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ABSTRACT

In this paper, we propose a tuning procedure for Proportional-Integral-Derivative-Acceleration
(PIDA) controllers. In particular, starting from a third-order-plus-dead-time process transfer function
estimated by evaluating an open-loop step response, the controller is tuned by means of an Inter-
nal Model Control (IMC) approach where the controller transfer function is reduced by truncating its
Maclaurin series. Measurement noise is mitigated through the design of appropriate low-pass filters.
A comparison with a previously devised open-loop Haalman tuning method based on pole-zero can-
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cellation and with a similar tuning technique for a PID controller is performed. Further, experimental
results with a temperature control laboratory are shown, demonstrating the practical applicability

of these controllers in process control contexts.

1. Introduction

Although Proportional-Integral-Derivative (PID) con-
trollers have been proven to be very effective for many
industrial processes, there is always the effort by the
researchers to provide new tuning rules or additional
functionalities in order to increase their performance by
keeping at the same time their ease of use. In fact, it
is recognised that any advancement in this field should
take into account the main reasons for the success of
PID controllers: their simple structure, their intuitive-
ness and the availability of a wide variety of tuning rules
that facilitate their overall design (O’Dwyer, 2006). Thus,
the possible increment of the performance achieved by
considering a new methodology should not come at the
expense of worsening the cost/benefit ratio of standard
PID controllers.

In this context, there has been an effort in the inves-
tigation of high-order controllers, such as, for example,
fractional-order PID controllers, which can be consid-
ered as a relatively simple approach to design controllers
with many poles and zeros (Monje et al., 2008; Tepljakov
et al., 2018). Recently, the use of Proportional-Integral-
Derivative-Acceleration (PIDA) controllers, also known
as Proportional-Integral-Double-Derivative (PIDD or
PIDD2) controllers has also emerged as a valid option.
Actually, in Milanesi et al. (2022, 2025) an evolution-
ary approach has been employed to tune such controllers
for the set of benchmark processes proposed in Astrém
and Hégglund (2000) and it has emerged that the main

performance improvements can be obtained with (self-
regulating) high-order processes. The effectiveness of
these controllers for integral processes has also been
shown (Huba, 2019; Huba et al., 2023a, 2023b; Huba
et al., 2024). Remarkably, experimental results related to
motion and temperature control problems are included
in Bistak et al. (2023) and Huba et al. (2023b, 2024),
showing the potentiality of PIDA controllers in indus-
try. In general, the presence of additional zeros can
be exploited to increase the system bandwidth without
decreasing the system robustness.

However, the additional (acceleration) control action
requires the development of new tuning rules, as the
manual tuning can be more complex and the physi-
cal meaning of the additional parameters might not be
fully intuitive (Ferrari & Visioli, 2022). Furthermore, the
possible amplification of the measurement noise should
be carefully considered and the low-pass filters should
be integrated into the design of the overall controller.
Indeed, it is well known that, in process control, the
derivative action is not employed mainly because of the
noise issue. It is therefore essential to demonstrate that
the double derivative action can be used in practice by
suitably adding low-pass filters, whose design should not
be complex from the user perspective.

Since Internal Model Control (IMC) has been proven
to be a very effective design methodology that is still
widely investigated (see, for example, Aryan et al., 2025;
Biswas et al., 2025), it is sensible to use this approach also
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for PIDA controllers. In this context, a design method-
ology has been recently proposed in Huba and Vran-
cic (2021) where the process model is assumed to have
multiple poles in the same location. Then, in Visi-
oli and Sanchez-Moreno (2024a, 2024b) a closed-loop
relay-feedback experiment is exploited to determine a
high-order process model with the application of the
so-called n-shifting technique (Sanchez et al.,, 2021;
Visioli & Sanchez-Moreno, 2023). Differently, an open-
loop tuning procedure has been proposed in Cam-
pregher et al. (2024) where a Third-Order-Plus-Dead-
Time (TOPDT) process model is obtained from an
open-loop process step response (Sanchis & Pefiarrocha-
Alés, 2022, 2023) and then a generalised Haalman
method is employed (Astrom & Higglund, 2006). It con-
sists of cancelling all the poles of the process with the
zeros of the controller and then of selecting the pro-
portional gain in order to achieve a desired maximum
sensitivity. A classic IMC procedure has been applied in
Kumar and Hote (2021) for a DC-DC boost converter. In
this case, because of the model of the process, the result-
ing controller is of PIDA type, but it has to be noted that
the process has no dead time.

