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Abstract

Integrating systems are commonly found in power and paper mills, aerospace control
systems, storage tanks, distillation columns, chemical reactors, and petroleum industries.
Due to their open-loop instability resulting in an unconstrained output for a constrained
input, efficient control of integrating processes is challenging. Control of integrating
processes has attracted the interest of researchers for many decades, and several control
structures and tuning methods have been developed so far. However, among the existing
tuning methods, it is difficult to find one based on a relatively simple experiment and
tuning procedure that leads to highly efficient tracking and disturbance rejection control,
similar to the magnitude optimum multiple integration (MOMI) tuning method.

In this dissertation, an extension of the MOMI tuning method is proposed for
integrating processes controlled by a two-degrees-of-freedom (2-DOF') proportional-integral
(PI) and proportional-integral-derivative (PID) controller. The developed method is
nonparametric, i.e., it does not require an explicit process model to compute the controller
parameters. The controller parameters can be calculated either from measurements in the
time-domain or from a process transfer function of arbitrary order with a time delay. Both
approaches are exactly equivalent and do not introduce errors in the calculation of the
controller parameters.

Furthermore, the developed extension of the tuning procedure provides an additional
option to achieve the best overall closed-loop performance (optimal tracking and
disturbance-rejection performance) by using the reference weighting parameter or two
reference filter structures. Moreover, an additional parameter is provided to modify the
speed of the closed-loop response by setting the average closed-loop residence time, i.e., a
measure that defines the closed-loop time constant.

Additionally, the stability and robustness of the proposed tuning method to
perturbations in the process parameters are studied. The robustness of the measured
characteristic areas in a noisy environment is also investigated, and a new approach to
reduce the sensitivity of the measured characteristic areas on high-frequency noise is
proposed.

In addition to tuning, this thesis develops a method for identifying the lower-order
process model either directly from the time-domain measurements or from an arbitrary-
order process transfer function with a time delay.

The proposed controllers were also compared with other PI/PID tuning methods for
integrating processes. The comparison showed superior control performance compared to
the other tuning methods currently proposed. In addition, the proposed tuning method was
tested on the following laboratory and industrial setups: a charge amplifier drift
compensation system, a laboratory hydraulic system, an industrial autoclave, and a solid
oxide fuel cell temperature control system. The closed-loop responses were fast and stable
in all experiments.
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Povzetek

Integrirni procesi se pojavljajo v razli¢nih vejah industrije: najdemo jih v elektrarnah in
papirnicah, letalsko-vesoljskih nadzornih sistemih, skladis¢nih cisternah, destilacijskih
kotlih, kemic¢nih reaktorjih in naftni industriji. Zaradi mejno nestabilne prenosne funkcije,
ki povzroc¢i neomejen izhod pri omejenem vhodu, je tako zahtevnejse tudi zaprtozancéno
vodenje integrirnih procesov. Vodenje integrirnih sistemov preucujejo ze vrsto desetletij in
do sedaj je bilo razvitih Ze veliko razli¢nih metod nastavljanja parametrov regulatorjev.
Med obstojec¢imi metodami pa tezko najdemo taksno, ki omogoca enostavno nastavljanje
parametrov regulatorja in hkrati zelo uc¢inkovito regulacijsko in sledilno vodenje, kar je
prednost MOMI (ang. magnitude optimum multiple integration) metode za stabilne procese.

Delo naslavlja razsiritev. MOMI metode za vodenje integrirnih procesov s
proporcionalno-integrirnim  (PI) in  proporcionalno-integrirno-diferencirnim  (PID)
regulatorjem z dvema prostostnima stopnjama (ang. 2-DOF). Razvita razsiritev je
neparametriéna, kar pomeni, da za izra¢un parametrov regulatorja ne potrebuje modela
procesa. Parametre regulatorja lahko izracunamo iz Casovnega odziva procesa (Casovna
domena) ali pa neposredno iz prenosne funkcije procesa poljubnega reda z mrtvim ¢asom
(frekvencéna domena). Pri tem sta oba pristopa izra¢una parametrov regulatorja popolnoma
enakovredna.

Skupno optimalno regulacijsko in sledilno delovanje smo dosegli z utezitvijo signala
reference (ang. reference weighting) ali s pomodjo filtriranja referenénega signala. Hitrost
zaprtozancnega odziva smo nastavili z dodatnim parametrom, ki dolo¢a zaprtozanéno
¢asovno konstanto (ang. average closed-loop residence time).

V delu smo preucevali tudi stabilnost in robustnost predlagane metode nastavljanja
parametrov regulatorjev. Ravno tako smo analizirali robustnost izracuna karakteristi¢nih
povrsin (ang. characteristic areas) iz signalov procesa, ki vsebujejo merilni sum. V delu je
predlagan nov nacin izra¢una omenjenih povrsin s pomocjo filtriranja signalov.

