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Abstract: In this paper, operator-based nonlinear water temperature control for a group of three connected microreactors actuated

by Peltier devices is proposed. To control the water temperature of tube in the microreactor, the temperature change of aluminum

effects is considered. Therefore, the temperature change of aluminum becomes the part of an input of the tube. First, nonlinear

thermal models of aluminum plates and tubes that structure the microreactor are obtained. Then, an operator based nonlinear water

temperature control system for the microreactor is designed. Finally, the effectiveness of the proposed models and methods is confirmed

by simulation and experimental results.
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1 Introduction

In metals and semiconductors, there is a phenomenon

that can interconvert between heat and electricity. This

phenomenon is called thermoelectric effect[1]. The element

that uses thermoelectric effects is named thermoelectric ele-

ment. More specifically, the different temperature produces

an electric potential (voltage) which can drive an electric

current in a closed circuit.

Peltier device is one of thermoelectric element devices

that can get more Peltier effect by choosing the correct ma-

terials and designing the structure. They have character-

istics such as generating no noises and no vibration, using

no freon gas and being able to make small and light weight

apparatus, and change the electric energy directly to heat.

Because of their characteristics, they are used as a cooling

device for central processing unit (CPU), a small refrigera-

tor and wine cooler in recent years. It is difficult to control

the Peltier devices using the general linear system control

technique, because they have nonlinear factors. The con-

troller that can control the nonlinear part must have be

designed.

When we imagine a chemical experiment, most people

think of the large vessels in reactors which are used in chem-

ical and refinery plants. The reactors used in industrial

field, are well known for their large size. However, chemical

engineers are finding that a new smaller type of reactor can

be more useful than the traditional reactors. These reactors

are called microreactors[2, 3]. A microreactor is one of the
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several chemical engineering unit process devices that are

designed at the micrometer scale. It has some characteris-

tics such as small size, large surface area per unit volume.

The flow of liquid inside the microreactor is steamline flow.

From these characteristics, it has received much attention

from the fields of chemical engineering and biotechnology

as a new production equipment.

There are three modes of heat transfer, which are con-

duction, convection and radiation. Heat conduction is a

phenomenon that heat moves from high temperature to

low temperature caused by movement of free electrons. To

formulate the heat conduction as a mathematical expres-

sion, there is a law called “Fourier′s law”. Convection is a

heat movement between solid and fluid represented by air

and water. To make mathematical expression, there is a

law named “Newton law of cooling”. Radiation is a heat

transfer due to emission of electromagnetic waves, named

“Stefan-Boltzmann law”.

Peltier elements have complex structural limitations,

such as the input voltage and the cooling capacity. Of

course, modeling dynamics of Peltier element is also difficult

because Peltier devices have high nonlinear properties[4].

For the nonlinear device, analysis, design and control of this

kind of process are difficult. Many approaches have been

proposed to control some process with nonlinear proper-

ties. In recent years, it is well known that the operator-

based approach has been a promising approach for non-

linear system[5, 6]. Based on the operator theory, the sta-

bility of nonlinear system can be analyzed easily[7, 8]. Es-

pecially, it is well known that operator-based robust right

coprime factorization approach has been a promising ap-

proach for analysis, design, stabilization and control of non-

linear system[9−12].
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In the previous studies, refrigerant such as water solution

was used to dissipate the heat from microreactor. However,

it was unable to control it precisely and the entire system

becomes bulky and vibrating.

In this research, the main purpose is to control the wa-

ter temperature of tube that structures the microreactor.

Specifically, considering 3 types of heat transfer, we pro-

pose accurate modeling of a microreactor thermal process

with Peltier device[13−15]. Cooling system of microreactor

is shown and effectiveness of the proposed system is shown

by simulation results and experimental results[16].

2 Mathematical preparation

2.1 Normed linear space

Consider a space U as time functions. U is said to be

a vector space when it is closed under addition and scalar

multiplication. The space Us is said to be normed if each

element x in Us is endowed with norm ‖ x ‖ which fulfills

the following three properties:

1) ‖ x ‖ is a real, positive number and is different from

zero unless x is identically zero.

2) ‖ax‖ = |a|‖x‖.
3) ‖ x1 + x2 ‖ ≤ ‖ x1 ‖ + ‖ x2 ‖ (x1, x2 ∈ Us).

