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Abstract.  The  paper  presents  the  adaptation  and  functional  extension  of  a  laboratory  setup  equipped  with  a  concentric-tube  heat  exchanger
for  research  and  educational  applications  in  heat-exchange  process  control.  The  introduced  hardware  and  software  modifications  enable  the
implementation  of  a  hierarchical,  multi-layer  control  structure  representative  of  industrial  heat  exchanger  systems.  As  part  of  the  direct  control
layer,  discrete  PI  controllers  were  developed  to  stabilize  the  key  input  process  variables  of  the  heat  exchanger:  heating  water  temperature,
heating  water  flow  rate,  and  heated  water  flow  rate.  The  controllers  were  implemented  in  a  real-time  Matlab/Simulink  environment  and  ex-
perimentally  validated  on  the  laboratory  setup.  The  obtained  results  confirm  satisfactory  dynamic  performance  of  the  control  loops  and  reveal
mutual  interactions  between  them.  Using  the  developed  control  system,  steady-state  characteristics  and  temperature  distributions  of  the  heat
exchanger  were  experimentally  determined.  The  results  confirm  both  the  nonlinear  behavior  of  the  process  and  its  distributed-parameter  charac-
ter.  Finally,  a  conceptual  design  for  a  supervisory  control  layer  to  regulate  the  outlet  temperature  of  the  heated  water  is  proposed.  The  presented
setup  constitutes  a  versatile  platform  for  future  experimental  studies  on  hierarchical  control  structures  and  advanced  control  algorithms  for  heat
exchangers.
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1. INTRODUCTION

Whether thermal energy is derived from fossil fuels, nuclear
power, or renewable sources, its practical utilization necessar-
ily involves heat-exchange processes. Heat exchangers con-
stitute fundamental components of industrial energy and pro-
cess systems and play a crucial role in power engineering [1],
chemical and petrochemical industries [2], as well as heating,
ventilation, and air-conditioning (HVAC) systems [3].

From a control engineering perspective, heat exchangers are
challenging dynamic systems characterized by nonlinear be-
havior, multivariable interactions, and sensitivity to operating
conditions. These features make them representative bench-
mark processes for the development and experimental vali-
dation of control algorithms, particularly within hierarchical
and layered control structures commonly used in industrial au-
tomation systems [4, 5].

Among the various types of heat exchangers, concentric-
tube (double-pipe) ones are commonly used in laboratory-
scale installations, primarily due to their simple geometry and
the transparent physical interpretation of heat transfer mecha-
nisms. Although their thermal efficiency is lower than that of
more complex industrial exchangers, such as shell-and-tube or
plate heat exchangers, concentric-tube configurations are well
suited for experimental studies. In particular, they are useful
for investigating system dynamics, control loop interactions,
and real-time control implementation.

A substantial body of literature addresses the mathematical
modeling of heat exchangers, including control-oriented de-
scriptions that capture dominant dynamic effects while main-
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taining reasonable model complexity [6, 7]. Transfer-function-
based models have been used to analyze frequency-domain
properties and dynamic behavior of heat exchangers [8, 9]. At
the same time, state-space formulations enable systematic con-
troller synthesis and robustness analysis [10, 11]. Such models
form the basis for both classical and advanced control strate-
gies.

Alongside modeling efforts, a substantial body of work has
addressed the control of heat exchanger systems. Classical
PI and PID controllers remain the standard solution in indus-
trial practice, particularly at the direct control layer, where
fast stabilization of temperatures and flow rates is required
[12, 13]. At higher levels of the control hierarchy, supervi-
sory and cascade control structures are commonly applied to
regulate outlet temperatures and compensate for disturbances
[14]. More advanced approaches, including adaptive [15], ro-
bust [16], H∞ [17], and model predictive [18] control, have
also been reported, offering improved performance under con-
straints, nonlinearities, and fault conditions [19].

Despite significant theoretical progress, experimental vali-
dation of control concepts for heat exchangers remains an im-
portant and, in many cases, insufficiently addressed aspect.
Much of the reported research is based primarily on simulation
studies, whereas experimental investigations are frequently re-
stricted to single-loop control schemes or static performance
characterization. As a result, flexible laboratory platforms that
enable the implementation of hierarchical control architectures
and the systematic analysis of interactions between control
loops remain relatively uncommon.

Motivated by this gap, the present paper addresses the adap-
tation and enhancement of a laboratory concentric-tube heat
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Fig. 1. Concentric-tube heat exchanger laboratory setup.

exchanger system intended for control-oriented research and
education. The introduced hardware and software modifica-
tions enable implementation of control algorithms within a lay-
ered control structure representative of industrial practice. The
direct control layer is examined in detail, with discrete PI
controllers developed and experimentally validated to stabilize
key input process variables. The developed system can also
serve as a suitable platform for future research on supervisory
control strategies to regulate outlet temperature in nonlinear,
distributed-parameter heat exchanger systems.