Poleg nastavljanja parametrov regulatorjev delo obravnava tudi novo metodo za
identifikacijo modela nizjega reda neposredno iz ¢asovnega odziva (Casovna domena) ali iz
prenosne funkcije procesa poljubnega reda z mrtvim ¢asom (frekvencna domena).

Predlagano metodo nastavljanja parametrov PI/PID regulatorjev smo primerjali z
nekaterimi drugimi metodami. Predlagana metoda je v veliki vecini primerov dosegla bolj
ucinkovito zaprtozancno vodenje v primerjavi z ostalimi metodami. Na koncu dela smo
predlagano metodo preizkusili tudi na naslednjih laboratorijskih in industrijskih sistemih:
sistem za kompenzacijo lezenja napetosti ojaCevalnika elektricnega naboja, laboratorijski
hidravli¢ni sistem, industrijski avtoklav in sistem za nadzor temperature trdo oksidnih
gorivnih celic (ang. SOFC). Zaprtozanéni odzivi so bili v vseh primerih hitri in stabilni.
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Chapter 1
Introduction

A large part of this chapter was originally published in Kos, T. et al., Applied Sciences
(2020), 10: 4, T. Kos et al., Applied Sciences (2020), 10: 17, and T. Kos et al., ATP Advances
(2019), 9: 3.

We would like to point out to the reader that the MATLAB files used for the
calculations of the parameters, the simulations and the plotting of the data in this work
are available online [1].

1.1 Proportional-Integral-Derivative (PID) Controller

A proportional-integral-derivative (PID) controller is the most commonly used control
algorithm in industry [2]-[4], although several more advanced control structures have been
developed. It is used in a wide range of operating conditions in various processes due to its
simple tuning, good closed-loop performance, low cost and robustness. In order to achieve
the best cost-performance ratio in an industrial environment, satisfactory control
performance must be achieved with a control structure that is as simple as possible.
Industrial controllers are, therefore, in most cases simple PID controllers [5]. According to
the survey [6], “on over eleven thousand controllers in the refining, chemicals and pulp and
paper industries, 97% of regulatory controllers utilise a PID feedback control algorithm”.
In most cases, the derivative term is not used [7]. The design is usually based on simple
time-delayed plant models [4, Ch. 1]. Another reason for the wide acceptance of PID
controllers in industrial processes is an extensive range of tuning methods for controlling
broad classes of process problems [4], [8]. Their functional simplicity allows engineers to
operate them in a simple and straightforward manner [9]. According to [10], “many
strategies proposed can be easily eliminated if they are compared with well-tuned PID”.
Moreover, as stated in [11]: “the PID controllers still have significant importance due to
their applicability in o wide range of processes with different characteristics”. Moreover,
PID controller research is also expanding to the field of network control and telematics
applications [12].

In [11], a study of PID, dead-time compensator (DTC) and model predictive control
(MPC) strategies applied to single-input single-output (SISO) processes with time delay is
presented with the aim of deciding whether to use classical PID controllers or advanced
control strategies in typical process control problems. It has been shown that the choice
depends on the quality of the process model, i.e. for an industrial environment where robust
solutions are needed, a PID with anti-windup provides good or even better results than
more complex strategies (DTC, MPC). Similar results were presented in [8], where it is
shown that for a given robustness level of maximum sensitivity (Ms), the PID controller is
generally better than the Smith predictor, which is specialized for controlling the processes



2 Chapter 1. Introduction

with large time delays. The study also showed that the Smith predictor is much more
sensitive to the process time-delay errors.

A simple PID controller in a closed-loop configuration is shown in Figure 1.1. It consists
of three parameters (Kp, Ki, Kp), each of which covers the transient and steady-state
response. The disturbance-rejection and reference tracking performance depend on the
tuning of these parameters. A poorly tuned controller may result in an oscillatory or
unstable response. Although PID control has only three parameters, tuning is not a simple
task. Despite the existence of self-tuning algorithms [13], [14], PID controllers are poorly
tuned in practice due to a lack of expertise and time. According to [15], “a visit to a process
plant will usually show that a large number of the PID controllers are poorly tuned”.
Furthermore, [16] states:“... 25% of all PID controller loops use default factory settings,
implying that they have not been tuned at all”.

