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This work aims at improving the control of an industrial heat exchanger by using reset compensation.
The goal is investigating the potentials of a hybrid compensator previously developed by the authors, the
PI+CI reset compensator, in the robust control when significant uncertainty is present. To this end, a PI+CI
compensator has been designed by using a two step method: firstly, arobust base Pl compensator is tuned
by using the Quantitative Feedback Theory to satisfy (robust) relative stability and tracking specifications;
and secondly, a partial reset action is added to the base lineal PI compensator to improve transitory
response. In addition, a PI compensator is tuned by using the Internal Model Control for comparison
purposes. Finally, the reset conditions are simply modified in the PI+CI compensator to overcome the

PID effect of the dominant time delay over the reset action, through the introduction of a reset band which
can have fixed or variable values along the time.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Temperature control isa common problem in the process indus-
try, such as power generation, chemical plants, refrigeration and
food processing among others. This temperature problem arises
from the large process uncertainty and the different operation
conditions which are carried out during the whole process. For
example, in batch reactors the temperature has to be adjusted
to an optimal temperature profile in spite of the drastic changes
in set points with the goal of obtaining a specific product with
desired properties [3,14,27]. In other applications, such as ther-
mal treatments in heat exchangers, the outlet temperature has
to be maintained in a particular set-point for a wide variety of
products and different operation points in order to destroy harm-
ful microorganisms and optimise food quality factors [5,19,28].
Because of these particularities, thermal control is difficult to
achieve with conventional PID controllers. Since variable operat-
ing conditions are carried out, the parameters of the PID controller
require frequent returning to adjust them to these different operat-
ing conditions. Some works deal the temperature control problem
by using adaptive model predictive control [1-3,24,27]. In this kind

Abbreviations: CI, Clegg integrator; FOPTD, first order plus time delay; IAE, inte-
gral absolute error; IMC, internal model control; ITAE, integral time absolute error;
LTI, linear time invariant; PI, proportional integral; PRBS, pseudorandom binary
sequence; QFT, Quantitative Feedback Theory.
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of works it is necessary a high accuracy between the model used for
controller design and the process model to achieve a good control
performance. Other works are focused on the use of the Quantita-
tive Feedback Theory (QFT) to tune a robust controller which takes
into account the thermal process uncertainty [8,15]. Precisely, this
latter technique is the one used in this work for the control of an
industrial heat exchanger.

QFT is a robust control technique that is especially well
suited for control problems with large plant uncertainty. It has
been developed since the early sixties following the seminal
works of Horowitz [21], and it has been successfully applied
to scalar/multivariable, LTI/nonlinear and time varying, single
loop/multiloop systems [22,23]. The basic idea of this technique
consists of using a family of linear time invariant (LTI) plants
obtained by local linearization of the heat exchanger nonlinear
dynamic around different operation points, following the method
developed in [11]. The result is a robust compensator that guaran-
tees a specified worst-case behavior for all the considered operation
points. In general, the robustness and performance has to be
balanced due to fundamental limitations of the resulting LTI com-
pensator, being this the main motivation of the present work,
where a type of nonlinear/hybrid control referred to as reset con-
trol is investigated with the goal of improving performance without
sacrificing robustness.

Reset compensation was one of the first attempts to overcome
fundamental limitations of LTI control systems. Its development
was initiated fifty years ago with the work of Clegg [16], that intro-
duced a nonlinear integrator based on a reset action. Basically,
the Clegg integrator (CI) consists of an integrator whose output
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Nomenclature

A area for heat transfer (m?2)

AT temperature difference (°C)

ATy, log mean temperature difference (°C)

Bg fixed reset band surface

B variable reset band surface

C compensator model

d perturbation signal

1) fixed reset band value

e error signal

E error amplitude

h time delay of the heat transfer model (s)

k gain of the heat transfer model

kp proportional gain of a PI/PI+CI compensator

A time constant of the desired closed loop response
(s)

M reset surface

n noise signal

P(s) heat exchanger model

DPreset reset ratio of a PI+CI compensator

q heat transfer rate (kcal/h)

r reference signal

ty k th reset time (s)

Tin product temperature at the heat exchanger inlet (°C)

Tout product temperature at the heat exchanger outlet
(°Q)

Ts steam temperature (°C)

T time constant of the heat exchanger model (s)

T integral time constant of a PI/PI+CI compensator (s)

u control signal

U overall heat transfer coefficient (kcal/°Cm?)

is set to zero whenever its input is zero. Therefore, a faster system
response without excessive overshooting may be expected, and the
limitation of its LTI counterpart is avoided. Although several other
nonlinear compensators were developed, all based on describing
function analysis, it is in a series works by Horowitz [22,23], where
reset control systems were impulsed by introducing the first order
reset element (FORE).

