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Despite many advances in the field of dead-time compensators (DTCs) for unstable first-order plus dead-
time (UFOPDT) processes, the tuning, in general, is manually carried out. Therefore, this paper proposes
simple tuning rules for a DTC intended to UFOPDT processes. The rules are based on the relative dead
time, desired closed-loop time constant, and achievable robustness. Besides, as the practical implemen-

tation is always in the discrete-time domain, a method to choose the sampling period for UFOPDT pro-
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cesses is presented. Four simulation examples from the literature are used to show the advantages of the
proposed method. In addition, an experiment with a propeller pendulum is performed to confirm such
advantages in the control of a real unstable process with dead time.

© 2020 European Control Association. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Several application fields in industry, such as chemistry, avia-
tion, among others, present a significant dead time and unstable
open-loop behavior [2,30]. For this class of systems, the closed-
loop performance can be improved significantly using controllers
that incorporate the dead-time process model in its structure to
predict the process output. The predictor is used to compensate
the dead-time by avoiding the appearance of the time-delay in
the characteristic equation, simplifying the tuning of the controller.
These kinds of controllers are also known as dead-time compen-
sators (DTCs) [22]. One of the first and most widespread DTCs
in literature was the Smith predictor (SP) proposed in 1957 [29].
However, it presents some drawbacks and can not be used prop-
erly for integrating and unstable open-loop processes [21,22]. Over
the years, Smith’s idea has been refined and turned possible to ap-
ply the DTCs not only to integrative or unstable open-loop pro-
cesses [13,39], but predictive structures have also been incorpo-
rated into more complex systems, which consider event-triggered
control [5,16] and linear parameter-varying (LPV) approaches [20].

In [13], it was proposed a DTC structure for stable, unstable,
and integrative processes. The structure is based on an observer
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used to predict the process output and estimate the input distur-
bance. The control input is computed based on the estimated dis-
turbance and the output prediction using a proportional controller,
therefore, avoiding windup effects. It is also proposed a particular
solution for dead-beat response. In [1,3,4,28,38], it was presented a
DTC structure, namely the Generalized Predictor (GP), whose main
idea is to estimate the undelayed output in order to design a con-
troller focusing on disturbance rejection. Another DTC was the fil-
tered SP (FSP) [23,27], where a primary controller is tuned to deal
with set-point tracking and a filter to deal with stability, robust-
ness and disturbance rejection.

In [8,9], it was presented a modified FSP for first-order-plus-
dead-time (FOPDT) models, with a proportional gain as the pri-
mary controller instead of a traditional proportional-integral (PI)
controller, namely P-FSP. In these two works, it was shown, by
means of simulations, that this control structure deals better with
the problem of plants with saturating actuators, simplifying their
treatment. In [11,12,40], comparisons with the FSP where made
by means of a series of experiments, confirming that the attrac-
tiveness of the P-FSP is not restricted just to the case of con-
strained control. In [6] the formulation of the P-FSP was extended
for integrating-plus-dead-time (IPDT) processes. In [7], it was pro-
posed a new implementation structure for the P-FSP to better deal
with IPDT processes and, by means of experiments, a comparison
to a filtered PI controller was made, obtaining in constrained con-
trol better performance and robustness.

The works [31,32,34] proposed simplified versions of the FSP,
with lower-order controllers compared to the traditional version

0947-3580/© 2020 European Control Association. Published by Elsevier Ltd. All rights reserved.
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and equivalent or better robustness and disturbance rejection re-
sponse.

For the aforementioned works tuning procedures are required
for each particular system. On the other hand, tuning rules ap-
proach allows the control engineer to obtain the controller adjust-
ment directly from plant parameters.

When controlling unstable processes with dead time, an impor-
tant step with any controller is the tuning. A well-tuned controller
can achieve both satisfactory performance and robustness. A sim-
ple way to achieve that is by means of a tuning rule. Employing an
analytic tuning rule, instead of being tuned for a particular case,
the controller can be tuned considering a general case. Therefore,
proposing a tuning rule to adjust the controller is valuable to sim-
plify the tuning process and to make it easier the use in the indus-
try.

In this work, a tuning rule is considered a mathematical ex-
pression used to compute controller tuning parameters. It can be
based on model parameters, and desired performance and robust-
ness specifications. There are in the literature only a few works
that proposed tuning rules for controllers that deal with unstable
first-order-plus-dead-time (UFOPDT) processes. Most of them were
proposed for PI and PID controllers [18,19,25,36]. It is unusual to
find works proposing tuning rules for DTCs. An automatic tuning
procedure for a DTC scheme, using tuning rules based on optimiza-
tion results, was presented in [24].