2.2 Definition of operator

Let Us and Ys be two normed linear spaces over the field

of complex numbers, endowed, respectively, with norms

‖ · ‖Us and ‖ · ‖Ys . Let Q : Us → Ys be an operator map-

ping from Us to Ys.

If the operator Q : D(Q) → Ys satisfies addition rule and

multiplication rule

Q : ax1 + bx2 → aQ(x1) + bQ(x2) (1)

for all x1, x2 ∈ D(Q) and all a, b ∈ C, then Q is said to be

linear. Otherwise, it is said to be nonlinear. Since linear-

ity is a special case of nonlinearity, “nonlinear” will always

mean “not necessarily linear” unless indicated.

Let S(X, Y ) be the set of stable operators mapping from

X to Y , then S(X, Y ) contains a subset defined by

U(X, Y ) = {M : M ∈ S(X,Y )} (2)

where M is invertible with M−1 ∈ S(Y, X). Elements of

U(X, Y ) are called as unimodular operators[10] .

2.3 Well-posedness

Consider the problem of stabilizing a nonlinear process

P : C(U) �→ C(Y ) by a controller K : C(Y ) �→ C(U). For

simplicity, a feedback control system is denoted as {P, K}.
The system {P, K} is well-posed if the closed-loop system

input-output operator from u1, u2 to e1, e2, namely[
I −K

−P I

]−1

. (3)

exists.

Only the systems being well-posed shall be considered in

this research.

2.4 Bounded-input bound-output (BIBO)
stability

The system {P, K}, assumed well-posed, is said to be

ε1, ε2 bounded-input stable if and only if for all inputs

|u1| < ε1 and |u2| < ε2, the outputs y1, y2, e1 and e2

are bounded. Note that internal stability is a stronger con-

dition than bounded-input bounded-output stability.

2.5 Internal stability

The system {P, K}, which is assumed as well-posed, is

said to be internally stable if, and only if, for all bounded-

inputs u1, u2 the outputs y1, y2, e1 and e2 are bounded,

i.e., [
I −K

−P I

]−1

(4)

is BIBO stable.

2.6 Lipschitz norm

Let N(Us, Ys) be the family of all nonlinear operators

mapping from D(Q) ⊂ Us into Ys. Recall that L(Us, Ys)

is used to denote the family of bounded linear operators

from Us to Ys. Obviously, L(Us, Ys) ∈ L(Us, Ys). In the

case that Us = Ys, we use the notation L(Us) and N(Us),

respectively, instead of L(Us, Us) and N(Us, Us) for simplic-

ity.

For Ds be a subset of Us and F (Ds, Ys) be the family

of nonlinear operators Q in N(Us, Ys) with D(Q) = Ds, a

(semi-)norm for (a subset of) F (Ds, Ys) is denoted by

‖ Q ‖= sup
x1,x2∈Ds

x1 �=x2

‖ Q(x1) − Q(x2) ‖Ys

‖ x1 − x2 ‖Us

(5)

if it is finite. In general, it is a semi-norm in the sense that

‖ Q ‖= 0 does not necessarily imply Q = 0. In fact, it can

be easily seen that ‖ Q ‖= 0 if and only if Q is a constant-

operator (need not be zero) that maps all elements from Ds

to the same element in Ys.

Let Lip(Ds, Ys) be the subset of F (Ds, Ys) with each el-

ement Q satisfying ‖ Q ‖< ∞. Each Q ∈ Lip(Ds, Ys) is

called a Lipschitz operator mapping from Ds to Ys, and

the number ‖ Q ‖ is called the Lipschitz semi-norm of the

operator Q on Ds.

In this note, we assume the operators are of Lipschitz

type and use semi-norm of Lipschitz operators. It is clear

that an element Q of F (Ds, Ys) is in Lip(Ds, Ys) if and only

if there is a number L ≤ 0 such that

‖ Q(x1) − Q(x2) ‖Ys ≤ L ‖ x1 − x2 ‖Ds (6)

for all x1, x2 ∈ Ds.

The norm ‖ Q ‖ is the least such constant L. It is also

evident that a Lipschitz operator is both bounded and con-

tinuous on its domain. Basic theories of nonlinear Lipschitz

operators are given in [9].
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The given plant operator P : U → Y is said to have a

right factorization if there exist a linear space W and two

stable operators D : W → Y and N : W → Y such that D

is invertible from U to W and P = ND−1 on U . Such a

factorization of P is denoted as (N, D), and the space W is

called a quasi-state space of P .