Reset compensation is simply implemented just by resetting the
state (or part of it) of a feedback LTI compensator (referred to as the
base LTI compensator) at every instant in which its input is zero.
Usually the design of the reset control is strongly dependent on a
proper election of the base LTI control system. A common approach
is to design the base LTI system to be stable and to fulfill some
performance specifications, and then including reset over some
compensator states to improve performance and robustness. How-
ever, this method should be carefully applied, since it is well known
[12,13] that the reset action may destabilize a base LTI control sys-
tem. Thus, reset control may be used to overcome fundamental
limitations of LTI control systems, but it may work worse than its
base LTI system. In previous works by authors [9,10] a reset com-
pensator based on a Pl compensator has been introduced, it consists
of a Pl compensator plus a Clegg integrator and it has been referred
to as PI+CI compensator. Other applications of reset compensation
can be found in [20], where a reset control of a single stage hard
disk drive servo system is performed, in [34], where a piezoelectric
positioning stage is used, and in [17], where the reset compensation
is applied on teleoperation.

In [9,10] tuning rules of the PI+Cl compensator for first and
second order systems with time delay has been developed. In the
present work, this PI+CI reset controller is tuned by using QFT and

Fig. 1. Pilot plant.

applied on the temperature control of an industrial heat exchanger.
InSection 2, the heat exchanger to be controlled is defined and mod-
elled for different operation points; in addition the PI+CI controller
is also studied as a type of reset controllers. In Section 3, the QFT
design method is applied upon the modelled heat exchanger with
the goal of getting a well-tuned PI+CI controller. In addition, a PI
controller is tuned via Internal Model Control (IMC) for compari-
son purposes. Finally, the reset controller response is improved just
by modifying the controller reset condition in two different ways.

2. Materials and methods

The temperature problem will be studied in this work by using
an industrial heat exchanger, commonly used in food industries
for thermal treatments. For that purpose, the temperature process
will be modeled through pseudorandom binary sequence (PRBS)
experiments and step test application. PI+CI compensation will be
used to fix the outlet temperature at a desired value with minimum
performance indexes, such as the integral absolute error (IAE).

2.1. Industrial equipment

The heat exchanger used in this work is part of a pilot plant
which has been designed for food industry applications. This pilot
plant can be seen in Fig. 1.

This HRS UNICUS double tube heat exchanger consists of a 3m
long tube within another one in parallel flow. That is to say, the
product flows through the inner tube in parallel to the serviced fluid
which flows through the annulus between the inner and the outer
tube. In addition, the shell and tube heat exchanger has scraper bars
fitted in each interior tube whose movement mixes the fluid and
cleans the heat exchange surface. This also keeps heat transfer high
and makes cleaning tasks easier in food industries. The physical
details of this heat exchanger are shown in Table 1.

The product is pumped from the storage tank up to the heat
exchanger by an industrial helicoidal impeller pump. Two resis-
tance thermometers used as thermocouples are placed at both the
inlet and the outlet of the inner tube of the heat exchanger for tem-

Table 1

Physical details of the industrial heat exchanger.
Number of inner tubes 1
Shell diameter 104 mm
Inner tube diameter 76.2mm
Type of flow Parallel
Material Stainless steel
Tubes lenght 3000 mm
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Fig. 2. Electropneumatic globe valve.

perature measurements. Specifically, these thermocouples consist
of PT-100 (Wika) which are able to measure temperature in a range
between 0° C and 150°C, with a bias smaller than 0.4° C and a
precision, or standard deviation, equals to 0.3 ° C as maximum.

The productis heated in the inner tube from the saturated steam
condensation at the shell side. The rate of heat transfer depends on
the temperature difference between the cold and hot fluids, in such
a way that the higher this difference is, the faster the heat is trans-
ferred. Therefore, the heat transfer rate, g in kcal/h, is expressed
through the following equation:

q=UAAT, (1)

where A is the area for heat transfer in m2, U is the overall heat
transfer coefficient, kcal/°Cm?, and ATy, is the log mean temper-
ature difference in °C.This temperature difference is the average
value between the hot and cold fluids at the inlet and outlet of the
heat exchanger and it is expressed as follows:

(Ts — Tout) — (Ts - Tin)
In(Ts — Tout)/(Ts — Tin)

where Ts is the steam temperature in ° C and T;, and Ty are the
product temperatures at the inlet and outlet of the heat exchanger
respectively.

The saturated steam is generated in an electrical boiler of 12 kW
of power which generates 16 kg of steam per hour at a pressure
which oscilates between 4.3 and 5 bar. These pressure drops will
be taken into account as a perturbation, d, in the control scheme
(see Fig. 6). The control signal will be precisely the steam flow rate,
which will be controlled through the aperture (expressed in %) of
an electropneumatic globe valve placed just before the shell inlet
in the heat exchanger, as seen in Fig. 2. This control valve is a type
3321 globe valve from Samson (DN15, KVS 1.6 and PN16) which
is equipped with an electropneumatic actuator with integrated i/p
positioner.

The thermocouples and the control valve are connected through
an ABB automaton to a data acquisition system, where the ABB
SCADA is installed for monitoring and control purposes, as it can
be seen in Fig. 3. The ABB SCADA system reads both the inlet
and outlet temperatures, T;, and Toyt, and from this temperature
difference, AT = Tout — Tj, the control system provides the corre-
sponding electropneumatic globe valve aperture, u in %, in order to
reach the desired reference temperature.