Even though the practical implementation of DTCs is in the
discrete-time domain, the aforementioned works do not study the
over or undersampling effect. For some industrial applications, it
is highly necessary to save network and computational resources
[17]. Therefore, the ideal sampling period for control structures
would be the biggest one that does not significantly affect the per-
formance and robustness of the control system [35]. Furthermore,
to simplify the design, analytic rules should be available to adjust
the controller according to not only a desired robustness level, but
also to the process sampling period.

Although many solutions to compensate dead-time have been
presented in the last years, in some cases, the performance of the
closed-loop response presents similar or equivalent results. There-
fore, what leads to the choice of one desired strategy is the sim-
plicity of the control structure and its tuning. Furthermore, tun-
ing rules techniques often require easy-to-tune controllers based
on simple models, like UFOPDT models. One of the controllers in
the literature that satisfy these requirements is the simplified DTC
(SDTC), also known as simplified FSP (SFSP) [33]. Its adoption in
this work is justified by: (i) it presents fewer tuning parameters
than the FSP [31], (ii) it can be directly extended to state-space
models and the implementation of the predictor does not need
an explicit pole-zero cancellation when dealing with integrating
or unstable processes [32] and, (iii) even though processes with
saturation are not the focus of this work, it presents good perfor-
mance for the case of saturating actuators just by adding the satu-
ration model at the input of the process model, as widely studied
in [8,9,11,12,15,40]. However, this characteristic does no hold for a
simplified control structure in a 2-DOF scheme.

Therefore, in this context, the main contributions of this work
are: (i) a tuning rule for a DTC, using UFOPDT models, based on
the maximum achievable robustness to dead-time uncertainties, in
order to achieve a desired robustness and (ii) an analytic rule for
choosing the sampling period maintaining the robust stability con-
dition obtained by the tuning rule. Furthermore, to the knowledge
of the authors, the contributions of this manuscript are original
and have not been published in any other work in the literature.

The content of this paper is divided into eight sections, as fol-
lows. Section 1 is the introduction. In Section 2, the SDTC is de-
scribed in order to present the controller base structure for the
strategy proposed in this paper. The maximum achievable uncer-
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Fig. 2. Implementation control structure of the SDTC.

tainty of dead-time is also addressed in Section 3. The procedure
for obtaining a rule to tune the robustness filter pole is shown
in Section 4. Meanwhile, the analysis of the sampling period is
provided in Section 5. The simulation results are presented in
Section 6. Experimental results in a propeller pendulum plant are
presented in Section 7. The paper ends with the conclusions in
Section 8.

2. The simplified dead-time compensator

The conceptual structure of the SDTC when using FOPDT mod-
els is presented in Fig. 1, where G,(z) is the delay free nominal
process model, P(z) represents the real process, d, is the nomi-
nal dead time, k, and k are gains and V(z) is the robustness fil-
ter. It is important o highlight that the conceptual structure of the
SDTC is used only for design purposes because it presents an un-
stable mode corresponding to the plant pole, which produces in-
ternal stability problems.

The nominal process model P,;(z) = Gn(z)z 9% can be repre-
sented by

boz!
Pn(z) = 1 9

*dn
Toar? ™ (1)

where 0 < a; < 1 for stable processes and a; > 1 for unstable pro-
cesses.

In the nominal case, it is considered that the nominal process
model represents with fidelity the process (P(z) = P,(z)). Aiming
to analyse controller properties, the closed-loop transfer functions
and the condition for robust stability are obtained for the nominal
case.

Y(2) krPa(2)
D= ) = TriG@ @
Y(2) P (2)V(2)
Hyq(2) = Q(Z):Pn(z)lil_]—f—an(Z)] (3)
Hn(z) = 2@ _ V(@ (a)

N@) ~ 1+kGi(@)’
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Fig. 3. Comparison between the data with results stable and unstable &..
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Fig. 4. Comparison between the data and the rule (A =0.1).

1+ kGp (Z)

H@) =\ VDR

> 6P(w).

z=eloTs

(5)

In the above expressions, R(z), U(z), N(z), Y(z) and Q(z) are Z-
transforms of the following signals, respectively: set-point, control
action, measurement noise, process output, and input load distur-
bance; Hy:(z), Hyq(z), and Hyn(z) are the transfer functions of the
closed-loop system. I (w) is defined as robustness index, the norm-
bound of the multiplicative uncertainty term is §P(w) and T; is the
sampling period frequency range at 0 < w < 7 /Ts.