Various tuning methods have been proposed in scientific works to date. The tuning
rules first proposed by Ziegler and Nichols [17] were followed by many tuning techniques,
such as Cohen-Coon, Chien-Hrones-Reswick and refined Ziegler-Nichols rules. In addition
to these typical tuning rules, more advanced methods have also been proposed. The latter
mostly use complex algorithms for process identification [16], [18]-[26]. According to the
literature [16], the number of tuning rules for stable overdamped processes is much larger
than that for integrating processes. This indicates that PID tuning for integrating processes
is not an intensively studied area.

PID controller

process

Gp(S) Y

\4

Figure 1.1: Proportional-Integral-Derivative (PID) controller. The closed-loop system
with a PID controller.

1.2 Integrating Processes (IPs)

Integrating processes (IPs) contain at least one pole at their origin and are common in
industry. The main feature of IPs is their open-loop instability, which leads to an unbound
output for a bound input, i.e., when perturbed, the process output drifts to extreme values
[27]. An example of the open-loop step response of a simple time-delayed IP is shown in
Figure 1.2. Accordingly, the efficient control of IPs is a challenging task [28].

IPs are found in power and paper mills, aerospace control, and petroleum industries,
and can be classified according to the process order. Typical representatives of the processes
that employ pure integrator plus time delay (ITD) transfer function models are the oil-
water-gas separators in the oil industry [28], the bottom-level control in a distillation
column [29], the composition control loop of a high-purity distillation column [30], heat-
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integrated distillation columns [31], isothermal continuous copolymerization reactors [32],
storage tanks with an outlet pump [33], the roll angle control of an aircraft during vertical-
takeoff [34], industrial injection moulding machines [35], pulp and paper plants [28], and
the high-pressure steam flow to steam turbine generators in power plants [36].

Integrating first-order with/without time delay (IFOTD) systems can be encountered
in liquid-storage tanks [37], jacketed continuous stirred tank reactors (CSTR) performing
exothermic reactions [38], and paper drum dryers [39]. The most common examples of an
IP with an inverse response with a time delay (INPTD) are a boiler steam drum [40],
catalytic tube reactors with exothermic chemical reactions [27], and municipal solid waste
incinerator temperature with inlet load rate changes. Examples of higher-order IPs include
heat transfer and multiple liquid-storage tanks connected in series.

A Time delay

Process input [/]

Process output [/]

Figure 1.2: Simple time-delayed integrating process open-loop response.

IPs are also common in other applications, such as a charge amplifier, which is an
electronic circuit that produces an output voltage proportional to the integral of the input
current [41]. They are used to convert electric charges or electric currents into voltage
signals and are mainly used to measure the response of various capacitive, piezoelectric and
pyroelectric sensors, quantum detectors, photodiodes and other devices that generate very
small charges [42]-[45]. The charge amplifiers are also used to measure the direct
piezoelectric coefficient of piezoelectric samples [46]-[52], including the dynamic
piezoelectric properties of bones [53], polarization measurement of dielectric samples [54]—
[62], and in the development of various environmental sensors [63]-[66].

In addition, the open-loop response of various industrial processes, such as liquid storage
tanks, boilers, liquid level systems with a pump at the outlet, and chemical batch reactors,
is slow and has a large dominant time constant. Time-delay is present in process industries
due to recycling loops, transport delays, composition analysis loops, etc. An IP model could
be used when the required settling time is much shorter than the dominant time constant
of a process, even for the first-order time-delay processes [25, p. 15]. As observed in [29],
the controller design based on IPs could provide better closed-loop performance than
designs based on the first-order process plus time delay.
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IP models are also typically used in alternative closed-loop control structures [67], e.g.,
in a “model-free” approach named Active Disturbance Rejection Control (ADRC) [68]. As
explained in [67], “one of its main components may be denoted as an FExtended State
Observer (ESO) built upon integral plant models. Thereby, the modelling errors caused by
the less detailed “ultra-local” integral models are merged with external disturbances”. Since
only two identified process parameters are used, the main advantage of such an approach
is its simplicity.

Due to the large dominant time constant, larger overshoots and closed-loop settling
times may occur when controlling IPs. The problem is even more pronounced for larger
time delays (dead times) [28], [69], [70]. Moreover, a balanced tracking and control
performance is usually harder to achieve. Therefore, efficient control of IPs is challenging
for both tracking and disturbance-rejection. Therefore, tuning of PID controllers requires
special attention in terms of robustness, noise sensitivity, and closed-loop performance.
Note that controllers designed for self-regulating processes perform poorly when applied to
IPs, e.g., PID controllers are likely to generate larger overshoots or oscillations for IPs with
dead time due to the presence of integral action [10].

1.3 Closed-Loop Control of Integrating Processes (IPs)

The controller design for integrating and unstable processes has been studied by several
researchers. Some of the proposed solutions are based on the use of a single closed-loop
controller, while others use complex control structures. Several IP tuning methods have
been proposed so far [16], [71]. To simplify the presentation, the proposed methods are
divided into classical closed-loop control structures and complex closed-loop control
structures.