2. HEAT EXCHANGER LABORATORY SETUP

Figure 1 presents the laboratory setup developed for experi-
mental investigation of a concentric-tube heat exchanger. The
setup, referred to by the manufacturer as TITCA, together with
the TIUS base station, the CIB measurement and control mod-
ule, and a PC equipped with a data acquisition and control card,
forms an integrated educational and research platform. It en-
ables experimental studies of steady-state and dynamic heat
transfer processes, as well as investigations related to model-
ing and control of heat exchangers [20].

The main components of the laboratory setup, marked in
Fig. 1 as a)–d), are described below.

a) The TITCA concentric-tube heat exchanger, with a total
length of L = 4 m, is designed for experimental investigation
of heat transfer between hot (heating) water flowing through
the inner tube and cold (heated) water circulating in the an-
nular region between the inner and outer tubes. The setup
supports both parallel-flow and counter-flow operation and
enables analysis of the influence of the heating and heated
water flow rates on transient and steady-state temperature
distributions along the exchanger axis.

b) The TIUS base station serves as the central hydraulic and
thermal supply unit of the system. It includes a 30 l stain-
less steel preparatory tank equipped with a 3000 W electric
heater, temperature and water level sensors, and a centrifugal
pump supplying heating water to the exchanger. The base
station also integrates turbine flow meters for measuring the
flow rates of heating and heated water, a pressure reducer
to protect the installation against excessive supply pressure,
and manual valves to select parallel-flow or counter-flow op-
eration of the exchanger.

Fig. 2. Simplified diagram of a concentric-tube heat exchanger (dashed
lines show counter-flow mode).

c) The CIB measurement and control module acts as an inter-
face between the physical process and the supervisory soft-
ware. It integrates signals from temperature sensors, flow
meters, and actuators, and enables their acquisition and pro-
cessing in real time. The module also contains a frequency
inverter used to control the rotational speed of the heating
water circulation pump. Its front panel includes a schematic
representation of the installation layout, facilitating opera-
tion, monitoring, and diagnostics during experiments.

d) A PC equipped with a National Instruments PCIe-6321
data acquisition and control card serves as the central com-
putational unit of the laboratory system. The card provides
multiple analog and digital input/output channels and sup-
ports sampling rates up to 250 kS/s, enabling precise ac-
quisition of measurement signals and real-time control of
actuators. In combination with SCADA software and the
custom Matlab/Simulink-based interface developed by the
author, the computer enables data logging, visualization of
process variables, and implementation of real-time control
algorithms.

The integrated laboratory setup described above allows
comprehensive experimental investigation of heat transfer pro-
cesses. In particular, it enables analysis of the influence of op-
erating conditions and exchanger configurations (parallel-flow
and counter-flow) on system dynamics, steady-state character-
istics, and control-oriented properties of the heat exchanger.

3. EXTENSIONS OF THE SETUP

3.1. Hardware extension

In the manufacturer’s laboratory setup, the heating water flow
rate Qt through the inner tube of the heat exchanger can be
adjusted by varying the control voltage up. This voltage is ap-
plied to the frequency inverter integrated into the CIB module
and determines the rotational speed of the heating water circu-
lation pump. Such a configuration enables the realization of
a classical heat exchanger control task, namely stabilization of
the outlet temperature Tso of the heated water flowing through
the outer tube (the exchanger shell) by appropriate adjustment
of the heating water flow rate Qt (see Fig. 2).

Another process variable that significantly influences the
outlet temperature Tso of the heated water is the flow rate Qs
of the heated (cold) water supplied by the water distribution
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Fig. 3. Replacement of the manual heated-water valve with a propor-
tional ball solenoid valve.

system. In practical applications, this flow rate depends on the
current demand for heated water and may vary over time, often
in a periodic or quasi-periodic manner. From the perspective of
the heat exchanger control system, the flow rate Qs can there-
fore be treated as a disturbance input affecting the stabilization
of the outlet temperature Tso.

In the manufacturer-delivered configuration of the labora-
tory setup, the flow rate Qs of the heated water can only be ad-
justed manually by moving a dedicated valve. This limitation
significantly restricts experimental studies of automatic con-
trol systems for heat exchangers, particularly those focused on
disturbance rejection and interactions between control loops.

To overcome this limitation, the original manual valve in
the heated water circuit was replaced with a proportional ball
solenoid valve. A photograph of the newly installed solenoid
valve, together with the previously used manual valve, is
shown in Fig. 3.

The solenoid valve is driven by an analog control signal
generated by the PC-based control system. By using a free
analog output channel on the PCIe-6321 data acquisition and
control card, the heated water flow rate Qs can now be auto-
matically adjusted by the control voltage uv. This hardware
extension significantly broadens the range of control scenarios
that can be implemented on the laboratory setup. In particu-
lar, it enables experimental studies of heat exchanger control
systems operating under controlled, time-varying disturbance
conditions. Detailed control structures and experimental re-
sults enabled by this modification are discussed in the follow-
ing sections.