The SDTC tuning is made in two steps: the tuning for set-point
tracking and the tuning for load disturbance rejection.

Firstly, the gains k and k; are tuned using (2) to place a desired
pole for set-point tracking performance. This is accomplished by

252

making

(1-a)z' 4

Hy(@) = 53— acz1

, (6)

where (6) is the desired closed-loop transfer function. As a result

of this equality, it is obtained
. a; — de

k=——,

b 7)

1-ac
by

Finally, once k; and k are known, the robustness filter V(z) is
designed to stabilize the predictor and to reject disturbances at
steady state. To be able to satisfy both conditions, V(z) requires
at least two coefficients on its numerator. Therefore, it is written

kr =

(8)
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—1
Vo +11Z
V@)= ———, 9
=35 9)

where § is a tuning parameter.
Also, to meet conditions (i) and (ii), it is necessary, respectively,
that

Hyq (@121 =0,

Hyq(2)|22q, = 0. (10)
This is, respectively, equivalent to

V() =k,

k—V(a)a;" = 0. (11)

These expressions result in the following system of equations:

vo + vy =kr(1- )

Uil B
Vo + a _k(l a1)a1 , (12)
from where one can obtain the values of vy and v; as
1
vo = 75 Ike(1= B) —k(ai - B)ay']. (13)
1
V1 = ——[~aik(1 - B) +k(as — B)ad]. (14)

l—a1
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2.1. Implementation control structure

The implementation structure of the SDTC is shown in
Fig. 2 where the transfer function S(z) is given by
Vo + 11271

b0271 _d
(k— 1- Bz z7%).

—_ a127]

Note that the undesired pole of the process z = a; appears in
the above expression, making the resulting closed-loop system
internally unstable. In [23], a pole-zero cancellation method was
used to avoid this problem. In a later work [32], another solution
was proposed for unstable processes in the continuous-time
domain that can also be applied to the discrete-time domain. It
is important to mention that the conceptual structure of the FSP,
shown in Fig. 1, cannot be used in practice because it presents
some unobservable modes. However, this structure is useful for
control design, allowing to easily find conditions to deal with
stable, integrative, and unstable dead-time processes. The im-
plementation structure, shown in Fig. 2, is free of unobservable
modes and should be used in practice.

By using partial fractions decomposition for 8 # a; and condi-
tions (11), S(z) can be rewritten as

. d,—d—1
bokz 1 ~ bokalz
— 01271 1- 01271

S@) = 5 (15)

Bz

1-B8zV (16)

S(z) = 1

where B = by (Bvg +v1)/(B — ay).
By applying long division in the first term of (16), S(z) results

d
S(z) =Y ka"'boz ™ + -
i=1
Therefore, the process pole z = a; no longer appears in the expres-
sion of S(z), which guarantees internal stability. By using this ex-
pression, the controller can also be implemented in a two-degree-
of-freedom (2DOF) control structure.

The above formulations allow an analysis of the control prob-
lem for UFOPDT models. Hereafter, attention is focused on the tun-
ing rules problem with analysis of the sampling period and of the
maximum multiplicative uncertainty. The tuning procedure of the
controller for other orders, stable and integrative cases can be seen
in [31,32].

%z 17)

3. Achievable robustness of the SDTC

In this section, the maximum achievable robustness produced
by the SDTC for UFOPDT models is analyzed. Without loss of gen-
erality, the analysis is performed in the Laplace domain.

For this study, the following nominal process model

b

e—Lns

Pi(s) = Ga(s)e™ns = -

: (18)

is considered, where G,(s) is the delay-free model, b is a gain, a
is the model pole, and L, is the dead time. The feedback gain k is
tuned to obtain the desired closed-loop pole p. leading to

k= (a—pc)/b. (19)
In this analysis, a first order filter
b1 s+ b,
V(s) = S o (20)

is used, where by and b, are the filter coefficients and «. is a free
tuning parameter. Hence, the filter V(s) can be derived from the

following two conditions as addressed in [31]
V() =k =k—ayb, (21)

V(a) = kel?. (22)
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Fig. 7. Example 1: nominal closed-loop response.

