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Abstract: In the current context, the control of the industrial processes continues to be very important,
due to the rapid modification of the economic conditions, the development of production and the
tightening of environmental and safety conditions. This paper presents the technological scheme for
obtaining the saturated steam from superheated steam and proposes Proportional–Integral-Derivative
(PID) controller options based on an internal model, Integral of Time Multiplied by Absolute
Error (ITAE) criterion and Ziegler–Nichols criterion. The simulation tests are performed using the
Matlab software.
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1. Introduction

Due to the existence of an important chemical factory in the Mures, industrial area, the students
and the academic staff have the opportunity to carry out technological installation studies and test the
control possibilities for processes with parameters such as: temperature, level, pressure, flow, pH etc.

Additionally, the chemical engineers require technical knowledge and tools to facilitate their work
in modern technological installations.

Thus, the use of well-defined mathematical modeling methods and advanced monitoring systems
for the industrial process allows high performance analysis. Moreover, an advanced approach involves
the understanding of the dynamic regimes and the feedback and stability concepts used in control
systems analysis.

Such topics are addressed by the specialists in the field of control systems in collaboration with
technological and chemical engineers.

Thus, the mathematical modeling principles for the first-order and high-order systems,
the closed-loop control mechanisms, as well as the tuning techniques for Proportional–Integral-Derivative
(PID) controllers, are developed with significant examples in [1,2].

The mathematical modeling of processes with flow, level, pressure, temperature control, and the
control loops for these parameters is detailed in [3]. In [4], simple and advanced techniques for choosing
and tuning of the PID controllers are presented, including the method based on the internal model.

In [5], the implementation results of an internal model control (IMC), with set-point tracking,
for flow control applications are presented. An internal model control for unstable processes, based on
a standard IMC, is proposed in [6], while [7] presents an IMC system for level control applications
implemented for two interconnected tanks.
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An IMC structure for a Multi-Input Multi-Output (MIMO) system, which simultaneously ensures
the decoupling and rejection of the disturbance, is developed in [8]. The sensitivity analysis with IMC
PID controllers, based on the Nyquist stability criterion, is detailed in [9].

The IMC procedure for Single-Input Single-Output (SISO) systems, which leads to PID controllers
and to variants for nonlinear systems, is detailed in [10,11]. Other tuning algorithms and tuning
techniques are suggestively presented in [12]. The control strategies study can be performed using
dedicated programs and environments, such as Matlab. Significant usage examples are those in [13].

This paper aims to analyze, using simulation, the behavior of a technological installation that
produces saturated steam from superheated steam, with various PID control structures. Section 2
presents the mathematical modeling of a thermal process, and Section 3 details the practical schema of
the steam temperature control in a chemical saturator and the equivalent block diagrams in which the
transfer functions are highlighted. The control principles based on the internal model and the tuning
relations for the automatic controller are detailed in Section 4. The behavior of the process with IMC,
Integral of Time Multiplied by Absolute Error (ITAE) and Ziegler–Nichols controllers is presented in
Section 5, followed by conclusions regarding the obtained performances (Section 6).

2. Mathematical Modeling of a Thermal Process

This is considered the thermal system consisting of a tank with a product which has the input
parameters: F, Ti. The following situations are considered for the output [1–3]:

− The product is delivered for use immediately at the outlet of the tank (Figure 1a);
− The product is delivered for use with a time delay, after passing a pipe of length l, with speed v

(Figure 1b).

Proceedings 2020, 63, 34 2 of 9 

 

An IMC structure for a Multi-Input Multi-Output (MIMO) system, which simultaneously 
ensures the decoupling and rejection of the disturbance, is developed in [8]. The sensitivity analysis 
with IMC PID controllers, based on the Nyquist stability criterion, is detailed in [9]. 

The IMC procedure for Single-Input Single-Output (SISO) systems, which leads to PID 
controllers and to variants for nonlinear systems, is detailed in [10,11]. Other tuning algorithms and 
tuning techniques are suggestively presented in [12]. The control strategies study can be performed 
using dedicated programs and environments, such as Matlab. Significant usage examples are those 
in [13]. 

This paper aims to analyze, using simulation, the behavior of a technological installation that 
produces saturated steam from superheated steam, with various PID control structures. Section 2 
presents the mathematical modeling of a thermal process, and Section 3 details the practical schema 
of the steam temperature control in a chemical saturator and the equivalent block diagrams in which 
the transfer functions are highlighted. The control principles based on the internal model and the 
tuning relations for the automatic controller are detailed in Section 4. The behavior of the process 
with IMC, Integral of Time Multiplied by Absolute Error (ITAE) and Ziegler–Nichols controllers is 
presented in Section 5, followed by conclusions regarding the obtained performances (Section 6). 

2. Mathematical Modeling of a Thermal Process 

This is considered the thermal system consisting of a tank with a product which has the input 
parameters: F, Ti. The following situations are considered for the output [1–3]: 

− The product is delivered for use immediately at the outlet of the tank (Figure 1a); 
− The product is delivered for use with a time delay, after passing a pipe of length l, with speed v 

(Figure 1b). 