The industrial heat exchanger is modelled by using as prod-
uct a water flow rate of 250 L/h. The identification is done through
pseudorandom binary sequence (PRBS) experiments and step test
application. On one hand, the heat exchanger models are obtained
by first order approximation describing the response of the tem-

ATy = (2)

Electric

SCADA

Fig. 3. Industrial heat exchanger control.

perature along the heat exchanger to several step changes of valve
aperture. Specifically, this identification was done by opening the
control valve from 10 up to 25% in 5% steps and then by closing the
control valve up to 10% by using again 5% steps, as it can be seen in
Fig. 4.

In addition, on the other hand, the PRBS experiments are also
done to model the heat exchanger. These experiments [25] consists
of doing different experiments by using the control signal as the
input, which will have an spectrum with significative components
in some regions of interest. Then, the different responses data are
used for getting an uncertain parametric model. One example of a
PRBS experiment is shown in Fig. 5 for a valve aperture between 10
and 15%.

With these modeling experiments, the heat exchanger can be
represented by a set of first order plus time delay (FOPTD) transfer
functions, given by

ka_px
P io(s)= —4=9%
a-b%(5) TopyS+1

e hapxs (3)
For each valve aperture change, from a% to b%, a heat exchanger
model is obtained, given in Table 2. From these models, the
heat exchanger uncertainty is expressed in parametric form as
kq_p% €[0.31,0.40], 74_py €[80, 114] and h,_py €[50, 88].

Note that the control valve is just opened up to 25% because a
higher aperture would produce a pressure drop inside the electric
boiler, with the consequent temperature drop at the outlet of the
heat exchanger.
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Fig. 4. Heat exchanger identification.
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Fig. 5. PRBS experiment.
Table 2
Heat exchanger uncertainty.
Plant P,_py Gain ky_py Time constant t,_py (S) Time delay hy_py (S)
P1o-15% 0.32 87 88
P15_20% 0.35 82 83
Pyo_25% 0.40 80 65
Pa5_20% 0.40 89 50
P20-15% 0.35 95 76
P15_10% 0.31 114 84
It has been shown in [9,10] that this partial reset of the inte-
P y gral term results in an improvement on the transitory closed loop
response, reducing the overshoot and settling time corresponding
" to the design without reset.

Fig. 6. Control scheme.

2.2. Methods

For control purposes, the control scheme used in this work can
be seen in Fig. 6, where P is the heat exchanger model and C is
the reset compensator which will be design with QFT. The signal
d is the perturbation introduced by the oscillations of the steam
pressure inside the electric boiler and the signal n refers to the
noise introduced by the termocouples.

The reset compensator used in this work is the reset PI+CI
controller. This kind of compensator can be interpreted as a PI con-
troller with reset action on its integral term [9,10]. Specifically, a
PI+CI controller is defined simply by adding a Clegg integrator (CI)
[16] to a PI controller. In this perspective, the PI+CI controller will
have three terms as shown in Fig. 7.

In this compensator, k; and 7; are the proportional gain and the
integral time constant of its counterpart PI compensator. The reset
ratio preset represents the part of the integral term over the reset
actionis applied, and it is used to set the partial reset on the integral
term.

Fig. 7. PI+CI compensator structure.

In the state-space, a PI+CI controller can be expressed by using
two states, one corresponding to the integral term, an the other
corresponding to the Clegg integrator term: x, = (X;, X)), where T
denotes transposition

X = Bre, e+0
C:{ xf =Apxr, e=0 (4)
v=Cxr + Dre

where the reset matrix, A, selects the state to be reset and x;© or
x:(t*)is the value x,(t 4+ €) with € — 0*. The matrices By, Ay, Cr and

D, are given by
1 )

(1) o

k
G = £ (1 — Dreset preset) , Dr= kp

10
00

Ti

Considering this controller and the heat exchanger model (3), the
unforced closed loop system from Fig. 6 is expressed by the follow-
ing impulsive differential equation

X(t) = Ax(t) + Agx(t — h), x(t) ¢ M
x(t) = Agx(t), x(t)e M (5)
y(t) = Cx(t)

where the reset surface M is defined by

M={xeR":Cx =0} (6)

As it was remarked in [33], reset systems, such as (5), are prone
to the presence of Zeno solutions. To avoid this kind of solutions,
the notion of temporal regularization is used here in the same way
it was already used in [33]. Therefore, to avoid Zeno solutions any
implementation of the closed loop system (5) would require the
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time regularization as follows
T=1, x(t) = Ax(t) + Agx(t — h),
Tt =0, x(t*) = Agx(t),
y(t) = Cx(t)

where pis afinite positive scalar arbitrary small. As it was explained
in [6], there exists a unique well-defined solution satisfying

(x(t)e M)A (T > p) (7)

h
x(t) = Atx(t,) + / A-UDAx(t + T — h)dr (8)
0

for non resetting instants ¢ € (ty, ty,1), k=0, 1, ... and for a given
initial condition. In addition, reset instants are given by

Cx(t)=0Ap>0 (9)

and fy, 1 —t, > p,k=0,1, ..., 1is satisfied.