1.3.1 Classical closed-loop control structures

These techniques can be classified according to their IP model structure, i.e., tuning
methods for ITD [5], [28], [72]-[96], for IFOTD [7], [15], [40], [71], [97]-[139], for higher-
order IPs with time delay [140]-[147], and nonparametric tuning methods for IPs [148]-
[150].

First, we present the tuning methods for ITD. The method of Mercader and Bafios [91]
for the PI controller considers process uncertainties. The design is based on optimising the
disturbance-rejection performance with constraints on the magnitude of the sensitivity.
Raza et al. [92] developed a tuning rule derived in terms of maximum sensitivity (Ms)
based on pole-placement and frequency-response matching criteria. In [5], [28], Visioli
proposed a PID controller and a three-state structure to achieve a time-optimal tracking
response. Since this method uses an identification technique (least-squares-based) to
compute the process model during steady-state changes, it is not necessary to know the
process model in advance. Bagheri and Nemati [85] proposed an analytical tuning rule for
the PI controller in a two-degrees-of-freedom (2-DOF') structure. The optimisation of the
disturbance-rejection response was achieved by minimizing the Integral of the Absolute
Error (IAE) criterion for a disturbance input step signal. Tracking performance was
improved by using the set-point weighting parameter. Robustness to model uncertainties
was achieved by minimising the maximum sensitivity function. Visioli [87] proposed
analytical tuning formulas for the PID controller applied to the IPs obtained using genetic
algorithms (GA) optimisation of the integral squared error performance criterion. Separate
rules for optimal set-point tracking and disturbance-rejection were proposed.
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Controller designs based on the Internal Model Control (IMC) tuning rules for PID
controllers have been proposed by Grimholt and Skogestad [78], Yin et al. [73], and Vanavil
et al. [96]. Grimholt and Skogestad [78] proposed the calculation of the PI and PID
parameters depending on the minimum IAE on disturbances for a given robustness level,
defined as the sensitivity peak (Ms). Yin et al. [73] proposed an IMC-based PID controller
utilizing an optimal H,; scheme to improve the disturbance rejection ability. The PID
parameters are obtained using the Maclaurin series approximation approach. A trade-off
between tracking and disturbance-rejection is achieved with a reference filter. Vanavil et
al. [96] proposed an IMC-based method using the PID controller in series with a lead-lag
compensator. The solution is based on the H, optimal closed-loop transfer function for
tracking and disturbance-rejection. The proposed method has a user-defined tuning
parameter A to set the desired trade-off between the closed-loop performance and the
robustness of the designed controller.

Controller designs based on the IMC tuning rules for PI controllers have been proposed
by Dalen and Di Ruscio [79], Takeda and Yamashita [80], and Nath et al. [83]. Dalen and
Di Ruscio [79] developed an IMC-based PI controller tuning rule, whose main feature is
the method product (MP) parameter, i.e., the product of the PI controller proportional
gain and the integral time constant, and the integrating plus time delay model gain. Unlike
most PI controller tuning rules where the method product parameter is constant, the rule
proposes an optimal MP parameter that ensures optimal closed-loop system robustness or
performance, i.e., minimising the IAE or sensitivity index Ms. Takeda and Yamashita [80]
developed a practical method to identify the IP with dead-time dynamics under continuous
self-excited oscillation. The IMC filter parameter is then derived from the phase/gain
margin and the process's dead-time. Nath et al. [83] proposed a graphical treatment for
tuning the IMC-PI controller, based on the desired gain and phase margin specifications.

Integral-proportional derivative (I-PD) control strategies have been proposed by
Chakraborty et al. [76] and Peker and Kaya [74]. Chakraborty et al. [76] proposed an I-
PD control strategy (see Figure 1.3) for the IPs with time delay. The proposed scheme
consists of an inner PD loop (controller Ge) and an outer I-loop (controller Ge). Proposed
formulas for the PD controller setting are derived with gain-margin and phase-margin
specifications, while the integral gain is obtained in terms of the critical gain of the inner-
loop process.

[-PD controller d
= +

process

T Gr(S) Y o,

Figure 1.3: I-PD control structure. The solution was proposed by Chakraborty et al. [76]:
GCl(S) = I and GCQ = PD

Peker and Kaya [74] similarly proposed analytical tuning rules for the I-PD controller to
control the IPs with time delay. To obtain the optimal controller parameters, the integral
of cubed time squared error (IST’E) performance criterion was minimized using particle



6 Chapter 1. Introduction

swarm optimisation (PSO), which is an evolutionary optimization method. PI-PD
controller (see Figure 1.4) for the control of ITD was proposed by Kaya [89]. Analytical
tuning rules were obtained with minimization of the closed-loop error based on the IST’E
criterion.