In this paper, we propose to use the IMC-based
approach with a TOPDT process model estimated by
evaluating an open-loop step response. In particular,
once the process model has been determined, the IMC
controller transfer function is calculated with the design
parameters that are selected in order to handle the trade-
off between aggressiveness and robustness, that is, in
order to obtain a desired value of the maximum sensi-
tivity. The controller transfer function is then approx-
imated as a PIDA controller (with the low-pass filters
on the derivative and acceleration actions) by suitably
truncating its Maclaurin series expansion.

It is worth stressing that, in general, the IMC approach
mainly addresses the set-point following task because
it is based on pole-zero cancellation. For lag-dominant
processes this yields sluggish transients in the load distur-
bance rejection task, but this is not an issue in this paper
because, as already mentioned, we consider high-order
processes, with a relatively high apparent dead time (with
respect to the dominant time constant). The effective-
ness of the procedure is demonstrated with simulation
results but also with experimental results related to a
temperature control problem. Although they have been
obtained with a simple laboratory equipment, they are
very relevant because they show that suitably designed
PIDA controllers can be used in process control applica-
tions despite the presence of a significant measurement
noise.

Summarising, the main contributions of the paper can
be outlined as follows:

e a new open-loop tuning procedure is proposed for
PIDA controllers, where the user can select a desired
trade-off between aggressiveness and robustness;

e a comparison with other tuning method is provided;
although the comparison is based on examples and it
is therefore not exhaustive, it can be used to conclude
that the method provides better results with respect to
a similarly designed PID controller;

e experimental results, are given, demonstrating that the
proposed approach is effective in practical applica-
tions.

The paper is organised as follows. The control prob-
lem is formulated in Section 2. The tuning procedure is
outlined in Section 3. Illustrative simulation results are
shown in Section 4, where a comparison with the gener-
alised Haalman tuning and with PID controllers tuned by
using the same open-loop approaches is performed, and
discussed in Section 5. Conclusions are finally drawn in
Section 6.

2. Problem formulation

We consider the standard unity-feedback control system
shown in Figure 1, where P is the process, C is the con-
troller, y is the process variable, Ysp is the set-point signal,
u is the control variable, d is the load disturbance signal
and 7 is the measurement noise signal.

The process P is assumed to be self-regulating (i.e.
asymptotically stable) and its model is expressed as a
transfer function

P(s) = pm(9)e™ (1)
where p,,(s) is the delay-free and minimum-phase part

of the process. The PIDA controller transfer function is
expressed as
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Figure 1. The considered standard unity-feedback control sys-
tem.
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where K, is the proportional gain, T; is the integral time
constant, T is the derivative time constant, T, is the
acceleration time constant, and N is the parameter of
the low-pass filters that are applied to the derivative and
acceleration actions to make the controller proper and
avoid the amplification of the measurement noise. Note
that the same parameter is used for both filters in order
to simplify the computation of the controller. Finally, in
order to make the noise filtering more effective, an addi-
tional second-order low-pass filter with time constant Ty
is applied to the controller output.

For the purpose of the controller design, its transfer
function can be expressed as

C(s) = C(s)H(s) (3)

where C(s) is the PIDA part and H(s) is the second-order
output filter.

The aim of the proposed methodology is to find
the values of all the controller parameters given a pro-
cess model estimated by evaluating an open-loop step
response, as it is typically done in industry (Astrom
& Hagglund, 2006; Visioli, 2006).