Once having (20), (21) and (22), b; and b, are obtained

a
by = (E - k)ac, (23)
_ Lpa _
by — k(a ac()le bz. (24)

As stated in [31], there is a trade off between performance and
robustness. So, to achieve the highest as possible robustness, the
limit of the parameters o and p. should tend to zero, thus, the
following equations are derived
a

1 — g Lna — _
pc}(l)lirlOV(s)_ be , k= b

Using (5) and (25) the achievable robustness for the SDTC is
obtained

(25)

Ir(a)) = aela’

w > 0. (26)

In DT processes, the most critical source of uncertainty is the
related to the time delay [21]. Thus, for simplicity, the multiplica-
tive uncertainty is given by
IP(jw) — P(jw)| _

|Pa(jo)l
where 8L = L — L, and L represents the real process delay. An upper
limit of §P(w) can be defined as

8P(w) = |8L|w > 8P(w), w > O.

SP(w) = et — 1|, w >0 (27)

(28)

According to (5), (26), and (28) the following robustness stabil-

ity condition can be obtained
1

8L < iz = OLm. (29)

where 8L, represents the maximum upper bound of the dead-time
mismatch that an SDTC structure can stabilise.
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The time delay uncertainty will now be defined as a fraction
of the maximum upper bound of the dead-time-estimation error,
such that

L=L,+6L=Ly+ A.6Ln, (30)

as can be seen from Egs. (29) and (30) A is within the range
0 < A <1 to guarantee robust stability. In practice, it is not com-
mon to consider the dead time mismatch close to the achievable
robustness. Therefore, in this work, A is considered to be within
the range [0.07 - 0.3] to include the most typical values of a dead-
time mismatch from the literature [14,28,37].

4. Tuning rules of the robustness filter

In this section, tuning rules are proposed for the SDTC regard-
ing open-loop unstable processes represented by UFOPDT models.
The proposed tuning rules are obtained through several simula-
tions considering the normalised model

1 —Lys
Py(s) = S_—le .
The main objective of the simulations is to tune the robustness
filter for several scenarios, i.e., considering different nominal dead
times L,, desired closed-loop time constants 7 = 1/p, and max-
imum upper bounds A within a desired range. Based on the ob-
tained data, a new approach for the robustness filter tuning is pro-
posed, as detailed in the following steps:

(31)

1. Set parameters L,, 7, and A within the range [0.2 to 1.5],
[1.3 to 2] and [0.07 to 0.3], respectively. These ranges were
chosen to comprise the average works in literature.

2. Choose a data point (L,, 7., A) from step 1.

3. Determine the feedback gain k = (1 — 1/t,) for the desired
set-point tracking.

4, Gradually vary o, until the minimum distance between
I(w) and §P(w) is equal to 2 dB in order to obtain a robust
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Fig. 8. Example 1: perturbed closed-loop response.
Table 1

Coefficients of the esti-
mated function polynomial

(32).
Coefficient ~ Value
Po 1.2517
D1 —1.2199
D2 12.4692
D3 —3.5003

stability margin. The numerator filter parameters b, and b;
are calculated through (23) and (24), respectively.

5. Repeat steps 2-4 until the «, for all data points are com-
puted.

6. Estimate a function, using polynomial linear regression on
the dataset, based on the polynomial
Gc=po+p1-Lo+Pp2-Ta+ps-A (32)
The coefficients of the estimated function polynomial are
presented in Table 1.

7. Check the stability of all solutions, by testing & in simula-

tions for the full parameters range.

Results are detailed in Fig. 3, in which red and blue color
represent the unstable and stable cases, respectively. The un-
stable restriction is overcome by doing

A <01-74—0.1-L,+0.3. (33)

In such a way as to validate the proposed rule, it will be graph-
ically compared with the dataset. The rule is obtained from a 4-D
dataset, thus, to make possible the visualization in a 3-D chart, the
parameter A is fixed in 0.1. Fig. 4 represents the comparison of the
filter tuning with the method from steps 2-5 and with the tuning
rule, when A = 0.1. The red dots indicate the @, values calculated
according to (32).

255

As can be seen in (32), the data is approximated by a first-order
polynomial function. A higher order approximation could obtain a
better accuracy, but with a very small performance improvement
to justify a rather complex polynomial.

Therefore, in this work, the estimated robustness parameter is
given by

Gc=po+P1-Lo+p2-Ta+ps-A (34)
subject to: A <0.1-7,4 —0.1-L, + 0.3, where:
0.07 < A <0.3;
13<1y<2; (35)
02<L,<15.