A two-degrees-of-freedom (2-DOF) PD-PI controller with nth order binominal filter
and a second-order reference filter for improving tracking performance (see Figure 1.5) was
proposed by Huba in [95]. The controller's performance is scalable by the multiple real
dominant pole method that integrates the tuning of the parameters of the noise filter, the
controller, and the reference filter.

PI-PD controller

+ Q.

process
! Ge(s) | ¥

\4

Figure 1.4: PI-PD control structure. The solution was proposed by Kaya [89]. Gpi, Gpp,
and Gp are the PI controller, PD controller and the controlled process, respectively.

Controller

+9

process
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Figure 1.5: 2-DOF PD-PI controller with nth order binominal filter and a reference filter.
The solution was proposed by Huba [95]. Gp, Gr, and 0 are the controlled process, reference
filter and the measurement noise, respectively.

A method for the auto-tuning of PID controllers based on closed-loop identification was
proposed by Rene Pereira et al. [94]. This method consists of closed-loop identification of
the model (after the reference or the disturbance step is changed), performance evaluation,
and retuning of the PID controller. Siddiqui et al. [90] proposed a similar model-free PT/PID
tuning method that uses a simple closed-loop reference step change (with proportional
control gain only) to identify the process model. Based on the process overshoot, the process
is approximated as a second-order plus dead time (SOPDT) transfer function. The
controller parameters are calculated using a direct synthesis approach with an IMC tuning
rule based on the obtained model. Similarly, in [93] Shamsuzzoha et al. proposed the PI
controller tuning, which applies the closed-loop set-point change to obtain the controller
parameters from an unidentified process. The Pl-controller parameters are then obtained
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directly from the response of the process: the overshoot, the time to the first peak, and the
relative steady-state change.

In [75], a novel approach to tuning discrete-time PID controllers with higher-order
derivatives with a special focus on noise attenuation filters was proposed by Huba and
Vranci¢. These controllers provide a third degree of freedom in the control design dedicated
to attenuation of measurement noise. Huba [72] proposed two integrated tuning procedures
for the joint design of a PID controller in series with an nth-order binomial low-pass filter.
The proposed higher-order controller represents an intermediate step between integer and
fractional-order PID controllers. Then, in [77], a derivation of higher-order PID controllers
by generalising the Skogestad Internal Model Control (SIMC) method [15] was proposed
by Huba for analytical model-based controller tuning. In [88], Huba et al. proposed a
higher-order proportional-integrative-derivative (HO-PID) control. It consists of a
traditional PI control with an mth-order derivative action and an n > mth order series
binominal filter. In terms of simplicity, the tuning of the proposed controller is comparable
to that of the PI controller.

Viteckova and Vitecek [82] proposed robust and simple analytical 2-DOF PI/PID
controller tuning rules based on the multiple dominant pole method (MDPM). The method
allows the computation of controller parameters while maintaining non-oscillatory closed-
loop responses without overshoots. A similar method was proposed by the same authors in
[84].

Note that the tuning methods for ITD can also be used for other IP types if the process
can be modelled by the I'TD model. This can be achieved, for example, by using a relay
feedback identification method [74], [79], [86], [89], [92], [94].

Next, the IFOTD tuning methods are presented. Some of the tuning methods do not
use the integrating term of the controller (Eriksson et al. [120], Kuzishchin et al. [121]).
Therefore, these methods are not suitable for rejecting the process input disturbances. Anil
and Padma Sree [116] developed a PID controller tuning method for IFOTD processes with
or without an additional process zero. The method is based on a pole-placement strategy,
while the tuning parameter is the maximum sensitivity (Ms). This is similar to the method
of Medarametla and Komanapalli [113]. In [114], Medarametla and Manimozhi similarly
proposed an analytical PID tuning method. A second-order reference filter is used to reduce
overshoot. The same authors proposed similar analytical PID controller tuning rules for
various IPs in [104]. Overshoots are reduced by cancelling some controller zeros and using
a fourth-order reference filtering. In [131], Zhang et al. proposed analytical tuning rules for
a PID controller for IPs with time delay. The rules were obtained using direct synthesis
and modified multiple dominant pole-placement methods. Taguchi and Araki [105]
proposed analytical tuning rules for a 2-DOF PID controller, in which the optimal closed-
loop response is achieved by two-step tuning of the closed-loop transfer function. Viteckova
and Vitecek [103] proposed analytical PI/PID controller tuning rules for ITD and IFOTD
based on the MDPM. When the closed-loop tracking responses have higher overshoots, the
method employs a 2-DOF PID controller. Vilanova et al. [98] proposed robust tuning of
PI/PID controllers specifically tuned for load disturbance attenuation, i.e., the desired
disturbance-rejection behaviour is specified in terms of a single free parameter that
determines the closed-loop disturbance-rejection time constant. In [132], Darwish proposed
a method to determine the PID controller gains by matching the frequency response of the
closed-loop and reference model.