3.2. Software extensions

The Edibon SCADA Software supplied with the laboratory
setup primarily enables real-time monitoring of process vari-
ables and hardware states, as well as visualization, fundamen-
tal analysis, and reporting of measurement results. However,
its functionality for implementing control algorithms is lim-
ited. In particular, it does not provide native integration with
the Matlab/Simulink environment, which is widely used for
rapid prototyping and real-time implementation of control sys-
tems.

In contrast, several laboratory installations available at the
author’s research unit, such as the three-tank system, the mag-

Fig. 4. Simulink diagram with the author-developed heat exchanger
block used for real-time control experiments.

netic levitation system, or the inverted pendulum on a cart, al-
low direct integration with Matlab/Simulink [21]. To enable
analogous functionality for the heat exchanger setup, the au-
thor developed a dedicated software interface that enables real-
time communication between the laboratory hardware and the
Matlab/Simulink environment.

The software extension is based on the Simulink Desktop
Real-Time library [22], which enables execution of Simulink
models in real time on a standard PC running the Windows op-
erating system. The library provides access to analog and dig-
ital input/output channels of the data acquisition card, config-
uration of sampling times, and synchronization with the real-
time clock. A model constructed using blocks from this library
is automatically compiled into executable real-time code and
executed by a dedicated real-time kernel.

Figure 4 shows the main Simulink diagram developed for
real-time operation of the laboratory heat exchanger system.
The diagram contains a grouped block representing the phys-
ical system of the concentric-tube heat exchanger shown in
Fig. 1. The input signals of the heat exchanger block are:

• the control voltage up (0–10 V) applied to the frequency in-
verter of the heating water circulation pump, determining the
heating water flow rate Qt,

• the binary control signal uh enabling switching the electric
heater in the preparatory tank on (1) or off (0),

• the actuator voltage uv (0–10 V) applied to the proportional
solenoid valve controlling the heated water flow rate Qs.

The output signals of the developed heat exchanger block
include:

• temperature measurements of the heating water at five loca-
tions along the inner tube, T1–T5, where T1 = Tti denotes the
inlet temperature and T5 = Tto the outlet temperature of the
heating water,

• temperature measurements of the heated water at five loca-
tions along the outer tube, T6–T10, where, depending on the
flow configuration, T6 and T10 correspond to the inlet or out-
let temperature of the heated water (Tsi or Tso),

• the temperature Th of the heating water in the preparatory
tank,

• the flow rates of the heating and heated water, Qt and Qs,
respectively,
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Fig. 5. Internal structure of the heat exchanger block.

Fig. 6. DAQ subsystem based on the PCIe-6321 card with configured
input and output channels.

• a binary signal h indicating the water level in the preparatory
tank, where h = 1 denotes a sufficient level and h = 0 a level
below the permissible limit hmin.

The internal structure of the heat exchanger block of Fig. 4
is shown in Fig. 5. It includes a subsystem responsible for ac-
quiring measurement signals from temperature, flow, and level
sensors, as well as for generating control signals for the actu-
ators. This subsystem was implemented using analog and dig-
ital input/output blocks from the Simulink Desktop Real-Time
library.

In turn, Fig. 6 presents the detailed structure of the data ac-
quisition and control subsystem of Fig. 5 based on the PCIe-
6321 card. The figure shows the configuration of the analog
and digital input/output channels used for interfacing the lab-
oratory hardware with the Matlab/Simulink environment. The
channels provide connections to temperature sensors, flow me-
ters, level sensors, the circulation pump, the electric heater, and
the proportional solenoid valve.

In addition, the subsystem shown in Fig. 5 performs conver-
sion of analog voltage signals (0–10 V) obtained from sensors
and measurement transducers into physical quantities. These
include temperatures (in degrees Celsius) and flow rates (in
liters per minute), calculated according to the calibration char-
acteristics provided by the manufacturer.

To reduce high-frequency measurement noise, low-pass fil-
tering of the acquired signals was implemented within the heat
exchanger block using simple infinite-impulse-response (IIR)
filters. After preliminary analysis of the recorded signals in
both time and frequency domains, a first-order continuous-
time low-pass filter with the transfer function

Gf(s) =
K

T s+1
, (1)

Fig. 7. Temperature signal filtering using discrete low-pass filters with
different time constants.

and a unit steady-state gain K = 1 was adopted as a reference
model.

Given the trade-off between noise attenuation and signal de-
lay, the time constant was set to T = 1 s for flow rate signals
and T = 5 s for temperature signals. Assuming a sampling pe-
riod of Ts = 0.1 s and applying the zero-order hold discretiza-
tion method, the resulting discrete transfer functions are given
by

GQf(z) =
0.0952

z−0.9048
, (2)

for the flow rate signals, and

GTf(z) =
0.0198

z−0.9802
, (3)

for the temperature signals.
An example illustrating the effectiveness of the applied

filtering is shown in Fig. 7. The figure demonstrates that
a first-order digital filter provides effective attenuation of high-
frequency disturbances while maintaining an acceptable signal
delay. Increasing the filter time constant further smooths the
signal but introduces a noticeable phase lag, which may ad-
versely affect the performance and stability of control loops.
The selected filter parameters, therefore, represent a compro-
mise between these opposing requirements.