The stability of this kind of reset systems has already been stud-
ied in a previous work developed by the auhors [32]. In [32] the
PI+CI compensator stability is studied by partitioning the state
space into several regions with the goal of identifying the reset
surface with a neighbouring region. Once the state space is parti-
tioned, stability constrained conditions are given as several linear
matrix inequalities by using Lyapunov techniques. Furthermore,
the S-procedure technique is applied on these constrained linear
matrix inequalities to demonstrate the exponential stability of a
PI+CI-based reset control system.

In the frequency domain, the stability of the reset closed loop
system can be analyzed by using the describing function method.
This method, in spite of being an approximation, has the advantage
that delays can be taken into account in a quite natural way. The
describing function of the PI+CI compensator can be obtained by
adding the describing function of a Clegg integrator [16] to a PI
controller as shown in Fig. 7. In that way, the describing function
of a PI+CI controller is simply given by

Dpnsci(je) = kp (1 N 1 ‘I;lesetjlw I pr;jet %67]38.13) (10)
As it can be seen, the difference between a PI+CI controller and its
counterpart Pl is that the reset action will give extra phase lead of
more than 50° over a (LTI) integrator [10,16]. This has been one of
the main reasons to use PI+CI compensation in order to overcome
fundamental limitations of LTI compensation.

The Quantitative Feedback Theory (QFT) will be used to tune a
PI+CI compensator by taking into account the process uncertainties.
QFT is a robust control technique that is especially well suited for
control problems with large plant uncertainty. It has been devel-
oped since the early sixties by Prof. Horowitz and his collaborators
[21], and it has been applied to scalar/multivariable, LTI/nonlinear
and time varying, single loop/multiloop systems [22,23]. QFT works
in the frequency domain, thus plant models can be derived from
transfer functions (usually with parametric uncertainty) or directly
by sets of frequency responses. QFT basically consists of several
design steps

1. Computation of templates. A template represents, at a given fre-
quency, the uncertainty of the plant. It is a region of the Nichols
Plane, where each point is given by the phase and magnitude of
a plants set element. For a set of working frequencies, the first
design step consists of computing the templates set.

2. Computation of boundaries. Given (robust) stability and perfor-
mance specifications, each template generates a boundary. If the
nominal open loop gain avoids the boundaries, one boundary
at every working frequency, then closed loop specifications are
satisfied for all the plants considered in the template.

3. Nominal open loop shaping. Once the boundaries are computed,
the next design step is to compute (shape) the open loop

gain so that it fits them in some optimal way. In general,
this is a hard computational problem that usually has been
solved heuristically. Once the open loop gain is obtained, the
feedback compensator is directly computed. In addition, a pre-
compensator can be added to the feedback structure if tracking
specifications have to be satisfied.

3. Results and discussion

In this section the same experiment in the industrial heat
exchanger will be carried out with different controllers such as a
linear Pl one and areset PI+CI compensator without and with modi-
fications in its reset condition. The common experiment consists of
setting a fixed product flow, 250 L/h as considered in the modeling
procedure, and opening the control valve at 10%. When the steady-
state temperature is reached at this control valve aperture, the
reference temperature is increased and decreased by step changes
with a magnitude of 2°C. The maximum temperature increment
between the inlet and outlet temperature will be equal to 6°C,
since a higher increment will produce a pressure drop in the electric
boiler with the subsequent outlet temperature drop.

3.1. Linear compensation design

For comparison purposes, a linear PI controller is tuned by using
a simple and robust technique, the Internal Model Control (IMC).
This method consists of considering a known model of the process
in order to get a desired closed loop response. For that purpose,
the controller parameters will depend on the system parameters
and on the time constant of the desired closed loop response, A.
Specifically, when the process is modeled as a FOPDT system (3) the
controller takes the structure of a PI controller with the following
parameters [31]

T
T k(L +h)
=1 (12)

kp (11)

The value of the desired closed-loop time constant A can be chosen
freely, but from (11) it has to be —h < A < oo to get a positive and
nonzero controller gain. In general, the optimal value of A should
be determined by a trade-off between

1. Fast response and good disturbance rejection (small value of A)
2. Stability and robustness (large value of 1)

Between the different ways of fixing the value of A which have
been studied in the literature [26,29,30], the one given by [30] is
used in this work. So, the value A is chosen to be equal to the time
delay A = h.This gives areasonably fast response with good robust-
ness margins. In this way the PI proportional gain (11) is given
as

T
kp = KA

For the industrial heat exchanger modeled by (3)-Table 2, a nominal
model has to be considered to tune the PI controller via IMC. In this
work, the chosen model is the one in which the control valve is
opened from 15% up to 20%