3. Tuning method

Given that the PIDA controller (2) has four zeros (and
six poles, including those of the output filter), it is sen-
sible to use a methodology to estimate a high-order
transfer function of the process by evaluating an open-
loop step response. Given that simplicity in experimen-
tation and calculation is essential in process industry
applications, we employ the method presented in San-
chis and Penarrocha-Alds (2022) for the determination
of a TOPDT model. It consists of determining the time
instants ts, t35 and fg5 when the process step response
achieves, respectively, 5%, 35% and 85% of its final value.
Then, the transfer function is determined as:

K
(1+7s) (l + (1;20%5)2

D(s) = g0 (4)

where the gain K is the ratio of the steady-state vari-
ation of the output to that of the input, and the other
parameters are calculated as

6 = 1.3t35 — 0.291g5

7 = 0.67(tg5 — t35) 5)
I5 041
o = 0.598 +0.4799— — 0%

T
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Thus, in (1) we have that

K
= 6
Pms) a3s’ + axs? + a1s+ 1 (6)
where
1\ 2
a3 = 6%t (g - —)
2 2
2
azzaz(f—l) — 267 (5—1) (7)
2 2 2 2
al_r—zﬁ(g—l)
2 2
and

L =oa0. (8)

Once the process model is obtained, the PIDA controller
can be designed by first selecting the desired closed-loop
transfer function as

Y(s) e~ Ls
Yp(s)  (As+ 1)

F(s) = )
Here it appears that the design parameters r and A have
a clear physical meaning and can be therefore chosen
in order to handle the trade-off between aggressiveness
and robustness and control effort. In particular, for a
given value of r, a reduction of the time constant 1
implies a faster response (with an increment of the con-
trol effort). Similarly, for a given value of 4, a reduction
of r implies again a faster response (Visioli & Sanchez-
Moreno, 2023, 2024a).

The definition of (9) implies that the controller trans-
fer function is

E(s) Pt ()

9= P)[1 = F(s)] s+ 1) —e b5’

(10)

This can be expanded as a truncated Maclaurin series:

@)
C(s) = 1o = % f_2(0) s?

S

(©) 4)
IO (0)54]

[f(O) +fD(0)s +

(11)

6 24

On the other side, the PIDA controller transfer function
(without the output filter) can also be expressed as

N

272 T3
- Kp( N“ - N—‘i)s‘*] (12)

8 1| K T3
Cis) = - |:Tp + Kps + KpTds2 + K, (Ta — —d)s3
S i
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By equating (12) and (11), we can therefore obtain the
values of the controller parameters. Note that the trun-
cation of the series implies that a pole-zero cancellation
is not obtained. Further, the output low-pass filter is not
explicitly included because, in this way, the analytical
expressions can be easily determined. Its time constant
can therefore finally be selected in order to manage the
trade-off between an effective noise filtering and the set-
point transient performance. In fact, increasing the time
constant yields a better noise filtering but also a decre-
ment of performance in terms of an additional phase
lag, that is, an increased overshoot in the set-point step
response with respect to the expected results, that is,
the step response of (9) (see Section 4). Taking this into
account, a sensible choice is to select Tf as a fraction of
the inverse of the gain crossover frequency ey of the loop
transfer function, that is:

k
Ty = L (13)
g
where g is the gain crossover frequency, that is, the
solution of the equation

Cjorge) Pljorge) | = 1. (14)

An initial choice can be kf = 0.01 so that the filter
does not virtually affect the dynamics of the designed
controller even if its filtering action is essential (see
Section 4). Then, if with this choice the control vari-
able is still too noisy, the value of T can be conveniently
increased until the noise level is acceptable. In any case, it
is worth stressing that, in a digital implementation of the
controller, the choice of the sampling period should take
into account also the additional filter.

4. Simulation results

Mlustrative simulation results related to a fourth- and
a eighth-order process are presented in this section.
In both cases, unit set-point and load disturbance step
responses are evaluated (in all the plots, the set-point
signal is shown as a dashed line). Measurement noise,
simulated by adding to the process output a random
number between —0.1 and 0.1, is also considered in all
the presented results.