4. HEAT EXCHANGER CONTROL TASKS

4.1. Layered control structure

According to the general layered structure of industrial pro-
cess control presented in Fig. 8, the lowest layer, referred to
as the process layer (Layer 0), consists of the controlled ob-
ject together with the measuring and actuating devices directly
connected to it [4, 5].

The next level is the direct control layer (Layer 1, DCL).
Its task is to regulate fast-changing process variables using
sensors, measurement transducers, and actuators in the pro-
cess layer. Control algorithms implemented at this level are
usually relatively simple, such as on–off, proportional (P),
proportional–integral (PI), or proportional–integral–derivative
(PID) control. These algorithms are typically executed by
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Fig. 8. General hierarchical structure of industrial process control [23].

direct-action controllers, programmable logic controllers, or
industrial PCs [24]. In discrete-time implementations, Layer 1
exhibits a high frequency of control interventions, ranging
from fractions of a second to several seconds [25].

Layer 2, referred to as the supervisory control layer, forms
an intermediate level between the DCL and higher-level pro-
cess supervision and optimization layers. Its primary task is
to stabilize the main process variables at their reference val-
ues. These reference values may be constant, vary according
to a predefined program, or change dynamically in response
to external conditions. Setpoint changes can result from op-
erator actions performed at the visualization and monitoring
layer (Layer 3) or be generated automatically by the process
optimization layer (Layer 4). Typical examples include tem-
perature scheduling in building heating systems depending on
outdoor conditions or time-of-use constraints [14, 26, 27].

Supervisory controllers often operate within cascade con-
trol structures, providing reference signals for subordinate con-
trollers located in the DCL. When discrete-time controllers are
used, the intervention frequency of Layer 2 is usually several
times lower than that of Layer 1. Control algorithms applied at
this level may include classical PI or PID controllers as well as
more advanced adaptive or predictive strategies. In the present
work, the focus is placed on the implementation and experi-
mental verification of tasks associated with the Layer 1 (DCL),
including actuator control and safety functions of the heat ex-
changer system.

4.2. Implementation of the DCL

In the system considered in this study, this layer comprises the
heat exchanger, the preparatory hot-water tank, the intercon-
necting pipelines, and the associated measuring and actuat-
ing devices. These include temperature and flow sensors for
the heating and heated water, an electric heater installed in
the preparatory tank, a circulation pump for the heating water,
a proportional solenoid valve for the heated water, and auxil-
iary manual valves.

Its primary task is to stabilize selected process input vari-
ables that are essential for achieving the overall control objec-
tives of the heat exchanger system (see Fig. 4). These variables
are:

• the temperature Th of the heating water in the preparatory
tank,

• the flow rate Qt of the heating water supplied to the ex-

changer,
• the flow rate Qs of the heated water flowing through the ex-

changer.

The above control objectives are realized by manipulating
the input signals of the corresponding actuators, namely:

• the electric power supplied to the heater in the preparatory
tank, controlled by a binary signal uh ∈ {0,1},

• the supply voltage up of the circulation pump inverter, with
0 ≤ up ≤ 10 V,

• the control voltage uv of the proportional solenoid valve for
the heated water, with 0 ≤ uv ≤ 10 V.

Three discrete-time controllers execute the direct control
tasks listed above, further referred to as:

• Heater Discrete Controller (HDC),
• Pump Discrete Controller (PDC),
• Valve Discrete Controller (VDC).

In addition to regulation tasks, the DCL also includes ele-
ments responsible for process protection (see Fig. 8). These
comprise:

• a differential pressure controller integrated by the manufac-
turer into the TIUS base station, protecting the installation
against excessive pressure in the water supply network,

• a safety logic system implemented in the Matlab/Simulink
environment (see Fig. 4), which stops the operation of the
setup by:

◦ switching off the heater,
◦ stopping the circulation pump,
◦ closing the heated-water valve,

when the maximum permissible water temperature Th,max in
the preparatory tank is exceeded or when its level falls below
the allowable limit hmin.

To accomplish the three direct control tasks, discrete
proportional–integral (PI) controllers were implemented using
standard Matlab/Simulink library blocks. The controllers op-
erate in a positional form and are described by the following
discrete transfer function:

Gc(z) =
Un(z)
En(z)

= Kp

(
1+

Ts

Ti

z
z−1

)
, (4)

where Kp denotes the proportional gain, Ti is the integral time
constant, and Ts is the sampling period.