0.35 o83
82s+ 1

For this model, by using (13) and (12) the following PI parameters
are obtained, k, = 1.41 and 7; = 82s. From now, this controller is
going to be named as PI-IMC. The experiment explained previously
has been carried out with this controller. That is, the control valve
is opened at 10% until the steady-state is reached. The difference

(13)

P15_20% = (14)



A. Vidal, A. Baiios / Chemical Engineering Journal 159 (2010) 170-181 175

C =
2 A Reference |
’_E) ¢ ."f MMU\W\A\‘- PI-IMC controller
£ f \ )
@ / \
g 4+ /\\ et et o --.-m»—._,\‘l -
2 j’ \\
2 2r e L .
E 7T P
g / \
=9 /
i —— :
—_ ﬁr\"w R S
R 25| {
e [ \“al ———
220 V5 :
= \
= ./\—"‘_ \_ e
= 15 /
:>€ Jf "\\

10— ; N o

0 1000 2000 3000 4000 5000 6000 7000

Time (s)

Fig. 8. Responses and control signals of PI controller tuned by IMC.

between the outlet and inlet temperatures, AT = Tout — Tip, iS taken
as 0°C. Then 2° C step changes are introduced into the reference
temperature from 0° C up to 6° C and from this value up to 0° C
again.

In Fig. 8 the temperature increments in the heat exchanger are
shown together with the control signal, that is the control valve
aperture. In both signals, it can be seen the noise introduced by the
thermocouples and the perturbations due to the pressure drops
occurred at the electric boiler. Note that the higher the control
valve is opened the more oscillatory the response is at the steady-
state. Regarding the control system, it can be seen that the PI-IMC
controller is robust for all the reference changes. In addition, fast
responses are obtained (rise time between 98 and 233s) with
hardly overshoot (between 4.5% and 26%).

3.2. Reset compensation design

The main goal of this work is to design a reset control system
that guarantees both a robust and better performance than the one
given by the PI controller. This better performance will consist of
increasing the response velocity without increasing its overshoot.
For that purpose the PI+CI controller is going to be used. As it was

explained in Section 2.2, this reset controller is designed from a
lineal PI controller just by adding a proper reset ratio preset. Since
the PI-IMC hardly has overshoot, a faster base PI controller with
more overshoot has to be tuned. Then, the PI+CI controller is tuned
by adding a reset ratio to this faster base PI controller. As it was
explained in Section 2.2, the Quantitative Feedback Theory (QFT)
will be used to design this base LTI control system. Design specifi-
cations will be closed loop stability and tracking performance. In a
second stage, this base PI compensator will be used to design the
final reset control system.

3.2.1. Base PI compensator tuning

The base PI controller will be tuned with QFT by following the
design steps explained in Section 2.2. First of all, plant templates are
computed by taking into account parametric uncertainty as given
in (3)-Table 2, where the nominal plant is considered as

0.35
82s+1

In this case, the templates are obtained for a wide set of working
frequencies, specifically from 0.002 up to 0.02 rad/s.

Secondly, boundaries are computed for each frequency from
design specifications by using the templates. Design specifications

—83s

P15_20%(s) = (15)

20

0.002 rad/s

/0.0035 rad/s

om0 |
=
2 \“::t__‘/x"ﬂ.()] rad/s
g -5
gn 0.0155 rad/s
=10 0.02 rads

-15

-20 i i i i

=350 =300 =250 -200 -150 —100 =50 0
Phase (°)

Fig. 9. Base PI open loop design.
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Fig. 10. Stability analysis.

will be a minimum (robust) phase margin of 24°, and desired track-
ing performance, such as a rise time between 45 and 180s and a
maximum overshoot between 7% and 75%.

Note that a relatively small phase margin has been specified for
the base PI control system. In addition, note also that the response
is specified to be faster and with more overshoot than the response
obtained with the PI-IMC controller. These design specifications are
considered due to the fact that the reset compensation will improve
the minimum phase margin and will reduce the overshoot of the PI
compensator without reducing its velocity.

The next step consists of shaping the nominal open loop. Here
a PI controller is tuned by making the open loop gain fits both the
stability and tracking boundaries. A shaping is shown in Fig. 9, cor-
responding to a proportional gain of k, = 1.6 and an integral time
constant of t; = 60s.

Finally, once the base Pl compensator is tuned, a closed loop sys-
tem analysis is done to ensure that the system fits the given stability
and tracking specifications. This is usually referred as compensator
validation in QFT. This analysis has to be done for a wider set of
frequencies than the one used in the templates computation, and
in this case, this set goes from 0.00001 up to 100rad/s with a much
bigger gridding. In Fig. 10, the stability analysis is shown, whereas
the tracking analysis is done in Fig. 11.

As it can be seen, the designed closed loop system satisfies both
stability and tracking specifications for every frequency. Therefore,
the base PI compensator design is finished.