5. Sampling period analysis

The choice of sampling period T; is known to have a signifi-
cant effect on the performance and robustness of a control sys-
tem [35]. From the implementation perspective, it is interesting to
choose the highest possible sampling period without compromis-
ing robustness and performance. As the implementation of DTC’s
is in the discrete-time domain, then, higher sampling periods im-
ply simpler control algorithms. For instance, having a closed-loop
DTC system with a delay of L, = 1.0 (s) and a sampling period of
T; = 0.01 s would mean that at least 100 samples would have to
be stored to compute the control signal at each sampling period.
Therefore, in this work, the choice of the sampling period is per-
formed by an graphical analysis for FOPDT models which considers
the following normalized model.

1 —Lps
P e,

The graphical analysis of the sampling period is performed in
the boundaries of the dead-time range defined in Section 4, which
are L, = 1.5 and L, = 0.2, respectively.

G(s) = (36)
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Fig. 10. Example 2: perturbed closed-loop response.

100

256



R.C. Sd Rodrigues, AK.R. Sombra, B.C. Torrico et al.

European Journal of Control 59 (2021) 250-263

T T
1 —
=
=
3
— 0 -
=
IS
3 Ref. [38]
Ak SDTC;[Ts=0.01]| |
= = SDTC;Ts=0.1]
| | |
0 10 20 30 40
Times(s)
(a)
3 T T T
g 1.5 I 1 |
7 ' ‘U'I[I |
(_2 I . .I' N
£ Oof
3
O
) 1
bt
-1.5 H .
| Il
0 10 20 30 40
Times(s)
(b)
Fig. 11. Example 3: nominal closed-loop response.
Table 2
Performance comparison.
Example Pn (S) Pr; (S)nurmalized Ta [S] L SL (%) SLmnx
1 S%]e*'ﬁs - 2.01 1.5 5 0.2231
2 %e‘”‘ - 1.303 1.2 10 0.3012
3 %e“s - 1303 05 20and 50  0.6065
3433 20 3433 01045
4 031 1 T 1 02008 02 30 0.8237
Table 3 a range of sampling periods. Then, making the security margin be
Controller parameters for example 1. zero, 8P is obtained. Note that the security margin, which can be
T, = 0.01 T, =0.1 measured at the critical frequency w. [35], remains constant for
Pi(z) Q01005 ,-150 01052 ,-15 sampling period Ts < 0.1.
n z-1.01 z-1.105 . .
k 1.496 1.464 As expected, the curves of Iz present the same gain at medium
ke 0.4963 0.4637 and low frequencies. Nevertheless, there is a gain reduction near to
V(Z) SiGnggéggz;‘ 8.396-8.382z!
—0.! Z

1-0.9683z 1

5.1. Analysis for L, = 1.5

Initially, the SDTC controller is designed using the tuning rule
from (32) in Section 4. Thus, the closed-loop time constant is
chosen: 7 = 2, resulting @& = —0.3219. This proposal considers a
30% of delay uncertainty compared to the maximum achievable
robustness (see (29)), which means A = 0.3. Secondly, an equiv-
alent discrete-time controller is designed for the set of sampling
periods Ty = {0.01, 0.02, 0.03, 0.05, 0.1, 0.25} which are sub-
multiples of L. Finally, in Fig. 5 are plotted the multiplicative
uncertainty, the robustness index considering different sampling
periods, and the shortest dead-time multiplicative uncertainty §P
that violates the robustness stability condition (28) for the set of
sampling periods.

Considering the same security margin, i.e. the minimum dis-
tance between §P and the I curve, Fig. 5 is generated including
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frequency m/T;. This behaviour, in practice, does not compromise
the achievable robustness for the set of controllers and sampling
periods, only the controller with Ty = 0.25 presented an achievable
robustness reduction.

Besides, it is important to highlight that the lowest frequency
where 8P achieves the maximum gain is wy, = 7 /8L, thus, through
a graphical analysis from Fig. 5, it can be seen that the sampling
period must obey the following condition

T

- > = = Wn, 37
L~ s &%)
which is equivalent to

T, < 8L = 0.1069. (38)

Therefore, the final choice of sampling period must satisfy
(38) and T; must be a sub-multiple of L. From this analysis the
best choice is Ty = 0.1, in accordance with the graphical analysis.

Afterwards, a similar analysis is performed for L, = 0.2.
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Fig. 12. Example 3: perturbed closed-loop response.

Table 4
Controller parameters for example 2.
T, =0.01 T,=0.1
o R Mg
k 1.496 1.464
ke 0.4963 0.4637
8.06-8.057z"1 7.676-7.644z""
V(@) 1-0.9937-" T-0:93267 1
Table 5
Controller parameters for example 3.
T; = 0.01 T;=0.1
o HEIR MR
k 1.762 1.704
kr 0.7625 0.7040
Ve e s
Table 6
Controller parameters for example 4.
T, =05 T,=5
@ MR e
k 1.742 1.562
kr 1.4506 1.2709
V() 3.787-3.769z"" 3.354-3.2062!