In Eq. (4), En(z) denotes the Z-transform of the normalized
discrete control error en[k], whose value is confined to the in-
terval [−1,1]. The discrete error signal is defined as

e[k] = yref[k]− y[k] (5)

where k = 0,1,2, . . . denotes the discrete-time index corre-
sponding to the sampling instants tk = kTs. The signals yref[k]
and y[k] represent the reference (setpoint) and the measured
output, respectively. The normalization of the error signal is
performed to ensure scale invariance, improve numerical prop-
erties, and facilitate controller tuning, according to

en[k] = 2
e[k]− emin

emax − emin
−1, (6)
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Table 1. Parameter settings for the DCL controllers

Controller
Signal limits Settings

emin emax umin umax Ts Kp Ti

PDC −2.7 2.7 0 10 0.1 s 0.8 1.5 s
HDC −50 50 −1 1 0.5 s 15 100 s
VDC −3.5 3.5 0 3 0.1 s 0.6 8 s

with the boundary values emin and emax selected individually
for each control loop, depending on the admissible range of
the corresponding controlled variable.

In turn, Un(z) in Eq. (4) denotes the Z-transform of the nor-
malized control signal un[k], obtained at the controller output
and satisfying un[k]∈ [−1,1]. It is subsequently converted into
the physical control signal applied to the actuator according to

u[k] =
un[k](umax −umin)+umax +umin

2
, (7)

where umin and umax denote the minimum and maximum ad-
missible actuator input values.

The controller parameters in Eq. (4) were determined us-
ing the second Ziegler–Nichols tuning method [28, 29]. This
method assumes that the step response of a wide class of
asymptotically stable processes can be approximated by the
response of a first-order system with time delay [30]:

Gm(s) =
K e−Tds

T s+1
, (8)

where K denotes the steady-state gain, T is the time constant,
and Td represents the transport delay.

The tuning procedure consists of an identification experi-
ment in which the step response of the controlled process is
recorded and the parameters K, T , and Td of the model given by
Eq. (8) are estimated. Based on these parameters, the settings
for P, PI, or PID controllers are determined using empirical for-
mulas proposed by Ziegler and Nichols. The resulting tuning
represents a compromise between fast transient response and
a sufficient stability margin. The method is particularly suit-
able for disturbance rejection tasks, for which moderate over-
shoot is acceptable.

In the present study, the tuning procedure was applied inde-
pendently to the three subsystems associated with the respec-
tive actuators: the heating water circulation pump, the electric
heater in the preparatory tank, and the proportional solenoid
valve of the heated water. The obtained PI controller settings
are summarized in Tab. 1. Since the controllers are imple-
mented in discrete time, the sampling period Ts is addition-
ally specified. For flow rate control loops, a sampling period
of Ts = 0.1 s was adopted, whereas for temperature control,
Ts = 0.5 s was found sufficient. These values are consistent
with typical sampling times used in industrial control applica-
tions [24].

To prevent integrator windup, which occurs when the con-
trol signal saturates while the integral term continues to ac-
cumulate, an anti-windup mechanism based on the clamping
method was applied. In this approach, the integration of the er-
ror signal is suspended whenever the controller output reaches

Fig. 9. Structure of the PDC block with the parameter configuration
dialog.

one of its saturation limits, and resumed once the output re-
turns to the admissible range [31, 32].

Figure 9 presents the internal structure of the PDC devel-
oped in this work, including the grouped controller block and
its parameter configuration dialog. The structures of the HDC
and VDC blocks are analogous and differ only in parameter
values listed in Tab. 1.

In the case of the HDC system, the actuator operates in
a binary on–off mode. Therefore, a pulse-width modulation
(PWM) block was placed downstream of the controller. It con-
verts the continuous-valued control signal generated by the PI
controller into a binary signal with an appropriate duty cycle,
enabling quasi-continuous control of the heating power [33].

Using the considered controller blocks together with the
Simulink subsystems described in Section 3.2, which represent
the heat exchanger system, safety logic, and auxiliary signal
processing elements, the complete real-time control diagram
shown in Fig. 10 was constructed. This diagram represents the
direct control and safety layer (Layer 1), while the physical
heat exchanger system constitutes the process layer (Layer 0).
Based on this configuration, experimental investigations of the
individual direct control subsystems were conducted, and se-
lected results are presented in the following section.

5. PRELIMINARY EXPERIMENTAL RESULTS

The experimental studies were carried out according to typi-
cal scenarios encountered in control tasks for heat exchanger
systems. In particular, attention was focused on the nature of
changes in the reference values of the main input process vari-
ables controlled by the DCL.

The role of the PDC was to control the heating water flow
rate Qt according to a predefined program, ensuring tracking of
the instantaneous reference value Qt,ref. In the target hierarchi-
cal control structure, this reference value will be generated by
a supervisory controller that regulates the outlet temperature
Tso of the heated water.

The HDC was tasked with stabilizing the temperature Th of
the water in the preparatory tank at a constant reference value
Th,ref, despite disturbances arising mainly from variations in
the heating water flow rate Qt enforced by the PDC.