3.2.2. PI+Cl reset compensator tuning

Once the base PI compensator has been designed, the obtained
Pl parameters are chosen as a part of the PI+CI parameters [10]. But,
in addition, an additional parameter, the reset ratio (preset), must
be tuned. For a proper election of this parameter it is important
to note that for high values of preset @ worse closed loop response
can be expected [9,10]. Here, the tuning rules derived in the above

10 ——Tracking specifications

— Closed loop system

=20

=30,

Magnitude (dB)

107
Frequency (rad/s)

Fig. 11. Tracking analysis.

£

Phase margin ()

0.1 02 0.3 04 05 0.6 0.7 0.8 09 1
Reset ratio

Fig. 12. Phase margin of PI+Cl reset system for different values of preset.

works are used to tuning this parameter for the nominal loop. The
expected result is an increment of the phase margin and thus a
better transitory response for the industrial heat exchanger.

In Fig. 12 the phase margin system is drawn for different reset
ratio values. As it can be seen, the phase margin increases from 42°
(DPreset = 0, LTI system) up to 47° (Preset € [0.30, 0.35]).

In order to study the reset system performance, several values of
reset ratio will be considered. Specifically, low reset ratio values will
be taken to study the reset influence upon the system performance,
Preset = 0.1 and preset = 0.2. In addition, in order to reach the max-
imum phase, two additional reset ratio values are also considered,
such as preset = 0.3 and preset = 0.4.

These PI and PI+CI controllers are used to control the already
described heat exchanger. For this purpose the same experiment
carried out with the PI-IMC controller is done again. Fig. 13 shows
the temperature increment and the valve aperture when the Pl and
PI+CI compensations are used.

As it can be seen, all the control systems (for base PI and PI+CI
compensation) are equal until the reset action is experimented.
After reset, the PI+CI systems have the same or less first overshoot
while the rest overshoots and undershoots are increased respected
to the base PI system. This reset response is not the expected one,
since the heat exchanger response under reset action is worse than
the lineal one, and sometimes it has more overshoot and under-
shoot.

The integral absolute error (IAE) and the integral time absolute
error (ITAE) are computed to evaluate the output control perfor-
mance

IAE:/ le(t)| dt (16)
0

ITAE:/ tle(t) dt (17)
0

which should be as small as possible.

These performance indexes confirm that the reset action makes
the error increase and therefore the response gets worse. In addi-
tion, for comparison of results, phase margins are also computed in
Table 3 for these compensators. These values show the extra phase
lead given by the PI+CI compensator: for the PI controller the phase
margin is 41° whereas for the PI+CI reset one the phase margin can
be increased up to 47°.

The worse response under reset conditions, Fig. 13, is due to the
fact that the effect of the reset action takes place after the crossing
of the output with the reference, due to the existence of domi-
nant time delays in the system. Therefore, in the next a simple
modification of the reset PI+CI compensator will be investigated
to significantly improve control system performance.
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Fig. 13. Responses and control signals of base PI and PI+CI controllers.

Table 3
Performance indexes for the PI and PI+CI control systems.

Controller IAE (s) ITAE (s2) Phase margin (°)
Base PI 3.31 x 10° 12.45 x 108 41
PI+CI preset = 0.1 3.75 x 10° 14.14 x 106 44
PI+CI preset = 0.2 3.28 x 10° 12.09 x 108 46
PI+CI preset = 0.3 3.62 x 10° 13.12 x 108 47
PI+CI preser = 0.4 3.87 x 10° 14.54 x 106 47

3.3. Reset compensation with reset band

The reset action is a good choice to improve the transitory
response of a closed loop system. But there are systems whose
response improvement is not as good as it can be expected. This
is due to the presence of a dominant time delay. The problem in
these dominant time delay systems is that the reset action is done
at reset times (t; ), when error is equal to zero, but the system suf-
fers the reset action at another time, specifically at t; + h, where
h is the time delay of the plant. This lack of coordination between
the reset times and the times when the system undergoes the reset
action can be overcome by modifying the reset condition.

The reset condition in the PI+CI controller has been usually given
by the fact that the error signal had to be equal to zero. In this
Section, the reset condition is modified with the goal of doing reset
some time before the crossing between the error signal and zero. To
specify when the reset action must exactly be done, two techniques
are considered in this work: a fixed reset band and a variable reset
band.

3.3.1. Fixed reset band

In this case, the new reset condition consists of doing reset when
the error signal is approaching to zero and when the system out-
put reaches some specified value. This value will be fixed by the
parameter r eset band, 8. With this new reset condition, the reset
controller (4) is expressed in state space through the following
expression [7]

(e(t), é(t)) ¢ B,

Xr(t) = Arxr(t) + Bre(t),
(e(0). (0 < B, (18)

c: xr(t) = Apxr(t),
v(t) = Grx;(t) + Dre(t)

where the fixed reset band surface Bg is defined as:

&,
|

= {(e(t), &(t)) e R?|(e(t) = & A &(t) < 0) v (e(t)
—sneé(t)>0)} (19)

This new condition establishes that the reset action takes place
when the error signal reaches a fixed value, §, before crossing to
zero. In this case, the reset surface is not the same hyperplane as in
the original definition (6), but it consists of two reset lines B{;r and

Bg_, as it can be seen in Fig. 14.