Let N and D be a right factorization for P : X → Y

P = ND−1,
N : W → Y

D : W → U
(7)

where N and D are stable operators from the quasi-state

space W to the input and output spaces. Then, (N, D)

is a right coprime factorization of P if and only if for all

unbounded inputs w ∈ W , N(w) or D(w) is unbounded.

Let (N, D) be a right factorization of P : U → Y . P

is said to be a right coprime factorization if there are two

stable operators S : Y → U , R : U → U and R is invertible,

S, N , R, D satisfy the Bezout identity

SN + RD = L (8)

where some L ∈ U(W, U). If W = U , then usually L is

replaced by identity operator I .

When mapping Σ itself of a system is stable, the state

space expression corresponding to an obvious left-right co-

prime solution is obtained. Suppose that the stable map-

ping Σ has state space expression like the following equa-

tion. However, suppose that the mapping u → (x, y) is

stable.

Σ :

{
ẋ = f(x, u)

y = h(x, u).
(9)

An obvious right coprime factorization for this object is

shown as

D : u = v N :

{
ẋ = f(x, v)

y = h(x, v).
(10)

2.7 Problem statement

In this section, structure of microreactor system in our

laboratory is reviewed. The system is shown in Fig. 1.

The main purpose is to control the water temperature of

tube in microreactor. Temperature of tube is affected from

the temperature of cooled aluminum actuated by Peltier

devices.

2.8 Modeling of the Peltier device

Peltier devices are the thermoelements and have a specific

phenomenon called Peltier effect, one side of them has en-

dothermic and another side has exothermic when an electric

current is applied, and the hot side and cold side reverses

when opposite direction of current is applied.

Modeling of the endothermic in Peltier device is dis-

cussed. ud is an endothermic amount of Peltier device. ud

is shown as

ud = STci − K(Th − Tc) − 1

2
Ri2 (11)

Fig. 1 Microreactor group

where STci is a heat caused by Peltier effect that moves

from endothermic sides to exothermic sides, K(Th − Tc) is

a heat movement caused by temperature gradient, 1
2
Ri2 is

a Joule heat in Peltier device. Considering only endother-

mic sides, Joule heat is half. Using (11), we consider an

endothermic as positive, heat caused by Peltier effect is pos-

itive, heat movement caused by temperature gradient and

Joule heat in Peltier device is negative.

Exothermic amount of Peltier device Qh is shown as

Qh = SThi − K(Th − Tc) +
1

2
Ri2. (12)

There is an energy conservation law between endothermic

and exothermic.

Qh = ud + iV. (13)

V is shown as

V = Ri + S(Th − Tc). (14)

S(Th −Tc) means electromotive force by the Seebeck effect.

As there is a limit of power source, we need to set a limit

to ud (W). The maximum amount of endothermic and min-

imum amount of endothermic must be settled. The min-

imum amount of endothermic, udmin (W) is set as 0 (W).

The maximum amount of endothermic is set as next equa-

tion. We use 12 (V) constant voltage power in this system,

and maximum current imax is

imax =
Vconst − S(Th − Tc)

R
. (15)

Now, Vconst = 12 (V). From (15), the maximum current

imax is designed. Then, the maximum amount of endother-

mic udmax (W) is decided by (11).

2.9 Modeling of the aluminum box

In this paper, four Peltier devices are installed on front

and back sides of aluminum box. Cooling is provided for

the aluminum box when an electric current is applied to the

devices. The configuration of microreactor group is shown

in Fig. 2 and their model is shown in Figs. 3 (aluminum

part) and 4 (tube part). Their parameters are measured

and shown in Table 1. S4 indicates the surface area of

the device and S1 means the surface area of aluminum box

including the devices.

Aluminum box unit is separated into 2 parts. Tube inside

the microreactor is also separated into 2 parts.
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Thermal conduction equation of aluminum box is shown

as Part An(n = 1, 2, 3, 4, 5, 6).