The proposed methodology is compared with a PID
controller tuned by using the same IMC-based approach
by starting from a second-order-plus-dead-time model
obtained by applying the iterative method based on the
integrals of the open-loop set-point step response signals
proposed in Veronesi et al. (2024). Further, the method
is compared with a PIDA and a PID controller tuned by
applying the generalised Haalman technique proposed

in Campregher et al. (2024). In order to provide a fair
comparison, we select in all cases similar values of the
maximum sensitivity M;, which is defined as

M, =

! ' (15)

weld.oo) ' 1+ Cjeo) P(ja)
Further, again to provide a fair comparison, the time con-
stant of the output low-pass filters for these controllers
is selected so that the noise amplification is as similar
as possible, but without decreasing the performance too
much. In all cases the controller has been discretised
with a sampling period of 0.001 s that is sufficiently small
taking into account the control system bandwidth. The
simulations have been performed with a fixed integration
time step of 107 s.

4.1 Fourth-order process

As a first example, we consider the process

Pi(s) = (16)

1
(s+D*
The evaluation of the open-loop step response yields
the following parameters of the TOPDT model: K = 1,
L =2.159,a = 0.382, 7 = 2.037 (see (5)), yielding

1 e—O.83S (17)
0.90s3 + 3.16s> + 3.37s + 1
where the poles are at {—1.5,—1.5,—0.49}. Then, by
selecting r = 3 and A = 1, the IMC-based tuning pro-
cedure can be applied, yielding the parameters shown in
Table 1. The corresponding transfer function is

Pi(s) =

1.0794(s 4 0.6197)(s + 0.4794)
(s? 4 1.298s + 0.5265)

s(s + 0.9329)2(s + 0.7421)

CGs) = (18)
Note that there is not a pole-zero cancellation because of
the truncation of the Mclaurin series. The resulting value
of the maximum sensitivity is M; = 1.46, which is a typ-
ical satisfactory value for ensuring the robust stability of
the system (Astrom & Higglund, 2006).

Table 1 shows also the parameters of the PID con-
troller designed by applying the same IMC-based method
with the same values of r and A (and therefore with virtu-
ally the same value of M) and of the PIDA and PID con-
trollers designed by applying the generalised Haalman

Table 1. Results obtained for Example 1.

Controller Ky Ti Ty Tq N Ty Ms

PIDA IMC-based 070 267 038 030 028 0.04 1.46
PID IMC-based 056 230 0.19 - 0.09 1.22 1.49
PIDA - Haalman 146 337 094 027 10 0.91 1.47
PID - Haalman 1.02 288 072 - 10 2.81 1.47
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Figure 2. Set-point step response for Example 1. Top: process
variable. Bottom: control variable. Black line: IMC-based PIDA con-
troller. Green line: IMC-based PID controller. Red line: PIDA con-
troller tuned with the generalised Haalman method. Cyan line: PID
controller tuned with the generalised Haalman method.

tuning proposed in Campregher et al. (2024). The set-
point step responses of all the considered cases are plotted
in Figure 2. Note that the time scale of the control vari-
able is different from that of the process variable in order
to better highlight the first part of the transient response.
In order to evaluate the performance quantitatively, the
integrated absolute error, defined as

o
IAE = / le(t)| dt, (19)
0
and the total variation defined as
TV = > u(k) — u(k — 1), (20)
k=1

(where k is the sampling instant) have been calculated in
the different cases. Note that these performance indexes

INTERNATIONAL JOURNAL OF CONTROL e 5

Table 2. Performance indexes obtained for Example 1.