Controller designs based on IMC-PID tuning rules have been proposed by Kumar and
Padma Sree [71], Jin and Liu [137], Skogestad [15], Panda [101], Ghousiya Begum et al.
[127], Najafizadegan et al. [138], Ranganayakulu et al. [136], Goud and Rao [122],
Shamsuzzoha and Lee [124], and Kaya [134]. The IMC filter time constant in the method
of Kumar and Padma Sree [71] was chosen to set the trade-off between performance and
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robustness of tracking and disturbance-rejection. Similarly, the IMC filter time constant
was used to choose the robustness level in Jin and Liu [137] method. Skogestad [15]
proposed simple analytical model reduction rules and improved IMC-PID tuning rules
named Skogestad Internal Model Control (SIMC). In order to improve disturbance-
rejection for IPs, the rule for the integral term was modified. The method proposed by
Panda [101] derived controller parameters by equating the closed-loop response with a
desired closed-loop response involving a user-defined tuning parameter A. Laurent's series
is used to deal with singularity problems with IPs. Ghousiya Begum et al. [127] calculated
the PID controller parameters using IMC - H, minimization for integrating and double
integrating time-delay processes with a right half plane (RHP) zeros. The method uses a
single adjustable tuning parameter to set the desired trade-off between closed-loop
performance and robustness of the designed controller. In [138], Najafizadegan et al.
considered the design of IMC-PID controllers as an optimization problem by combining
loop shaping and Linear Matrix Inequality (LMI) approaches. The parameters of the PID
controller are computed in such a way that the crossover frequency of the gain, the phase
margin, and the phase and amplitude of the open-loop system are separately set to the
desired values at different frequencies. This loop shaping procedure is fully formulated as
an LMI generalized eigenvalue problem (GEVP). Ranganayakulu et al. [136] proposed an
IMC-PID controller using a higher-order fractional IMC filter to control IPs with time
delay. The use of a higher-order fractional IMC filter structure eliminates the need to use
a reference filter or set-point weighting. The higher-order Padé algorithm is used to
approximate the process time delay. Optimal controller settings are identified using a
systematic procedure that minimizes the TAE for a fixed maximum sensitivity Ms. In [135],
Hemavathy et al. propose an IMC-PD controller with a fractional-order (FO) filter for
IFOTD. The process time delay is approximated with a first-order Pade algorithm. Goud
and Rao [122] proposed a second-order noise filter to reduce the noise effect on the PID
controlled IPs. The value of the filter time constant is based on an iterative approach, i.e.,
function of the loop gain crossover frequency and the design parameter whose value is
chosen as a tradeoff between robustness, performance, and measurement noise reduction.
The controller parameters are calculated using the Optimal Hs - IMC based technique.
Shamsuzzoha and Lee [124] proposed a simple IMC-PID controller for IFOTD and ITD
processes. Since the method is based on optimising the disturbance-rejection, a reference
filter was proposed to improve the tracking performance. Kaya [134] proposed a 2-DOF
IMC control structure for controlling IPs with time delay. The controllers are tuned
according to the gain and phase margins specified by the user.

Tuning rules, obtained by optimisation, were proposed by Bingul and Karahan [139],
Kaya and Cengiz [102], Irshad and Ali [100], Kaya [111], [115], [123], Kaya and Peker [125],
and Ali and Majhi [97]. Bingul and Karahan [139] tuned a PID controller using particle
swarm optimisation (PSO) and artificial bee colony (ABC) algorithms. For controlling IPs
with an inverse response, Kaya and Cengiz [102] proposed analytical PI/PID tuning rules
based on the integral performance criteria. To obtain relationships between the controller
and the process models, repeated optimizations were performed on the error signal (to
minimize it). Similarly, analytical tuning rules for PI/PID controllers were obtained by
Irshad and Ali [100]. The integral of time squared error (ISTE), the integral of squared
time squared error (IST’E), and IST’E were minimized with PSO to obtain optimal
controller parameters. A reference filter is used to reduce overshoots in the tracking
response. Kaya [115] proposed an I-PD controller for controlling the IPs. Analytical tuning
expressions were derived by minimizing the error signal using weighted criteria of the ISTE
and IST?E. In [125], Kaya and Peker extended the previous tuning rules with an additional
performance criterion (IST?E) that improved the closed-loop responses. A similar I-PD
controller was proposed in [111], [123], by the same author (Kaya), for control of the IPs
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with an inverse response. Analytic tuning expressions were derived by minimizing the error
signal using integral performance criteria (ISTE, IST?E, and IST’E). In [97], Ali and Majhi
proposed tuning formulas for a class of IPs based on minimizing the Integral of Squared
Error (ISE). To achieve optimal load disturbance-rejection for the IPs, the ISE criterion is
minimized with the constraint that the Nyquist curve slope, at the gain transition
frequency, has a specified inclination.