1-0.9877z 1 1-0.8839z 1

5.2. Analysis for L, = 0.2

In this case, the SDTC closed-loop pole is the same as in the
previous example (74 = 2), then, using Eq. (32), the filter pole is
computed as @& = —1.0952.

To perform the analysis, equivalent discrete-time controllers
considering the set T; ={0.01, 0.02, 0.04, 0.05, 0.1, 0.2} are
chosen. In Fig. 6 are plotted 8P considering 30% of uncertainty
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(A = 0.3), the maximum achievable robustness, 8P, and the robust-
ness index for the set of sampling periods. As evidenced in Fig. 6,
the proposed controller has the same achievable robustness for all
set of sampling periods.

Following the condition established by (38), in this case, the
condition would be

T, < 6L = 0.3006. (39)

However, as previously shown in the analysis of Figs 5 and
6, for simplicity, it is assumed that the sampling period is sub-
multiple of the nominal dead time L,. Thus the chosen sampling
period must satisfy

T, < min(8L, L,). (40)

6. Simulation results

In order to validate the tuning rules, comparative examples
commonly used in the literature considering UFOPDT processes are
presented in Table 2.

To achieve a disturbance rejection response faster than the
open-loop dynamics, the robustness filter was tuned according to
the rule present in (32) and the sampling period was chosen as
presented in Section 5.

For each example, it has been performed simulations with and
without noise. Besides, for a fair comparison, the same noise is
added for each example. In this work, only the noise simulation
figures are illustrated, as the noise does not significantly impact
the dynamics of the responses.

The performance indices Integral Absolute Error (IAE), Total
Variation (TV), and the cost function ] for all examples are calcu-
lated only for input disturbance rejection response and presented
in Tables 7 and 8. These indices are defined as follows

IAE = /OO le(t)|dt. (41)
0
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Fig. 13. Example 4: nominal closed-loop response.
Table 7
Performance indices for non-noisy simulation examples. The two best cases are highlighted in bold text.
Example Nominal Perturbed
IAE i\Y ] IAE I\ ]
Example 1 SDTC [Ty = 0.01] 4.79 1.54 6.6 4.79 2.09 9.1
SDTC [T; = 0.1] 5.05 1.61 7.3 5.04 2.30 109
Ref. [28] [T, =0.01]  6.86 131 8.1 6.85 209 125
Example 2 SDTC [T; = 0.01] 1.87 094 05 1.87 156 2.7
SDTC [Ty = 0.1] 1.98 0.99 0.5 2.01 1.77 29
Ref. [14] 5.89 2.38 13.1 5.86 2.77 13.9
Example 3 SDTC [T; = 0.01] 2.44 348 27 2.44 697 121
SDTC [Ty = 0.1] 2.67 3.70 33 2.76 8.28 15.6
Ref. [14] 4.27 3.81 10.4 4.26 5.27 13.6
Example 4 SDTC [Ty = 0.5] 68.72 229 167.5 8829 410 3464
SDTC [Ty = 5] 76.25 242 197.4 100.13 443 367.2
Ref. [37] [Ty = 0.5] 101.11 2.37 226.8 101.21 3.92 402.9
Ref. [14] 110.27 2.55 342.1 110.54 3.63 536.8

V=) lui —uil,

(42)
i=1
I=h+h. (43)
where
Ji =1AE- > " lyi1 — il (44)
i=1
Jo =1AE - [ > |uiyq — ui] = [2um — oo — o] |, (45)

i=1

U is the initial value, uy, is the final value, and u;, is the most
extreme value of the control signal.

All the simulations herein are carried out using a continuous-
time process plant, while the designed controllers are discrete-

259

time transfer functions. In Tables 7 and 8, the two best cases are
highlighted in bold text.

6.1. Example 1

The proposed controller is compared with one recently studied
in [28], which consist in a SP generalisation. The model used for
simulations is the first one presented in Table 2, such as

1
—e

—1.5s
s—1

Pi(s) = (46)
This system is remarked as rather challenging due to its long delay
[26,28].