Controller IAEg, Wy IAE) Vg
PIDA IMC-based 4.00 1.73 3.96 1.44
PID IMC-based 7.86 2.56 7.10 230
PIDA - Haalman 7.89 6.36 6.10 529
PID - Haalman 9.18 10.6 7.95 103
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Figure 3. Load disturbance step response for Example 1. Top:
process variable. Bottom: control variable. Black line: IMC-based
PIDA controller. Green line: IMC-based PID controller. Red line:
PIDA controller tuned with the generalised Haalman method.
Cyan line: PID controller tuned with the generalised Haalman
method.

are the most typical ones even if some modifications have
been proposed (Huba & Vrancic, 2021). The resulting
values are shown in Table 2, where IAE, and TV, are
related to the set-point step response and IAEj; and TV,
are related to the load disturbance step response. The load
disturbance step responses of all the considered cases are
plotted in Figures 2 and 3, respectively.
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Figure 4. Set-point step response for Example 1 with a sampling
period of 0.1s. Top: process variable. Bottom: control variable.
Black line: IMC-based PIDA controller. Green line: IMC-based PID
controller. Red line: PIDA controller tuned with the generalised
Haalman method. Cyan line: PID controller tuned with the gen-
eralised Haalman method.

For the sake of evaluating the role of the sampling
period, the same simulations as before has been per-
formed with a sampling period of 0.1 s. Results are shown
in Figures 4 and 5, where it appears that the proposed
method is effective in filtering the noise even with lower
sampling periods.

In order to better understand the role of the output
filter time constant, different simulations have been done
by changing the value of k¢. Results (only for the set-point
response, for the sake of brevity) for k; = {0.01,0.05,0.1}
are shown in Figure 6, using the same measurement
noise. They are compared with the results obtained with-
out the output filter. In this latter case the noise-free
case has been considered because, otherwise, the result-
ing control variable would be too noisy. The role of the
filter time constant can be observed. In general, it appears

0.8
06 ]

0.4 / 4

process variable
o
n
/
\
y

) ]

04 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 5 10 15 20 25 30 35 40 45 50
time
0.2
0 |
0.2+ b
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control variable
\,\3
ﬂ
3
&
t&
r
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1 . N 1 1

time

Figure 5. Load disturbance step response for Example 1 with a
sampling period of 0.1s. Top: process variable. Bottom: control
variable. Black line: IMC-based PIDA controller. Green line: IMC-
based PID controller. Red line: PIDA controller tuned with the
generalised Haalman method. Cyan line: PID controller tuned with
the generalised Haalman method.

that the filter, although essential, can be set in such a
way that the overall dynamics is not significantly affected
by it, thanks to the other low-pass filters applied to the
derivative and acceleration action.

Finally, in order to better understand the role of the
tuning parameters A and r, the results obtained with
the PIDA controller by fixing the value of » = 3 and by
changing the value of 4 in the range from 0.4 to 1.2 are
shown in Figures 7 and 8 for the set-point and load distur-
bance responses, respectively. The corresponding values
of the parameters are shown in Table 3, where it appears
that the increment of 1 yields a decrement of all the
parameters of the controller, including the acceleration
parameter T,. Thus, the role of 4 in handling the trade-oft
between aggressiveness and control effort can be eas-
ily understood. On the other hand, the results obtained,
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controller) with different values of k¢. Top: process variable. Bot-
tom: control variable. Black line: ks = 0.01. Red line: kr = 0.05.
Green line: ks = 0.1. Cyan line: no filter (and no noise).

again with the PIDA controller, by fixing A = 0.6 and by
selecting r = 3, 4, 5 are shown in Figures 9 and 10, where
the physical meaning of r can be observed. The controller
parameters are shown in Table 4, where it appears that,
as for A, an increment of r implies a decrement of the
controller’s parameters.

4.2 Eighth-order process
In the second example we increase the number of multi-
ple poles in the process, that is,

Py(s) = (21)

(s+1D¥

which is approximated by a TOPDT model with K = 1,
L =551,a =0.61,and t = 2.87, that is,

1

Py(s) =
2() 3.304s3 4+ 7.304s2 + 5.01s + 1
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Figure 7. Set-point step response for Example 1 (PIDA controller)
with r = 3 and 4 = 0.4,0.6,0.8,1.0, 1.2. Top: process variable.
Bottom: control variable.

where the poles are at {—0.93, —0.93, —0.35}. In this case
the IMC parameters have been selected as r = 3 and
A = 1,and the resulting value of the maximum sensitivity
for the corresponding PIDA controller is M; = 1.77. The
parameters of the PIDA controller are shown in Table 5.
The corresponding transfer function is