Atic and Kaya [117] proposed a tuning method for the PI controllers in which the
obtained stability-boundary loci determine the controller parameters. A similar approach
was used by Atic et al. [99] for the PID controllers. Alyoussef and Kaya [110] propose a
new analytical approach to find the stability region centroid for PI controllers. The
proposed method eliminates drawing of the stability region. In [108], Cokmez et al. obtained
stability regions, satisfying the specified gain and phase margin on IPs with a time delay
for a FO PI controller. Using a relay feedback identification method, the method was also
tested on higher-order IP. Pai et al. [40] proposed analytical PI/PID controller tuning rules
for IPs with an inverse response (non-minimum phase zeros). Based on the model and the
minimal IAE criterion, the controller parameters were computed using the golden section
search algorithm. Ozyetkin et al. [118] proposed a PID controller tuning for IPs with time
delay and inverse response. First, the stability region in the PI controller parameters plane,
corresponding to the derivative gain, is determined (stability boundary locus method), and
then the weighted geometrical centre (WGC) of this region is found (geometrical center
approach). Srivastava and Pandit [107] developed a PID controller with a unique reference
filter that creates a 2-DOF control system. The controller tuning is based on a linear
quadratic regulator (LQR) using a dominant pole-placement approach to achieve a good
disturbance-rejection performance. A PID controller with set-point weighting in series with
a lead/lag compensator for IPs with time delay was proposed by Seshagiri Rao et al. [109].
Analytical tuning rules are derived for a class of IPs based on the desired closed-loop
transfer function (direct synthesis method).

Panda et al. [119] proposed a relay feedback approach to identify model parameters in
a closed-loop for a class of IPs. The process parameters are calculated from an oscillatory
process response obtained by the ideal relay experiment. The controller parameters are
calculated with an IMC-PID tuning rule using a direct synthesis approach based on the
obtained model. Similarly, Veronesi and Visioli [112] proposed a methodology for the
closed-loop performance evaluation of a PID controller. First, the process is approximated
as IFOTD from the closed-loop step response. The performance is then evaluated by
comparing it with the performance provided by the SIMC [15] tuning rule. If the
performance is not satisfactory, the PID controller is retuned using the same tuning rule.
Shamsuzzoha and Skogestad [7] also proposed a similar tuning procedure. PI/PID
controller tuning rules and a method to identify IPs with a time delay and inverse response
from an open-loop step response were proposed by Luyben [106]. The process is
approximated as IFOTD with an inverse response.

Irshad and Ali [128] proposed a parallel control structure (PCS) for a class of IPs that
acts as a 2-DOF controller (see Figure 1.6). For tracking and disturbance-rejection, PD
controller Gci and PID controller Gee are proposed, respectively. PSO minimised the
integral performance criteria (ISTE, IST’E and ISTE) to obtain optimal controllers’
parameters. Ajmeri and Ali [126] also proposed an identical controller structure. The
controllers' parameters are obtained using the direct synthesis approach, i.e., the desired
closed-loop transfer functions for tracking and disturbance-rejection are specified
separately. The tuning parameters are defined by the Ms value.

Ozyetkin et al. [129] proposed the PI-PD controller (see Figure 1.4) tuning method to
control the time-delayed systems. The method is based on the computation of controller
parameters regions using the stability boundary locus and the computation of the WGC of
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the plotted regions. A similar solution was proposed by Raja and Ali [133] for unstable and
IPs with time delay and inverse response. PD and PI controller parameters are determined
by defined Ms value, Routh—Hurwitz stability criteria and by comparing the first and the
second derivatives of the expected and the actual closed-loop transfer functions. Similarly,
Ozyetkin [130] proposed a fractional order PI-PD controller to control the time-delay
processes. The proposed method uses an identical procedure to obtain the controller
parameters. A significant advantage of the proposed methods is the calculation of the
controller parameters without complex solutions and proven stability.