In turn, the VDC was used to stabilize the flow rate Qs of
the heated water at a constant reference value Qs,ref. In prac-
tical applications, the system operator may adjust this value to
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Fig. 10. Simulink diagram for testing controllers and safety logic forming the DCL of the laboratory heat exchanger system.

reflect current demand for thermal energy.

As described above, the individual control loops interact
with one another. A variable regulated in one loop simul-
taneously acts as a disturbance in another. For example, an
increase in the reference value Qt,ref causes the PDC to in-
crease the rotational speed of the circulation pump, leading to
a higher heating water flow rate Qt. This, in turn, results in
a decrease in the water temperature Th in the preparatory tank,
which constitutes a disturbance to the HDC-controlled subsys-
tem. The HDC compensates for this effect by increasing the
heating power supplied to the tank.

5.1. Preparatory tank water temperature control

The first stage of system operation after start-up was the heat-
ing of the water in the preparatory tank to the reference tem-
perature Th,ref. During this phase, the heat exchanger itself was
inactive, which means that both flow rates were set to zero
(Qt,ref = Qs,ref = 0 l/min). The initial temperature of the water
in the tank was equal to the ambient temperature.

The reference temperature of the preparatory tank was set to
Th,ref = 55◦C. The main performance requirement for the con-
troller was a regulation time of no more than 1 h and an over-
shoot not exceeding 5%, defined with respect to the steady-
state value.

Figure 11 shows the time evolution of the water temperature
Th in the preparatory tank during a 5400 s experiment, while
Fig. 12 presents the corresponding control signals generated by
the HDC. The signal u′h denotes the controller output, whereas
uh represents its binary PWM-converted form applied to the
electric heater.

The obtained results confirm that the control objective was
achieved. Both the regulation time and the overshoot, man-
ifested as small oscillations around the reference value, re-
mained within the assumed limits.

Fig. 11. Response of the constant temperature control system of the
preparatory water tank.

Fig. 12. Control signal profiles in the constant temperature control sys-
tem of the preparatory water tank.
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Fig. 13. Response of the programmed control system of the heating
water flow rate Qt.

Fig. 14. Control signal profiles in the programmed control system of
the heating water flow rate Qt.

5.2. Heat exchanger operation with programmed flow con-
trol

After the water in the preparatory tank reached the desired tem-
perature, the heat exchanger was put into operation by activat-
ing the heating water circulation pump and opening the heated
water valve. The heat exchanger operated in a counter-flow
configuration.

During a 12 000 s experiment, the reference value of the
heating water flow rate Qt,ref was changed every 1200 s accord-
ing to a predefined schedule. In contrast, the reference value
of the heated water flow rate was kept at the constant nominal
value Qs,ref = Qs,n = 1 l/min. The main performance require-
ment for the PDC was a regulation time of 30 s or less, with
an allowable overshoot below 10%, defined with respect to the
steady-state value.

Figure 13 presents the measured flow rates of the heating
and heated water, while Fig. 14 shows the corresponding con-
trol signals generated by the PDC, VDC, and HDC. For clarity,
the binary heater control signal uh is omitted.

The PDC accurately tracks the programmed reference val-
ues of Qt,ref while satisfying the assumed transient perfor-
mance requirements. In the VDC-controlled loop, noticeable

Table 2. Performance indices for different PDC settings

Controller settings Performance indices

Kp Ti IAE ITAE

0.8 (nom.) 1.5 s (nom.) 106.5 6.18 ·105

0.4 (-50%) 1.5 s (nom.) 109.7 6.35 ·105

1.2 (+50%) 1.5 s (nom.) 107.1 6.21 ·105

0.8 (nom.) 0.75 s (-50%) 108.4 6.29 ·105

0.8 (nom.) 2.25 s (+50%) 107.5 6.22 ·105

short-term fluctuations in the flow rate Qs are observed, most
likely due to variations in the supply water pressure. Neverthe-
less, the flow rate remains satisfactorily stabilized around the
nominal value.

To enable a quantitative assessment of the performance of
the considered control loops, the following discrete-time ap-
proximations of integral performance indices are used [34]:

IAE = Ts

N

∑
k=0

|e[k]| (9)

and

ITAE = Ts

N

∑
k=0

k Ts |e[k]|, (10)

where N denotes the number of samples corresponding to the
final time instant Tf = 12000 s, i.e., N = Tf/Ts.

For illustration, the values of the indices (9) and (10), ob-
tained for the PDC system with nominal controller parameters
given in Tab. 1, are summarized in Tab. 2.

To assess the robustness of the considered control loop, a de-
tuning study was performed by varying both controller param-
eters around their nominal values. The results indicate that the
PDC system remained stable even under ±50% variations in
the Kp and Ti parameters. However, these changes led to a dete-
rioration in control performance, as quantified by the IAE and
ITAE indices shown in Tab. 2. A similar analysis of the two
remaining control loops yielded qualitatively similar results to
those presented above.