5.5681(s + 1.37)(s 4 0.3185)
(s> + 0.7849s + 0.221)

G = =T 1568)%(s 7 1.388)

(23)

Table 5 also shows the parameters of the other controllers
used for comparison. In each case, as for the previous
example, the filter time constants has been adjusted in
order to have a similar filtering of the measurement
noise without being too detrimental for the performance,
namely, without a too large overshoot. The set-point step
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time

Figure 8. Load disturbance step response for Example 1 (PIDA
controller) with r = 3 and 1 = 0.4,0.6,0.8, 1.0, 1.2. Top: process
variable. Bottom: control variable.

responses are plotted in Figure 11, while the load dis-
turbance step responses are shown in Figure 12. The
performance indexes are shown in Table 6.

4.3 Discussion

From the presented results, some considerations can be
made by taking into account both performance indexes
(Boskovi¢ et al., 2020). In both the presented cases the
IMC-based PIDA controller improves the performance
with respect to the other ones by providing a smaller IAE

process variable
o o©
[} ©
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time
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Figure 9. Set-point step response for Example 1 (PIDA controller)
with 2 = 0.6 and r = 3, 4, 5. Top: process variable. Bottom: con-
trol variable.

and a smaller TV at the same time. In fact, with respect to
the Haalman tuning (both for PIDA and PID controllers),
the main advantage of the proposed IMC-based approach
is that the filters of the derivative and acceleration action
are integrated in the controller design. Thus, the effec-
tive filtering actions of these two low-pass filters allows
the use of a second-order filter at the controller’s out-
put with a time constant that can be selected sufficiently
small to filter the noise appropriately without introducing
a significant phase lag in the system. Conversely, fixing
N = 10 in the Haalman method implies that a stronger

Table 3. Controller parameters for different values of A for Example 1.

Value of / Ky T Ty Ta N M; IAEg, TV IAEq TV
0.4 163 330 0.86 0.47 228 164 223 30.7 202 115
06 1.18 3.09 0.70 045 1.05 1.55 275 7.33 262 1.10
0.8 0.89 2.88 0.54 039 0.56 1.50 328 274 322 1.06
1.0 0.70 267 038 030 028 146 3.83 130 3.81 1.03
12 0.56 247 021 0.20 0.10 144 442 114 440 1.01
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time

Figure 10. Load disturbance step response for Example 1 (PIDA
controller) with A = 0.6 and r = 3, 4, 5. Top: process variable.
Bottom: control variable.

filtering action is necessary at the controller’s output and
this implies the occurrence of oscillations in the step
responses. Thus, the most significant comparison of the
proposed method should be done with the corresponding
IMC-based PID controller. In this context we have that,
for the fourth-order system, the IAE is reduced of 49% for
the set-point step response and of 44% for the load dis-
turbance step response, while the TV is reduced of 32%
and 37%, respectively. Similar results are achieved for the
eighth-order system, where the IAE is reduced of 32% for

INTERNATIONAL JOURNAL OF CONTROL 9

Table 5. Results obtained for Example 2.

Controller Ky Ti Ty Ta N Tt Ms
PIDAIMC-based 085 542 155 137 215 006 177
PID IMC-based 0.69 4.77 1.22 - 3.14 0.46 1.77
PIDA - Haalman 0.87 5.01 1.46 0.66 10 0.67 1.77
PID — Haalman 064 412 1.03 - 10 1.29 1.78
1.4
1.2 1
o i = —_——
Ko}
.8
G 0.8 1
>
3
) 0.6 1
&}
o
p—
Q. 04 i
0.2 1

20 25 30 35 40 45 50
time

25 b

control variable
n

0 . . . . . . . . .
0 5 10 15 20 25 30 35 40 45 50

time

Figure 11. Set-point step responses for Example 2. Top: process
variable. Bottom: control variable. Black line: IMC-based PIDA con-
troller. Green line: IMC-based PID controller. Red line: PIDA con-
troller tuned with the generalised Haalman method. Cyan line: PID
controller tuned with the generalised Haalman method.

the set-point step response and of 30% for the load dis-
turbance step response, while the TV is reduced of 29%
and 80%, respectively.

