in this paper can be referred to [15]. The
whole control system structure is shown in Fig. 3.

¥:aszr:g;; Adaptive Optimal power (f)’ower
—— P MTN P parameters utput
control calculate by CS
algorithm
L Temperature
calculate by
Egs. (1)-3)

Figure 3. The control system structure block diagram.

Based on the control flow as shown in Fig. 2 and Fig. 3, a control simulation system can be designed,
which mainly includes temperature measurement module, power and phase difference generation
module, control module constructed by computer and programmable logic controller. Temperature
sensors are employed to measure the NBR sample temperature at the sampling points. The measured
data are directly transmitted to the computer, where the control method runs. Based on the measured
data and reference temperature, the optimal microwave output powers and phase differences are
calculated by using the control program and then sent to the programmable logic controller to lead
the output power and phase difference generation.

4. EXPERIMENTAL AND SIMULATION RESULTS

To verify the effectiveness of the proposed control method, this section consists of two parts. The first
part is to choose NBR composites as the rubber sample and calculate the electromagnetic parameters
of the sample. Then, the proposed control method is used to get the best fit input power needed at each
sampling point by considering the difference between the sampling temperature and reference trajectory.

4.1. Measurement of Complex Permittivity

The NBR composites including the common composite rubber additive are shown in Table 1. The
thermophysical parameters of the sample are specific heat capacity C}, = 1671.8J - K~! - kg, thermal
conductivity k; = 0.25 W - K~! - m™!, and density p = 1309.1kg - m~3. When the microwave frequency
is 915 MHz, the temperature dependent dielectric constant and dielectric loss are measured by the
equipment of Novocontrol Concept 72, and the measured data are fitted to polynomials using a least-
squares method as shown in Fig. 4.

The temperature dependent dielectric constant is

e = —2.7768¢ — 06T3+0.003149T% — 1.1551T + 141.5841

Table 1. The formulas of the NBR composites.

Abbreviation | NBR | S| C | CZ | SA | ZnO
Weight fraction | 100 |2 | 3 | 1.5 | 2 5
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Figure 4. The temperature dependent dielectric properties: (a) Dielectric constant; (b) Dielectric loss.

and the dielectric loss is

e’ = —1.0605e¢ — 057°+0.0115272 — 4.10717T + 483.3151

4.2. Simulation Results

During the heating process, the dielectric constant of the NBR sample at arbitrary position varies with
temperature. The change of dielectric constant will be very small when the temperature difference under
control algorithm is small. To make the simulation approximate reality, the sampling period is usually
quite short. Therefore, it is assumed that the dielectric constant is the result of average temperature at
each sampling period. The existing errors can be compensated by using the controller.

When the NBR sample is exposed by the microwave sources, its power distribution is related to
its thickness. If the sample thickness is much larger than its penetration depth, uniform temperature
field cannot be obtained during the heating process. The penetration depth is 5.54 cm for the NBR
sample temperature of 290 K. So the sample with thickness less than 5.54 cm can be chosen as the
object of study. Here, the thickness of the sample L = 2 cm is chosen. The used microwave frequency is
915 MHz. The initial temperature of the sample and environment is set as Tp= 290 K. The convection
heat transfer coefficient is selected empirically as h=2W - m~2K~!. According to the vulcanization
characteristics of the NBR material, the temperature reference trajectory is set as

[ To+0.Tk, 0 <k < 200,
Yd =17 430, k > 200.

Considering the low conductivity of the NBR material, the sample is divided equally into N =5
layers, and then six sampling points are selected. To illustrate the actual feasibility of the control
method, the sample period is set as At = 1s, which is the same as that of the simulation experiment
in [14]. The adaptive control parameters are set empirically as ¢; = —0.01, g = 0.001, v = 0.001,
G = 50000, emax = 0.003.

A uniform temperature distribution is obtained by the proposed control method during the heating
process as shown in Fig. 5(a). At the same heating time, there is no significant difference in the
temperature between different sample points. Figs. 5(b) and (c) show the average temperature tracking
process and the temperature difference between the average temperature at the sampling point and
the reference, respectively. From Fig. 5(b), it can be seen that the tracking process can well fit the
temperature reference trajectory. At the beginning of the heating process, the MTN cannot exactly
learn the internal character of the system as a result that the temperature difference is a bit large.



122 Zhu et al.

Temperature (K

416
402
388
374
360
346
332
318
304

290 5

Depth (ecm)

450 - T - T 0.4

Average temperature s ] L —
- Reference temperature s
Ve

400 y .

0.2 .

350 - o . 0.0F .

Average temperature (K)
\
AN
Temperature difference (K)

300 -~ . 0.2 .

0 100 200 0 100 200
Time (s) Time (s)

(b) ()

Figure 5. The NBR sample heating process: (a) Temperature rising process; (b) Average temperature
tracking; (c) Temperature difference results.

With the learning of the MTN, the temperature difference decreases with heating time, which shows
that good tracking performance has been achieved in a very short time. At the time about 200s, the
reference temperature suddenly jumps, but the MTN still retains the previous learning information,
which results in a slightly larger temperature difference with a small overshoot. During the heating
process, the temperature difference varies only from 0.3K to —0.3K, as shown in Fig. 5(c). From
Figs. 5(a), (b), and (c), it is shown that the proposed control method has a good control effect and
achieve the high tracking performance.

Figures 6(a), (b), and (c) display the variation process of two microwave output powers and the
phase difference, respectively. These variation processes are consistent with those in Fig. 5. At each
sampling period, since the temperature difference between each sampling point and the reference may
be quite different, the powers and phase difference change a lot. The power distribution within the
NBR sample will produce large nonuniform, which enlarges the temperature difference at the next
control step. Therefore, in order to decrease the error, the optimal output power and phase difference
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Figure 6. Two microwave sources output powers and the phase difference results: (a) Left microwave
sources; (b) Right microwave sources; (c) Phase difference.

at each sampling time will change dramatically. But about 200s later, the powers required to retain
the NBR sample with the same temperature are quite small and stable owing to the constant reference
temperature and the low heat loss by convective.

5. CONCLUSION

During the microwave heating process, due to uneven temperature affecting the application of microwave
technology in rubber industry, it is meaningful to study the control method of temperature uniformity
by using the modern control theory. In this paper, a novel control method of adaptive MTN combined
with Cuckoo Search is proposed under microwave heating by two sources. The suitable output powers
and phase difference are obtained by applying the adaptive MTN control method under unknown system
parameters. Cuckoo Search algorithm is utilized to find the best fit inputs variables at the sampling
points. The simulation results show that the difference between the average and the reference trajectory
is controlled well, and the uniform temperature rising process of the sample can be realized.
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