Part A1 :
d(T0 − Ta1)maca

dt
=

2ud1−α(T0 − Ta1)(S1 + S2 + S3 − 2S4 − S5)−

αwS6(Ta1 − Tw1) +
λaS3(Ta1 − Ta2)

dx
+

εaσ(T 4
a1 − T 4

0 )(S1 + S2 + S3 − 2S4 − S5) (16)

Part A2 :
d(T0 − Ta2)maca

dt
=

2ud1−α(T0 − Ta2)(S1 + S2 + S3 − 2S4 − S5)−

αwS6(Ta2 − Tw2) +
λaS3(Ta2 − Ta1)

dx
+

εaσ(T 4
a2 − T 4

0 )(S1 + S2 + S3 − 2S4 − S5) (17)

Part A3 :
d(T0 − Ta3)maca

dt
=

2ud2−α(T0 − Ta3)(S1 + S2 + S3 − 2S4 − S5)−

αwS6(Ta3 − Tw3) +
λaS3(Ta3 − Ta4)

dx
+

εaσ(T 4
a3 − T 4

0 )(S1 + S2 + S3 − 2S4 − S5) (18)

Part A4 :
d(T0 − Ta4)maca

dt
=

2ud2−α(T0 − Ta4)(S1 + S2 + S3 − 2S4 − S5)−

αwS6(Ta4 − Tw4) +
λaS3(Ta4 − Ta3)

dx
+

εaσ(T 4
a4 − T 4

0 )(S1 + S2 + S3 − 2S4 − S5) (19)

Part A5 :
d(T0 − Ta5)maca

dt
=

2ud3−α(T0 − Ta5)(S1 + S2 + S3 − 2S4 − S5)−

αwS6(Ta5 − Tw5) +
λaS3(Ta5 − Ta6)

dx
+

εaσ(T 4
a5 − T 4

0 )(S1 + S2 + S3 − 2S4 − S5) (20)

Part A6 :
d(T0 − Ta6)maca

dt
=

2ud3−α(T0 − Ta6)(S1 + S2 + S3 − 2S4 − S5)−

αwS6(Ta6 − Tw6) +
λaS3(Ta6 − Ta5)

dx
+

εaσ(T 4
a6 − T 4

0 )(S1 + S2 + S3 − 2S4 − S5). (21)

Fig. 2 Model of microreactor group

Fig. 3 Model of aluminum box

Fig. 4 Model of tube

Table 1 Parameters of microreactor

Description Parameters

Initial temperature T0 (K)

Initial water temperature Tw0 (K)

Temperature of endothermic side Tc (K)

Temperature of exothermic side Th (K)

Temperature of Part An Tan (K)

Temperature of Part Wk Twk
(K)

Current i (A)

Peltier’s Seebeck coefficient S (V/K)

Peltier’s heat conductance K (W/K)

Peltier’s resistance R (Ω)

Emissivity of aluminum εa (-)

Emissivity of water εw (-)

Stefan-Boltzmann constant σ (W/m2K4)

Heat transfer rate of air α (W/m2K)

Heat transfer rate of water αw (W/m2K)

Thermal conductivity rate of aluminum λa (W/mK)

Thermal conductivity rate of water λw (W/mK)

Specific heat of aluminum ca (J/kgK)

Specific heat of water 4180 cw (J/kgK)

Mass of aluminum ma (kg)

Mass of water mw (kg)

The main parameters are modeled and shown in Table 1.

Define yan = T0 −Tan(n = 1, 2, 3, 4, 5, 6), and (5) – (10) are

transformed as

Part Aan :
dyan

dt
= ωan +

4∑
m=1

(−1)mAanmym
an

. (22)

Here, ωan(n=1–6) and Aanm(n=1–6; m=1–4) are shown

as

ωa1 =
(2ud1 + αwS6yw1 +

λaS3ya2
dx

)

maca
(23)

ωa2 =
(2ud1 + αwS6yw2 +

λaS3ya1
dx

)

maca
(24)

ωa3 =
(2ud2 + αwS6yw3 +

λaS3ya4
dx

)

maca
(25)
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ωa4 =
(2ud2 + αwS6yw4 +

λaS3ya3
dx

)

maca
(26)

ωa5 =
(2ud3 + αwS6yw5 +

λaS3ya6
dx

)

maca
(27)

ωa6 =
(2ud3 + αwS6yw6 +

λaS3ya5
dx

)

maca
(28)

Aan1 = {(α + 4εaσT 3
0 )(S1 + S2 + S3 − 2S4 − S5)+

αwS6 +
λaS3

dx
}/maca (29)

Aan2 =
{6εaσT 2

0 (S1 + S2 + S3 − 2S4 − S5)}
maca

(30)

Aan3 =
{4εaσT0(S1 + S2 + S3 − 2S4 − S5)}

maca
(31)

Aan4 =
{εaσ(S1 + S2 + S3 − 2S4 − S5)}

maca
. (32)

2.10 Modeling of tube inside the microre-
actor

Fig. 4 shows the model of tube inside a microreactor. The

fundamental equation of tube is shown as

∂T

∂t
= α

∂2T

∂X2
. (33)

By using (33), thermal conduction equation of tube inside

the microreactor is shown as Part Wk(k = 1, 2, 3, 4, 5, 6).