The SDTC is tuned according to the proposed rules for A = 0.3.
For the purpose of comparing the sampling period analysis de-
scribed in Section 5, it will be used the sampling period given
by [28], T, =0.01 s, and the achieved by the proposed strategy,
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Fig. 14. Example 4: perturbed closed-loop response.
Table 8
Performance indices for noisy simulation examples. The two best cases are highlighted in bold text.
Example Nominal Perturbed
IAE i\ ] IAE Y ]
Example 1 SDTC [T; = 0.01] 4.89 10.05 59.8 4.90 15.23 70.6
SDTC [T; = 0.1] 5.15 9.17 61.7 5.16 12.11 79.8
Ref. [28] [T =0.01] 6.90 12.79 107.2 6.91 23.27 142.7
Example 2 SDTC [T; = 0.01] 0.95 38.04 538 2.01 17.65 415
SDTC [T; = 0.1] 1.04 29.75 494 2.14 13.08 45.7
Ref. [14] 5.93 288.96 1579.4 5.88 266.43 1654.5
Example 3 SDTC [T; = 0.01] 1.98 82.70 2259 2.77 68.44 216.5
SDTC [T; = 0.1] 217 64.23 2099 3.06 56.78 261.5
Ref. [14] 4.46 382.75 1919.7 4.45 406.81 1915.7
Example 4 SDTC [Ty = 0.5] 88.20 5.69 683.5 89.24 844 882.8
SDTC [T; = 5] 97.37 5.01 724.8 100.22 7.42 984.5
Ref. [37] [T; = 0.5] 101.94 3154 35919 102.13 35.70 3619.8
Ref. [14] 110.72 19452 273120.0 110.67 1948.3 27402.0

T; = 0.1 s. The obtained discrete model and the controller param-
eters for each sampling period are listed in Table 3. For all exam-
ples, gains k and k, were calculated according to (7) and (8), re-
spectively. The robustness filter parameter &, was obtained using
(32).

Fig. 7 presents the results for the nominal case and Fig. 8 for
the case with uncertainty. The simulations show the proposed
controller response using both sampling periods, Ts = 0.01 s and
T; = 0.1 s, compared to the controller response from reference [28].
A unity step-change is applied at time t = 10 s and a negative con-
stant load disturbance of magnitude 0.1 was added to the the con-
trol signal at time t = 100 s.

As can be seen from Figs 7 and 8, using either T, = 0.01 or Ty =
0.1, both SDTCs get similar responses. This allows using a larger
sampling period without compromising the performance signifi-
cantly. The IAE, TV and ] are computed considering the simula-
tions data from 90 s to 180 s. The SDTC presented better IAE
and ] for both nominal and uncertainty cases, as can be seen in

Tables 7 and 8. However, both SDTCs presented faster disturbance
rejection, consequently higher TV, in the noise free case.

6.2. Example 2

Consider the following example [14]

Pn(S)z

1.
s—1

-1.2s

(47)

The process discrete model and the controller parameters with
sampling period Ts = 0.1 s and Ts = 0.01 s using A = 0.3 are given
by Table 4.

For comparative purposes, it was used a recent continuous-time
controller studied in [14]. Fig. 9 illustrates the results for the nom-
inal case and Fig. 10 for the perturbed case. A unit step change
in the set point starts at t =0 s and a step change disturbance of
magnitude 0.1 was introduced at t = 40 s.

It can be seen from Figs 9 and 10 that the SDTCs presented
faster disturbance rejection, smaller cost function, and better noise
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Fig. 15. The propeller pendulum.

attenuation even with a more aggressive tuning, leading to better
results for all performance indices, as can be seen in Tables 7 and
8.

6.3. Example 3
Consider another process studied in [14]

1 —0.5s

P.(s) = me . (48)

The process discrete-time models with sampling period Ts =
0.01 s and T; = 0.1 s using A = 0.2 are given by

Simulation results for nominal and with uncertainty case are
shown in Figs 11 and 12, respectively. For this simulation, an unit
step change is added to the set-point at t = 0 s and a negative unit
step load disturbance is applied to the process input at t = 15 s.

The SDTC presented faster disturbance rejection and better per-
formance indexes for all the scenarios in the nominal case, as can
be seen in Tables 7 and 8. The perturbed case presented better
indices, except for the TV and | of the noise-free case. Also, note
that in the noisy case, the SDTCs present better noise attenuation
in terms of TV, even with a first-order robustness filter, because
the control structure of [14] does not present a solution to deal
with measurement noise.