 
(a) 

 
(b) 

Figure 1. The thermal system: (a) without delay; (b) with delay. 

The mathematical modeling involves determining the relationship between the outlet 
temperature, Te(t) and the inlet temperature, Ti(t), considering that there is a heat exchange between 
the tank and the environment. 

The dynamic equation has the following form: 

( ) ( ) ( ) ( )[ ]tuV
dt
dtqthFthF eeeii ρρρ =−− , (1)

where: F  is the volumetric flow 3[m /s] ; ei ρρ , —the input/output density of the fluid 3[kg/m ] ; 

ei hh , —the input/output enthalpy of the fluid ]/[ kgJ ; ( )tq —the heat exchange with the 

environment; V—the volume 3[m ] ; ( )tu —the internal energy of the fluid [J/kg] . 
Considering the constant pressure, in terms of temperature, it results in: 

( ) ( ) ( ) ( )[ ] ( )tT
dt
dcVtTtTAKtTcFtTcF eveexteTeeeiii ρρρ =−−− , (2)

Figure 1. The thermal system: (a) without delay; (b) with delay.

The mathematical modeling involves determining the relationship between the outlet temperature,
Te(t) and the inlet temperature, Ti(t), considering that there is a heat exchange between the tank and
the environment.

The dynamic equation has the following form:

Fρihi(t) − Fρehe(t) − q(t) =
d
dt
[Vρeu(t)], (1)

where: F is the volumetric flow [m 3 /s]; ρi, ρe—the input/output density of the fluid [kg/m3];
hi, he—the input/output enthalpy of the fluid [J/kg]; q(t)—the heat exchange with the environment;
V—the volume [m3]; u(t)—the internal energy of the fluid [J/kg].

Considering the constant pressure, in terms of temperature, it results in:

FρiciTi(t) − FρeceTe(t) −KTA[Te(t) − Text(t)] = Vρecv
d
dt

Te(t), (2)
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where: Ti(t), Te(t) are the input/output temperatures of the fluid/product [oC]; ci, ce—the input/output
caloric capacity (at constant pressure) [J/kgoC]; cv—the specific heat (at constant volume) [J/kgoC];
KT—the thermal transfer coefficient (constant); A—the thermal transfer area [m2]; Text(t)—the
environment temperature [oC].

For the control strategy, the steady state relation: FρiciTi0 − FρeceTe0 = 0 is considered and the
following infinitesimal variations are defined:

∆Ti(t) = Ti(t) − Ti0
∆Te(t) = Te(t) − Te0

(3)

The dynamic equation becomes:

Fρici[Ti(t) − Ti0] − Fρece[Te(t) − Te0] −KTA[Te(t) − Te0 − (Text(t) − Text0)] = Vρecv
d
dt
[Te(t) − Te0], (4)

Vρecv
d
dt

∆Te(t) + (KTA + Fρece)∆Te(t) = Fρici∆Ti(t) + KTA∆Text(t), (5)

Vρecv

KTA + Fρece
·

d
dt

∆Te(t) + ∆Te(t) =
Fρici

KTA + Fρece
· ∆Ti(t) +

UA
KTA + Fρece

· ∆Text(t), (6)

T ·
d
dt

∆Te(t) + ∆Te(t) = k1 · ∆Ti(t) + k2 · ∆Text(t), (7)

where: T =
Vρecv

KTA+Fρece
is the time constant [sec.]; k1, k2—non-dimensional constants.

Any change in the V, F, ce, cv, ρe values will affect the value of the time constant T and will be
seen in the response speed.

Based on the Laplace transformation, it results in:

(Ts + 1) · ∆Te(s) = k1 · ∆Ti(s) + k2 · ∆Text(s), (8)

∆Te(s) =
k1

Ts + 1
· ∆Ti(s) +

k2

Ts + 1
· ∆Text(s). (9)

If the external temperature variation is ∆Text(s) = 0, it results in: H1(s) =
k1

Ts+1 , and if ∆Ti(s) = 0,

it results in: H2(s) =
k2

Ts+1 , with k1, k2 < 1; k1 >> k2, which means that the Ti signal influences Te much
more than Text does.

If the output product passes through a pipe section, the mathematical model is augmented with
the transport time (time delay), τ = l/v, as follows:

H1(s) =
k1

Ts + 1
· e−τ s, (10)

respectively:

H2(s) =
k2

Ts + 1
· e−τ s. (11)

3. Temperature Control Diagram

The practical control diagram (Figure 2) involves the measurement and transmission of the
product’s output temperature (TT—temperature transmitter), processing this information according
to the control law (TIC—temperature controller) and generating the command signal to the actuator
(TV—temperature valve). In addition, the installation is provided with temperature, pressure and
level indicators (TI, PI, LI) and with a level control loop (LT, LIC, LV) [1,2,4–10,14].