When § = 0, the reset instant occurs at e(t) = 0 and then the
reset controlleris the original one (4). On the other hand, if § is really
large, the reset action will never take place, so that the reset con-
troller is reduced to its lineal PI counterpart. Therefore, the choice
of the reset band value is the key in the design of a PI+CI controller
with fixed reset band.

In [7] the Clegg integrator describing function was computed
with a fixed reset band

2
ja/1-(8) 1(8
_jlw 1+ _ E e/szn (E) (20)

e(t)

s et

Fig. 14. Fixed reset band surface.
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Table 4

Performance indexes for the PI and PI+CI control systems with fixed reset band.
Controller IAE (s) ITAE (s2)
PI-IMC 2.59 x 10° 9.56 x 10°
PI+CI preset = 0.10 and 8 /E = 0.6 2.16 x 10° 8.17 x 10°
PI+CI preset = 0.35 and §/E = 0.7 2.82 x 10° 10.86 x 106

where E is the error amplitude. By replacing this equation into
the PI+CI controller transfer function, the PI+CI describing function
with fixed reset band is given

2

(L
1 (E) e’.smil(%) @1

1 JA4Preset
1+

Jjot; b4

DyE @)=k, | 1+

For comparison purposes, in Fig. 15 the Bode plot is shown for
a PI controller (k, = 1; =1) and for a PI+CI one (k, = 7; =1 and
Dreset = 0.50) with several fixed reset bands (§/E = 0.25, 0.50, 0.75
and 1.00).

It can be seen that the controller phase is increased with the
fixed reset band for some values. Specifically, in this case, when
Preset = 0.50, the higher controller phase is obtained in a range
8/E €[0.25,0.50]. This phase increment should make the delay
effect less influential over the heat exchanger responses, by giv-
ing smaller overshoots and undershoots, and hence, smaller IAE
and ITAE values.

The common experiment is carried out again, but now for two
PI+CI controllers with fixed reset band. In this case, two different
values of reset ratio are set and its corresponding fixed reset band
are computed. In one controller, a low reset ratio is chosen and
for this value, preset = 0.1, a fixed reset band has been computed
with the goal of having the maximum phase margin in the control
system. In this case, the maximum phase margin, 47°, has been
obtained for a fixed reset band of §/E = 0.6. On the other hand, for
a second PI+CI controller with fixed reset band, a higher reset ratio
value is chosen, preset = 0.35. In this case, the control system reach
the maximum phase margin, 60° when §/E = 0.7.

In Fig. 16, the heat exchanger responses and the control signals
for these PI+CI controllers and for the PI-IMC controller are shown.
In addition, its performance indexes are compared in Table 4.

From Fig. 16 and Table 4, it can be said that the PI+CI controller
with preset = 0.35 and §/E = 0.7 in spite of having higher phase
margin, its response it is not as good as the one given by the PI+CI
controller with preser = 0.1 and §/E = 0.6. This last PI+CI controller
not only has lower IAE and ITAE values than the other PI+CI con-
troller, but it also has less overshoots and undershoots, in such a

50
40
30

20

Magnitude (dB)

Phase(®)

1
Frequency (rad/s)

way that it gives the better response. In fact, this PI+CI controller
response is also much better than the PI-IMC response, since it is
faster and it has similar overshoots and undershoots with lower
performance indexes.

However, as it can be seen from the control signals, the control
system just undergoes the reset action once in each reference step
with this new reset condition (19). Therefore, after the first and the
only reset instant, the control system behaves as the lineal base PI
controller and the goal of having a reset controller is not completely
reached. So, in order to improve the system performance with reset
action by doing more than one reset, areset band which varies along
the time will be considered in the next.

3.3.2. Variable reset band

Here, a variable reset band is considered to overcome the influ-
ence of the dominant time delay over the reset action. For that
purpose, the same approach as in [17] is followed. In this case, the
reset conditions are also given when the error signal is approach-
ing to zero, but now, the value of the error when the reset action is
done will change constantly from one reset instant to another one.

These constantly reset band changes will be predicted by using
the error signal derivative. The derivative of a function at a chosen
input value describes the best linear approximation of the func-
tion near that input value. In this way, the reset instants will be
predicted by using the error signal derivative approximation. This
approximation states that the error signal derivative at a point is
equal to the slope of the tangent line to the graph of the error signal
at that point. Therefore, the following expression is obtained

_de(t)  —e(t)

tana_T_ B (22)

where h is the time delay process. From this equation, the new
variable reset condition is expressed as
de(t)

h——=+e(t)=0 23

< +elD) (23)
As it can be seen, no parameter has to be fixed in this new condition,
since the time delay h is given by the process dynamics. With this
new reset condition (23), the reset controller (4) is expressed now
in the state-space as

xr(t) = Arxr(t) + Bre(t), (e(t), &(t)) ¢ By

C: ¢ x:(t7) = Apxe(0), (e(t), e(t)) e By, (24)
u(t) = Grxr(t) + Dre(t)
d/E = 0.00
—dIE=025
d/E=0.50
—d/E=075
—d/E=1.00
5 10’ 10°

Fig. 15. Bode plots for PI+CI controller with several fixed reset bands.
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Fig. 16. Responses and control signals of PI-IMC and PI+CI controllers with fixed reset band.
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Fig. 17. Variable reset band surface.

where the variable reset band surface 5} is given by:

By = {(e(t), &(t)) e R?|hé(t) + e(t) = 0} (25)
In this case, the reset surface is a continuous function of the error
signal, as it can be seen in Fig. 17. When there is no time delay,
h = 0, the reset condition (25) is equal to the original one (6).