Part W 1 :
d(T0 − Tw1)mwcw

dt
= αwS6(Tw1 − Ta1)+

2λwS5{(Tw0 − Tw2) − (Tw0 − Tw1)}
dx2

(34)

Part W 2 :
d(T0 − Tw2)mwcw

dt
= αwS6(Tw2 − Ta2)+

2λwS5{(Tw0 − Tw1) + (Tw0 − Tw3) − (Tw0 − Tw2)}
dx2

(35)

Part W 3 :
d(T0 − Tw3)mwcw

dt
= αwS6(Tw3 − Ta3)+

2λwS5{(Tw0 − Tw2) + (Tw0 − Tw4) − (Tw0 − Tw3)}
dx2

(36)

Part W 4 :
d(T0 − Tw4)mwcw

dt
= αwS6(Tw4 − Ta4)+

2λwS5{(Tw0 − Tw3) + (Tw0 − Tw5) − (Tw0 − Tw4)}
dx2

(37)

Part W 5 :
d(T0 − Tw5)mwcw

dt
= αwS6(Tw5 − Ta5)+

2λwS5{(Tw0 − Tw4) + (Tw0 − Tw6) − (Tw0 − Tw5)}
dx2

(38)

Part W 6 :
d(T0 − Tw6)mwcw

dt
= αwS6(Tw6 − Ta6)+

2λwS5{(Tw0 − Tw5) − (Tw0 − Tw6)}
dx2

. (39)

Define ywk = T0 − Twk (k = 1, 2, 3, 4, 5, 6) and are trans-

formed as

Part W k :
dywk

dt
= ωwk − Awkywk . (40)

Here, ωwk and Awk(k = 1, 2, 3, 4, 5, 6) are shown as

ωw1 =
αwS6ya1 +

2λwS5yw2

dx2

mwcw
(41)

ωw2 =
αwS6ya2 +

2λwS5(yw1 + yw3)

dx2

mwcw
(42)

ωw3 =
αwS6ya3 +

2λwS5(yw2 + yw4)

dx2

mwcw
(43)

ωw4 =
αwS6ya4 +

2λwS5(yw3 + yw5)

dx2

mwcw
(44)

ωw5 =
αwS6ya5 +

2λwS5(yw4 + yw6)

dx2

mwcw
(45)

ωw6 =
αwS6ya6 +

2λwS5yw5

dx2

mwcw
(46)

Awk =

2λwS5

dx2
+ αwS6

mwcw
. (47)

3 Control system design for the mi-

croreactor process

Fig. 5 shows the cooling control system of microreactor

based on right coprime factorization. In this process, heat

transfers from Part A1 to Part W1. The operator Ga means

heat transfer from each part.

Part A1 to Part A6 of process are shown in (48). Sim-

ilarly, Part W1 to Part W6 of process are shown in (49).

Then, zan and zwk mean input signal of Pan and Pwk , yan

and ywk means the output of Pan (n=1–6) and Pwk (k=1–

6).

Pan : ẏan =
zan

maca
+

4∑
m=1

(−1)mAanmym
an

(48)

Pwk : ẏwk =
zwk

mwcw
− Awk1ywk . (49)

Fig. 5 Microreactor cooling system

4 Designed control system

Pan are divided into stable operator Nan and invertible

stable operator D−1
an

based on operator theory. Nan and
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D−1
an

are shown as

Nan :

{
ẋan(t) = ωan(t) +

∑4
m=1(−1)mAanmym

an

yan(t) = xan(t)
(50)

D−1
an

: ωan(t) =
zan(t)

maca
. (51)

Fig. 6 shows the system of microreactor that satisfies the

Bezout identity. The Bezout identity is shown as (52). Swk ,

Ran are designed controllers, where there are a stable oper-

ator and a stable invertible operator respectively, I means

a unimodular operator.