Table 4. Controller parameters for different values of r for Example 1.

Value of r Ky Ti T4 Ta N M IAEg, Vs IAEg TVig
3 117 3.09 0.70 0.45 1.05 155 275 7.32 262 1.10
4 0.87 281 0.46 0.39 033 160 3.40 1.86 322 113
5 0.66 252 0.17 0.23 0.04 158 414 150 3.81 117
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Figure 12. Load disturbance step responses for Example 2. Top:
process variable. Bottom: control variable. Black line: IMC-based
PIDA controller. Green line: IMC-based PID controller. Red line:
PIDA controller tuned with the generalised Haalman method.
Cyan line: PID controller tuned with the generalised Haalman
method.

5. Experimental results

The PIDA controller has been tested in a temperature
control problem by means of the APMonitor Tempera-
ture Control Lab (APMonitor, 2016). This is a take-home
kit where the temperature of a transistor can be con-
trolled by varying the current through it. The temper-
ature is measured by means of a thermistor and both
the actuator and the sensor are connected to an Arduino
board. The controller has been implemented in Simulink,
exploiting available libraries, with a sampling period of
0.05s. In order to make the control task more challeng-
ing, an additional dead time of 20s has been imple-
mented via software.

It has to be stressed that the process is not of high
order, so that the practical benefit of a PIDA controller

Table 6. Performance indexes obtained for Example 2.

Controller IAE, TV IAE ) Vg
PIDA IMC-based 6.91 8.31 6.45 2.13
PID IMC-based 10.2 1.7 9.19 10.9
PIDA - Haalman 10.3 8.85 8.96 6.49
PID - Haalman 12.5 14.2 1.1 13.7

105

I 80
100 g st iy

g e T

temperature [°C]
input [%]

130

0 100 200 300 400 500 600 700
time [s]

Figure 13. The experimental open-loop step response. Black line:
process variable. Red line: step response of Py, (s). Cyan line: step
response of Py, (s).

over a PID one is limited. Nevertheless, this experimental
results are meaningful as, in any case, they show the appli-
cability of the PIDA controller and its tuning in a practi-
cal context, in particular with a significant measurement
noise.

First, an input step from 30% to 80%, starting from
steady-state conditions, has been applied to the process
in order to estimate the process model. The open-loop
step response result is shown in Figure 13. The esti-
mated parameters of the TOPDT model are K = 0.86,
6 = 46.51, a = 0.2933, = 111.89, which implies that
the TOPDT process transfer function can be written as

0.86 —13.6s
302253 4 394852 + 144.85 + 1

Pro(s) = (24)
On the other side, the second-order transfer function,
estimated by applying the iterative method proposed in
Veronesi et al. (2024) for the purpose of tuning a PID
controller, results as

0.86 e—23,7s
229252 + 134.4s + 1

Pyo(s) = (25)
The step responses of the two models are also shown in
Figure 13, where it appears that they are almost over-
lapped, confirming that the process dynamics is actually
of second order.

Then, by selecting r = 3 and 4 = 25, the IMC-based
tuning procedure can be applied, yielding the PIDA