6.4. Example 4

The chemical reactor concentration control problem that was
also studied in many works, such is [14,33,37], will be analyzed
in this case study. The model is given by

3433 o
O =or15-7¢ (49)
and the normalized model from Table 2
Pl(s) = 223 01085 (50)

s—1

The process discrete model with sampling period Ty = 0.5 s and
T; = 5 s using A = 0.08 is given by

The SDTCs were compared with both references [14,37]. Results
are shown in Figs 13 and 14 for nominal and with uncertainty case,
respectively. For comparison, a step change with magnitude 5 is
added to the set-point at t = 50 s and a negative unity step change
is applied to the process at t = 600 s.
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It can be noted from Tables 7 and 8 that the proposed strategy
has a better load disturbance response in terms of IAE for both
noisy and non-noisy cases and, in the noisy case, better noise at-
tenuation in terms of TV, with a bigger difference compared to the
controller from Ref. [14]. Also, for all cases, SDTC presented smaller
cost function. Considering the twelve scenarios, the SDTCs had bet-
ter indices in ten of them. The exception was the TV from the
noise-free cases, due to the more aggressive tuning of the SDTCs.

7. Experimental results

In this section, an in-house developed propeller pendulum,
shown in Fig. 15, is used to validate both the proposed tuning rule
and the method of choosing the sampling period. The propeller
pendulum is a nonlinear system, and its dynamics varies accord-
ing to the angle 6. In this work, the control objective is to control
the angular position when the angle 6 is bigger than 90° at steady-
state, precisely, when the open-loop dynamic is unstable [10].

Fig. 16 shows a simplified diagram of the developed system. As
can be seen, the system consists of an arm with a propeller (ac-
tuator) to rotate the arm angle. The input is the propeller motor
voltage, and the output is the angular arm position. For simplic-
ity, the input is normalised between the range [—1, 1]. The output,
that is, the angular arm position, is estimated using a video camera
and an image processing algorithm. The control strategy is imple-
mented in a computer and, through a dedicated wi-fi network, it
receives and sends the output measurements and the control sig-
nal, respectively.

The pendulum model can be obtained using a phenomenologi-
cal analysis or though identification methods. In this case, the sec-
ond approach is used, so that, considering the operation point of
110°, the following model is obtained.

4.066 0
11.11s -1

Observe that the dead time is originated mainly by the accumu-
lation of time lags from a series of processes, like the video cap-
ture, image processing, network communication, and high-order
dynamics that are not modelled.

The normalised model is then given by

4.066 ;57
e .

s—1
By using 7, =2, A =0.2, and (32), it results o = —0.5043.

Through identification experiments the maximum dead-time
uncertainty was estimated as 8L = 1.4 s. By using condition (40),
where Ts < min(ﬁ =14,L, =3), T; can be chosen in the set T; =
{0.15, 0.3, 0.6, 1} s. Therefore, the sampling period was chosen
as T; = 1 s and the discrete-time model of the process results as

0.383z1 5
b(@) = 79594717
Considering the tuning parameters and model (53), the SDTC
results then with k = 1.273, k; = 1.0275 and robustness filter

4.362 — 3.955z"!
1—-0.604z-1

The experiment was performed with a set-point step change of
20° at t =20s and a step disturbance of 0.5 added to the control
signal at t = 100s.

The results can be seen in Fig. 17. Although the system is non-
linear and has modeling uncertainties involved, the controller suc-
cessfully stabilises the system, tracks the set-point, and properly
rejects the step load disturbance. Therefore, the experiment shows
that the proposed tuning rule and the method for sampling period
choice can be used to control a real unstable delayed process sub-
jected to noise and uncertainties.

—3s

Pu(s) = (51)

P;é (S)normalised = (52)

(53)

V(z) = (54)
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Fig. 17. Output and control signal responses of the experiment.

8. Conclusion

This work proposed new tuning rules for the SDTC applied to
UFOPDT processes. The proposal guarantees robustness for pro-
cesses with a wide range of nominal time delays, dead-time uncer-
tainty, and desired closed-loop dynamics. As the SDTC implemen-
tation is done in the discrete-time domain, then it is also proposed
a methodology for a proper choice of the sampling period, which
is highly desirable to be the biggest as possible but without affect-
ing the performance and robustness significantly. This is useful in
industrial applications to save network resources.
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The effectiveness of the proposal can be observed through
simulation and experimental results. From the simulations, the
new tuning rules allowed the SDTC to provide better or equiv-
alent results for disturbance rejection when compared to recent
works. In addition, it was possible to use sampling periods ten
times larger than the other discrete controllers used for compar-
ison, attaining performance close to or better than other con-
trollers in the literature. The experiment showed that both pro-
posed strategies presented good performance and robustness, even
when it is applied to a nonlinear system with several uncertainties
involved.
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