The associated block diagram highlights the transfer functions for: HTC—controller; HTV—actuator;
HP—process with delay time; HTT—temperature transducer/sensor; KSP—gain on the set-point path and
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the signals TSP; Te—set-point and output temperatures; ε—error; uTC—command; uTV—manipulation
signal; d—disturbance (Figure 3).

The closed-loop transfer function is:

H0(s) =
Te(s)

TSP(s)
= KSP

HTCHTVHP

1 + HTCHTVHPHTT
=

HTCHF

1 + HTCHF
, (12)

considering the hypothesis: HTT = KSP s, i HF = HTVHPHTT (Figure 4).
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4. Design of the IMC Controller

A control solution takes into consideration the uncertainties which affect the process and involves
determining the controller’s structure based on the internal model (IMC) of the process, (Figure 5) [10,11].
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The conventional control diagram (Figure 4) and the IMC diagram (Figure 5) are equivalent if the
controllers HTC and H∗TC meet the following condition:

HTC =
H∗TC

1−H∗TCHFm
. (13)
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In order to determine the IMC controller:
− the process model, HFm is factored:

HFm = HFm+HFm−, (14)

where: HFm+ contains the time delay and the zeros situated in the right half of the complex plane;
− the IMC controller is designed as:

H∗TC =
1

HFm−
H f il, (15)

where:
H f il =

1
T f ils + 1

, (16)

is a low-pass filter, which reduces the sensitivity of the control system to modeling errors; T f il is a
design parameter.

Considering the transfer function of the process:

HF(s) =
kF

TFs + 1
· e−τ s, (17)

designing the IMC controller depends on the approximation expression of the time delay.
If HFm ≡ HF, meaning that the model and the process model are identical and the Pade

approximation is used as:

e−τ s �
−
τ
2 s + 1
τ
2 s + 1

, (18)

after replacing it in relationship (17), it results in:

HFm(s) =
kF

TFs + 1
·
−
τ
2 s + 1
τ
2 s + 1

=
(
−
τ
2

s + 1
)
·

kF

(TFs + 1)
(
τ
2 s + 1

) = HFm+HFm−. (19)
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The transfer function of the controller (15) becomes:

H∗TC =
(TFs + 1)

(
τ
2 s + 1

)
kF

(
T f ils + 1

) , (20)

and the equivalent controller (13) has the form:

HTC =
(TFs + 1)

(
τ
2 s + 1

)
kF

(
T f il +

τ
2

)
s

, (21)

with the PID standard expression:

HTC = kP

(
1 +

1
Tis

+ Tds
)
, (22)

where the tuning parameters are:

kP =
1
kF
·

2 TF
τ + 1

2
T f
τ + 1

; Ti =
τ
2
+ TF; Td =

TF

2 TF
τ + 1

. (23)

If the Taylor approximation is used:

e−τ s � −τ s + 1, (24)

the transfer function of the PI controllers is:

HTC = kP

(
1 +

1
Tis

)
, (25)

where the tuning parameters are:

kP =
TF

kF
(
T f il + τ

) ; Ti = TF. (26)

5. Experimental Results and Discussions

Considering the practical diagram implemented for the temperature control (Figure 2) with
the transfer function: HF(s) = 1

100s+1 · e
−10 s, different control structures were determined and the

performances were analyzed. Thus, with a PID controller (22) and the tuning parameters described
by (23), respectively, with a Proportional–Integral (PI) controller (25) and the tuning parameters (26),
the indicial responses in Figure 6 were obtained [13].

Using a PI controller (25) and the ITAE criterion for tuning the parameters (set-point tracking),

where, according to [12]: kP = 0.586
k f

(
τ

T f

)−0.916
; Ti =

T f

1.030−0.165(τ/T f )
, the indicial response in Figure 7a

was obtained, presented in comparison to the indicial response obtained with IMC PI controller.

According to Ziegler–Nichols criterion, the tuning parameters of the PI controller are [4]: kP = 0.9
k f

(
τ

T f

)−1
;

Ti = 3.3 · τ.
The indicial responses of the closed loop system, obtained with IMC PI controller and with

Ziegler–Nichols controller, are shown in Figure 7b, while the noise and error sensitivity functions are
presented Figure 8.
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Figure 8. The sensitivity functions: (a) S = 1/(HRHF); (b) R = HRS.

6. Conclusions

The paper presents a mathematical model of the tank used in a chemical plant for obtaining the
saturated steam from superheated steam and proposes different PID controllers, implemented for the
temperature control.
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Due to a very large overshoot, the use of the Ziegler–Nichols determined controller is not
recommended. The controller designed by the ITAE criterion offers good performances, both in steady
state and in transient regimes.

In the case of designing the IMC controllers described by (22) with approximation (18) for time
delay and (25) with approximation (24) for time delay, the T f il parameter influences the transient
regime performances of the closed loop system. By varying the parameter T f il, the time response can
be changed relatively easily, adequately influencing the overshoot of the control system.
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