Swk Ñn + RanDan = I (52)

Ñn = NanGaPwk . (53)

Fig. 6 System with tracking controller

When stable operator Swk and Ran are designed for sat-

isfying the Bezout identity, D−1
an

and Ñn are right coprime

factorization. Here, the microreactor cooling control sys-

tem is BIBO stable. Swk and Ran are designed as follows

by using arbitrary constant Bn.

Swk : bwk = (1 − Bn)(N−1
an

G−1
a P−1

wk
) (54)

R−1
an

: zan =
maca

4Bn
ean . (55)

4.1 Improvement of tracking performance
in microreactor systems

Tracking controller Can is used for achieving tracking

performance of the system. Here, Can is designed as

Can(ẽn)(t) = kpan ẽn(t) + kian

∫ t

0

ẽn(τ )dτ. (56)

5 Simulation results

This section gives simulation results to confirm the effec-

tiveness of the designed systems. The parameters of simu-

lation are shown in Table 2. Simulation results are shown

in Figs. 7 – 9. The color versions of Figs. 7–9 for simulation

and Figs. 10–12 for experiment in this paper are available

online.

The purpose of this simulation is to control the tube tem-

perature to the target temperature. Target temperature is

24 for boxs 1 – 3.

5.1 Discussion

In Figs. 7 to 9, the temperature of tube is tracking the

target value of 24◦C. Also, temperature of aluminum is

shown in the above figures. Temperature difference means

the temperature between tube and aluminum. Tempera-

ture of aluminum is about 2◦C lower than the temperature

of tube. Temperature of tube moves in the same way as

temperature of aluminum moves. From this, it can be said

that the temperature of tube is affected by the temperature

of aluminum.

Table 2 Parameters of simulation

Parameters Values

Target temperature 297K (24◦C)

Outside temperature T0=300K (27◦C)

Initial water temperature Tw0=323K (50◦C)

Designed parameters B1= B2= B3=0.6

Gain of P1 KP1=5.0

Gain of I1 KI1=0.005

Gain of P2 KP2=6.0

Gain of I2 KI2=0.003

Gain of P3 KP3=7.0

Gain of I3 KI3=0.001

Simulation time 600 s

Sampling time 0.1 s

Fig. 7 Temperature of tube in box 1

Fig. 8 Temperature of tube in box 2

6 Experimental results

This section gives the experimental results to confirm the

effectiveness of the proposed system. The purpose of this
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experiment is to control the water temperature inside the

tube to target value. The microreactor group experimental

setup is made of three aluminum boxes. Peltier devices are

set to each aluminum box to control the water tempera-

ture of tube inside the aluminum box. In this experiment,

water is not flowing. Table 3 shows the parameters of this

experiment. Experimental results are shown in Figs. 10–

12. Target temperature is 12◦C which starts from 15◦C for

boxs 1–3. Figs. 10–12 shows the water temperature inside

the tube. Broken line in Figs. 10–12 shows the target tem-

perature of the tube. From the experiment results, tube in

aluminum boxes is tracking the target temperature differ-

ence. The effectiveness of proposed system is shown.

Fig. 9 Temperature of tube in box 3

Fig. 10 Experimental result on temperature of of tube in box 1

Fig. 11 Experimental result on temperature of tube in box 2

7 Conclusions

In this paper, the microreactor group actuated by Peltier

devices is proposed. The main purpose is to control the tem-

perature of the tube inside the microreactor group. First,

the aluminum box and tube that constitute the microre-

actor group is modeled by considering conduction, convec-

tion, and radiation. Second, the operator based nonlinear

feedback cooling control system is designed. Finally, the

effectiveness of the proposed model and designed system is

confirmed by experimental results.

Table 3 Parameters of experiment

Parameters Values

Temperature difference 276K (3◦C)

Outside temperature 298 K (25◦C)

Initial water temperature 288 K (15◦C)

Experiment time 800 s

Sampling time 0.3 s

Designed parameters B1=0.60

Designed parameters B2=0.65

Designed parameters B3=0.63

Gain of P1 KP1=39.0

Gain of I1 KI1=0.000 5

Gain of P2 KP2=34.0

Gain of I2 KI2=0.000 3

Gain of P3 KP3=30.0

Gain of I3 KI3=0.000 1

Fig . 12 Experimental result on temperature of tube in box 3
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