Figure 15 shows the temperature profiles measured along
the heat exchanger during the discussed control experiment. It
follows that the HDC effectively stabilizes the preparatory tank
water temperature at Th,ref = 55◦C despite the varying thermal
load imposed by changes in Qt.

Due to the counter-flow configuration, the temperature T10
corresponds to the inlet temperature Tsi of the heated water,
whereas T6 represents its outlet temperature Tso. The latter
constitutes the primary controlled variable in the planned su-
pervisory control layer.

5.3. Steady-state characteristics and temperature profiles

Additional similar experiments were performed for other val-
ues of the heated-water flow rate (Qs,ref = 2 l/min and Qs,ref =
3 l/min), as well as for the parallel-flow configuration. Based
on all experiments conducted, approximate steady-state char-
acteristics and corresponding temperature distributions were
determined and are presented in Figs. 16–18.
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Fig. 15. Temperature profiles of the heating water Tt and the heated
water Ts in the heat exchanger.

Figure 16 presents the approximate steady-state (static)
characteristics Tso = f (Qt) obtained for both parallel-flow and
counter-flow configurations of the heat exchanger and for sev-
eral values of the heated water flow rate Qs. The plots clearly
demonstrate the nonlinear nature of the process. For low val-
ues of the heating water flow rate Qt, relatively small changes
in the control input result in pronounced variations of the outlet
temperature Tso, whereas for higher flow rates the sensitivity of
the output temperature decreases significantly.

This behavior is a direct consequence of the bilinear struc-
ture of the heat exchanger model equations, which include
products of flow rates and temperatures, in particular the prod-
uct of the heating water flow rate Qt and the heated water tem-
perature Ts [35]. The results also confirm the well-known supe-
riority of the counter-flow configuration, which yields a higher
outlet temperature Tso for the same value of Qt compared to the
parallel-flow arrangement.

Figures 17 and 18 show the approximate steady-state tem-
perature profiles Tt(l) and Ts(l) of the heating and heated flu-
ids measured along the exchanger axis for the parallel-flow
and counter-flow configurations, respectively. The tempera-
ture distributions reveal significant spatial variations along the
length of the exchanger, which depend on the operating condi-
tions and flow configuration.

The presented results confirm that the analyzed heat ex-
changer exhibits distributed-parameter (i.e., spatio-temporal)
characteristics. This implies that temperature variations oc-
cur both temporally and spatially within the heat exchanger.
Moreover, the characteristics obtained here confirm that the
counter-flow configuration provides a more uniform temper-
ature difference between the heating and heated fluids along
the exchanger length. This promotes efficient and stable heat
transfer and reduces thermal stresses in the exchanger structure
(see Figs. 17 and 18). Additionally, it should be emphasized
that the characteristics obtained here are consistent with those
previously derived using analytical methods, based on the heat
exchanger equations applicable under steady-state conditions
[8, 36].

In summary, the experimental results obtained for all three

Fig. 16. Experimental steady-state characteristics Tso = f (Qt) of the
heat exchanger for different Qs.

Fig. 17. Experimental steady-state temperature distributions Tt(l) and
Ts(l) for the parallel flow with different Qt and Qs.

Fig. 18. Experimental steady-state temperature distributions Tt(l) and
Ts(l) for the counter flow with different Qt and Qs.

direct control loops forming the DCL demonstrate that the
adopted discrete PI controllers successfully achieve their re-
spective control objectives. At the same time, the experiments
confirm the heat exchanger’s nonlinear, distributed-parameter
nature, which justifies the need for an advanced hierarchical
control structure and motivates the introduction of a supervi-
sory control layer discussed in the following section.
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Fig. 19. Concept of a layered control structure for the heat exchanger system (HES).

6. CONCEPTUAL DESIGN FOR SUPERVISORY CONTROL

The discussion and experimental results presented in the pre-
ceding chapters concerned the two lowest layers of the hier-
archical control structure shown in Fig. 8, namely the process
layer (Layer 0) and the direct control layer (Layer 1). It was
demonstrated that the controllers operating within the Layer 1
effectively stabilize the selected input process variables of the
heat exchanger system. Following a bottom-up development
strategy, the next step is the conceptual design of the supervi-
sory control layer (Layer 2).

A detailed structure of the hierarchical control system pro-
posed for the heat exchanger is shown in Fig. 19. In addition to
the previously discussed layers, the structure includes a super-
visory controller, denoted as OTC (Outflow Temperature Con-
troller). Its primary task is to stabilize the outlet temperature
Tso of the heated water at the desired reference value Tso,ref.

The reference value Tso,ref may be constant or may vary ac-
cording to a predefined program, for example as a result of
the operation of a higher-level process optimization layer. In
the latter case, the supervisory control system performs the so-
called programmed control.