In the frequency domain, the Clegg integrator describing func-
tion describing function may be computed resulting in (details are
omitted by brevity)

1 j2 2 tan—1
Dhi(w) = - (1 +92(1 4 ai2tan~1(wh) ) 5
o) = (1+20 +¢ ) (26)
where h is the time delay of the process. A similar result is given
in [18]. By replacing this equation into the PI+CI controller transfer
function, the PI+CI describing function with variable reset band is
given

1 2 PR
Dgl+c1(w)zkp (1 4 - (1 +J pjrreset(1 4 gf2tan 1(wh)))) (27)

Jot;

This describing function can be used in this case as previously.
That is, the phase margin system can be increased by setting the
parameters preset and h properly in the controller. This phase mar-
gin increment can make the heat exchanger performance improve,
since the time delay is less influential over the heat exchanger
responses when a variable reset band is present.

As it was said, just the nominal time delay has to be fixed in the
variablereset band. For the industrial heat exchanger studied in this
work, the time delay is uncertain and several values of time delay
can be chosen. Theoretically, the reset instants are going to take
place h time units time before that the error signal crosses to zero.
Therefore, in order not to degrade the response to any reference
change, the nominal time delay is taken as the minimum one, that
is, h = 50s. In addition, due to the presence of sensor noise, the
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Fig. 18. Responses and control signals of PI-IMC and PI+CI controllers with variable reset band.
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Table 5

Performance indexes for the PI and PI+CI control systems with variable reset band.
Controller IAE (s) ITAE (s2)
PI-IMC 2.59 x 10° 9.56 x 10°
PI+Cl preset = 0.1 and h = 505 2.13 x 10° 8.09 x 10°
PI+CI preset = 0.4 and h = 505 2.92 x 10° 10.67 x 106

derivative part of this reset band will be filtered by a low pass filter
with a constant time ten times smaller than the nominal time delay,
thatis, 7p = 5s.

For comparison purposes, the same experiment explained pre-
viously is carried out at the same operation conditions. In this case,
the PI-IMC controller response is compared to the PI+CI controller
with variable reset band and two different reset ratios, preset = 0.1
and preser = 0.4. In Fig. 18, both the responses and the control sig-
nals are drawn for these three controllers. On the other hand, in
Table 5, the IAE and ITAE values are computed.

In addition, phase margins are computed for the reset system
with and without variable reset band by using (27). For the PI+CI
controller without reset band, the phase margin is obtained as 61.5°
and 67.1° for preset = 0.1 and preset = 0.4 respectively. When the
variable reset band is considered, h = 50s, these phase margins
are increased up to 63° and 76.3° respectively, and hence a better
performance can be expected.

From Fig. 18 and Table 5, it is deduced that the PI+CI controller
with variable reset band and areset ratio equals to preset = 0.1 is the
best option to control the temperature increments in an industrial
heat exchanger, since in comparison with the PI controller tuned
with IMC, a faster response is obtained with more or less the same
overshoot and undershoot. In this case, the PI+CI controller does
several resets and not only just one, as with the fixed reset band.
Therefore, it can be concluded that the variable reset band can be
used to improve significantly the reset performance and the lineal
IMC response when dominant time delays are present in the system
dynamic.

4. Conclusions

Temperature control problem is studied here through the exper-
imental control of an industrial heat exchanger. This work has
investigated the potentials of a nonlinear/hybrid compensator
(PI+CI) in the robust control of these types of processes. A two-
step design technique has been carried out, based on the use of
Quantitative Feedback Theory. It has been proved how two simple
ideas, that is the partial reset of the integral term and the use of
a reset band, can significantly improve closed loop performance,
in spite of parametric uncertainty, in comparison with a PI con-
troller tuned by using the Internal Model Control technique. All
the results have been done by means of experimentation over an
industrial heat exchanger commonly used in food industry. Note
that although the work is tailored to a specific temperature control
problem of an industrial heat exchanger, this method can be applied
to any system in which a fast response with hardly overshoot is
required.

Although this work is focused to first order plus time delay
(FOPTD) systems, it can be applied to general systems with sig-
nificant parametric uncertainty, since the QFT technique provides
a general framework to approach robust control problems. The
advantages of using reset compensation instead of LTI compen-
sation are mainly due to the phase lead increment given by reset
action with approximately the same magnitude. The improvement
which can be obtained with reset compensation depends on every
practical case, but in general some improvement can be always
expected.
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