Table 7. Results obtained for temperature control problem.
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Controller Ko Ti T4 Ta N Tr M; IAE, Vg IAE}q Wi
PIDA IMC-based 141 124.7 10.1 226 0.62 5.16 134 2231 55.2 1482 347
PID IMC-based 1.20 118.2 170 - 0.014 5.72 134 2635 49.0 1771 244
PIDA - Haalman 1.86 1448 273 208.8 10 6.27 134 1964 190.3 1432 136.0
PID - Haalman 2.03 1344 17.1 - 10 1532 134 1808 204.0 1411 3294
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120 Figure 15. Temperature increment of the second heater used as
10} : a load disturbance.
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© 90 1
8 w0 1 | controller performs slightly better than the correspond-
§ ing PID one, although, in general, results are comparable.
70 1 i . .
e g It is in any case worth stressing that the control vari-
=60 ey 1 _ . .
€ \,/%__ TS able f(')r the IMC based PI.DA.controller is n(.>t noisy and
O 50 1 there is no kick at the beginning of the transient, so that
40 | it is not detrimental for the actuator. On the other side,
a0 | the Haalman tuning provides for the PIDA controllers a
( more aggressive control action with a large initial ampli-
20 ‘ ‘ ‘ ‘ ‘ ‘ ‘ i _ .
0 50 100 150 200 250 300 350 400 tude that yields a saturation of the actuator (note that in
time the figure, the controller output is plotted, but the actual

Figure 14. Set-point step (from 50 to 70°C) responses for the
temperature control problem. Top: process variable. Bottom: con-
trol variable. Black line: IMC-based PIDA controller. Green line:
IMC-based PID controller. Red line: PIDA controller tuned with the
generalised Haalman method. Cyan line: PID controller tuned with
the generalised Haalman method.

(and PID) parameters shown in Table 7, where also the
parameters obtained by applying the generalised Haal-
man tuning are shown. The filter time constants have
been selected in order to have a similar (strong) noise fil-
tering for all the controllers. The resulting set-point step
responses (from 50°C to 70°C) are shown in Figure 14.
It can be observed that the controllers tuned with the
Haalman method provide a slightly smaller IAE at the
expense of a bigger control effort. The IMC-based PIDA

process input is limited to 100%).

Load disturbance responses have been obtained by
driving the output at the steady-state value of 50°C and
then by applying a 100% input to the other heater of the
system, which is next to the one considered in the con-
trol problem. It has to be noted (see Figure 15) that the
actual load disturbance is not a step, and therefore there
are not big differences between the step responses. The
load disturbance responses are plotted in Figure 16.

Similar considerations to the set-point following task
results can be done also in this case related to load distur-
bance: thanks to the appropriate design of the low-pass
filters, the IMC-based PIDA controller (as well as the
IMC-based PID controller) do not cause any problem
with the noise. On the other side, the Haalman tuning
with the (double) derivative filter parameters fixed to 10
provides a slightly better response but this is paid by a
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Figure 16. Load disturbance responses for the temperature con-
trol problem. Top: process variable. Bottom: control variable. Black
line: IMC-based PIDA controller. Green line: IMC-based PID con-
troller. Red line: PIDA controller tuned with the generalised Haal-
man method. Cyan line: PID controller tuned with the generalised
Haalman method.

higher noise amplification, although higher values of the
filter time constants have been selected.

Once again, it has to be stressed that the aim of these
experiments is not to show the superiority of the PIDA
controller with respect to the PID one, since the process
is not of high order, but to show the applicability of the
PIDA controller in a real application and the effectiveness
of the proposed tuning methodology.

6. Conclusions

In this paper, we have proposed an IMC-based tuning
methodology for PIDA controllers that exploits a pro-
cess model obtained by evaluating an open-loop step
response. Simulation results have shown that the PIDA
controller is capable to improve the performance of a PID

controller tuned by using the same approach and achiev-
ing the same robustness level, without any detrimental
effect in the control variable, thanks to the use of properly
designed low-pass filter. Experimental results have also
demonstrated that the noise amplification and the double
derivative kick are not an issue from a practical point of
view thanks to the integrated design of the low-pass fil-
ters employed in the controller. The method represents
a valid alternative to the generalised Haalman method
based on pole-zero cancellation for the control of high-
order processes and, in general, confirms the soundness
of providing efforts in the investigation of controllers
with high-order derivatives for industrial processes.

Future work will include a thorough comparison of
the proposed method with other PID tuning method-
ologies and the development of rules for the automatic
selection of the design parameters. Further, the extension
of the proposed method to controllers with higher-order
derivatives (i.e. including the jerk action Huba & Vrancic,
2021) will also be investigated.
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