In the simplest configuration, the OTC controller may oper-
ate in an open-loop (feed-forward) mode. In such a case, the
controller determines the reference value of the heating water
flow rate Qt,ref for the subordinate Pump Discrete Controller
(PDC) based on the desired outlet temperature Tso,ref and, op-
tionally, on the known reference value of the heated water flow
rate Qs,ref. This approach may rely, for example, on the steady-
state relationship Tso = f (Qt) obtained experimentally in Sec-
tion 5 (see Fig. 16). Knowledge of the disturbance signal Qs
enables partial compensation of its influence on the outlet tem-
perature in advance.

In a more typical configuration, feedback information is pro-
vided by temperature sensors measuring the outlet temperature
Tso of the heated water. This allows the implementation of
a closed-loop supervisory control system, in which the OTC

controller operates based on the control error defined as

eso = Tso,ref −Tso. (11)

In this structure, OTC and PDC constitute a cascade control
system, where OTC provides the reference signal Qt,ref to PDC
operating in DCL.

From a technological perspective, the heating water flow
rate Qt constitutes the most convenient manipulated variable
for regulating the outlet temperature Tso. The PDC performs
its stabilization within the DCL. An alternative way to influ-
ence the outlet temperature is to vary the heating water inlet
temperature Tti supplied from the preparatory tank. This vari-
able is indirectly controlled by the HDC, which stabilizes the
temperature Th of the heating water in the tank.

However, the dynamic properties of the corresponding con-
trol loops differ significantly. While the regulation time of the
Qt control loop typically ranges from a few to several tens of
seconds (see results in Fig. 13), the temperature control loop
associated with Th exhibits much slower dynamics, with regu-
lation times reaching several hundred or even several thousand
seconds (see Fig. 11). Consequently, variations of Th do not
allow compensation of high-frequency disturbances, but may
be effectively used for long-term adjustments, such as night-
time or weekend temperature scheduling. In such cases, the
reference value Th,ref could be generated by a higher-level op-
timization layer and supplied to the subordinate HDC.

Regarding the control algorithms employed at the supervi-
sory level, both classical and advanced approaches can be con-
sidered. These include PI or PID controllers, as well as adap-
tive, predictive, or data-driven methods [15, 18, 37]. For com-
plex plants characterized by nonlinearity, parameter variabil-
ity, or spatio-temporal dynamics, advanced control strategies
may offer improved performance. However, their effective-
ness strongly depends on the modeling approach adopted dur-
ing controller synthesis.

In the case of heat exchangers, which are distributed param-
eter systems, a commonly used approach is the so-called early
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lumping. In this strategy, an approximated lumped-parameter
model is first derived from the original distributed model, and
controller synthesis is subsequently performed using classical
methods developed for lumped-parameter (finite-dimensional)
systems [38, 39].

An alternative approach, referred to as late lumping, in-
volves directly synthesizing the controller based on the plant’s
distributed-parameter model, typically formulated as a system
of partial differential equations [40, 41]. The resulting con-
troller also exhibits distributed-parameter characteristics and
must be discretized for practical implementation. Although
this approach entails significantly higher computational com-
plexity, it may potentially lead to improved control perfor-
mance.

The extended experimental setup presented in this paper
provides a suitable platform for investigating both early and
late lumping strategies. Future work will focus on simulation-
based and experimental studies to evaluate the benefits and
limitations of these approaches when applied to the supervi-
sory control of heat exchanger systems.

7. SUMMARY

The paper presented the adaptation and functional extension of
a laboratory concentric-tube heat exchanger. The introduced
hardware and software modifications significantly extended its
original capabilities. They enable the implementation of a hier-
archical, multi-layer control structure representative of indus-
trial heat-exchange systems.

As part of the DCL, discrete PI controllers were developed
and experimentally validated to stabilize the key input process
variables of the heat exchanger: heating water temperature,
heating water flow rate, and heated water flow rate. Experi-
mental investigations confirmed that the adopted control solu-
tions ensure satisfactory dynamic performance and robustness
against mutual interactions among individual control loops.
The results also clearly demonstrated the heat exchanger’s non-
linear behavior and distributed-parameter nature, as evidenced
by its steady-state characteristics and spatial temperature pro-
files, respectively.

In addition to validating this layer, the paper proposed a con-
ceptual design for a supervisory control layer to regulate the
outlet temperature of the heated water. The discussion ad-
dressed possible control structures, manipulated variables, and
modeling strategies, including both early and late lumping ap-
proaches. The presented laboratory setup offers a suitable plat-
form for future experimental studies on supervisory control al-
gorithms, ranging from classical cascade control to advanced
adaptive and predictive methods.

Overall, the developed laboratory system constitutes a ver-
satile research and educational platform. It enables experi-
mental verification of control-oriented heat exchanger mod-
els, investigation of multi-layer control architectures, and
practical assessment of control algorithms for systems with
spatio-temporal dynamics. The setup can also support student
projects and doctoral research in the modeling, identification,
and control of heat-exchange processes.
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