Parallel control structure d
. process

+ + +
I u Gp y

v

Figure 1.6: Parallel control structure (PCS). Irshad and Ali [128] proposed the solution.
Gei, Geo, Gp and Gy, are PD controller, PID controller, the controlled process and the
nominal model, respectively.

Note that most tuning methods for IFOTD can be applied to other types of IPs if the
process can be modelled by the IFOTD model [7], [15], [99], [100], [102], [104], [106], [108]-
[119], [123], [125], [127], [128], [131], [134], [137], [138].

Next, tuning methods for general (higher-order) IPs with time delay have been
reviewed. Papadopoulos [144] proposed the tuning of PID controllers for general IPs using
the symmetrical-optimum method. The method is useful for disturbance-rejection but leads
to higher overshoots of the process output during setpoint changes. A PID controller with
an additional zero for controlling second-order IPs was proposed by Papadopoulos et al.
[141]. The controller tuning rules also included the sampling time 7% of the controller.
Meena and Devanshu [145] proposed tuning of the PID controller using a genetic algorithm
optimisation. In [142], Sekara and Matausek proposed a new classification for a large class
of stable, oscillatory, integrating, and unstable processes with or without time delay. This
was done using the proposed p—¢@ parameter plane, defined by the normalised gain, p, and
the angle of the Nyquist curve slope ¢ at the process’ ultimate frequency. Formulas are
then proposed for tuning the PID controller to achieve the desired trade-off between
performance and robustness in the selected region of the p—¢ parameter plane.

Hamamci and Koksal [143] proposed a simple and effective stabilisation method for IPs
with time delay using FO PD controllers. The proposed method is based on finding the
stability regions according to the fractional orders of the derivative elements. Siddiqui et
al. [146] proposed PID controllers with filter in the parallel control structure (PCS) for the
IPs with time delay and inverse response (see Figure 1.6). The controllers are tuned by
frequency response matching with the DS (direct synthesis) controller, making the method
applicable to the higher-order process. In addition, a derivative filter is included as an
integral part of the design of the controllers.

Anwar and Pan [147] proposed two controller design approaches for the IPs with time
delay, based on frequency response matching. In the first approach, a cascade feedback
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loop is proposed. The inner loop consists of a proportional (P) controller. The parameters
of the PID controller in the outer loop are obtained by frequency response matching using
a reference model with the desired specifications. In the second approach, the design is
based on a desired disturbance-rejection model of the system. Although the proposed
solution was tested on the third-order IP, the closed-loop disturbance-rejection model was
of the second-order. Similarly, Raza and Anwar [140] proposed two control structures to
control IPs with time delay. The control structures are identical to those described in the
previous method. However, the disturbance-rejection closed-loop system was of the third-
order.

Nonparametric tuning methods are data-based, i.e., they directly exploit the closed- or
the open-loop process datasets without requiring an explicit process model. This is an
attractive approach for alleviating the drawbacks of the process—model mismatches. Jeng
[149] proposed a PI/PID controller tuning method that enables the specification of the
desired closed-loop transfer function for disturbance-rejection, while tracking can be
improved using PID controllers independently with set-point weighting. In [150], Dey,
Mudi, and Simhachalam developed an auto-tuning PD controller (see Figure 1.7) that
adjusts the proportional and derivative gains to improve the overall performance (set-point
tracking and process output disturbance-rejection). However, due to the lack of an
integrator, the proposed method is not suitable for rejecting process input disturbances.

Matausek and Sekara [148] proposed the PI and the PID tuning rules based on an
extended Ziegler-Nichols experiment (in addition to the ultimate gain and frequency, the
steady-state gain and the tangent to the process Nyquist curve at the ultimate frequency
should also be determined). The controller parameters are calculated by optimisation
(solution of two nonlinear algebraic equations).

Auto-tuning PD controller

process

[ Normalization |

Figure 1.7: Block diagram of the auto-tuning PD controller. The solution was proposed by
Dey, Mudi, and Simhachalam [150].

1.3.2 Complex closed-loop control structures

Zhang et al. [151] proposed a modified Smith predictor with a pre-filter for the first-order
stable and time-delayed IPs. The proposed tuning rule allows tuning of the controllers
based on the time-domain properties, such as desired overshoot and rise time, or on
frequency-domain criteria, such as stability margin and bandwidth. Similarly, a modified
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Smith predictor (see Figure 1.8) was proposed by Matausek and Ribi¢ in [152] for the
control of stable, integrating, and unstable processes, consisting of a 2-DOF PID controller
in series with a second-order filter, defined by the dead-time and an adjustable parameter.
Optimal parameters were determined using PSO. The performance indices are the IAE and
the maximum sensitivity to measurement noise M,, while the robustness indices are the
maximum sensitivity Ms and the maximum complementary sensitivity Mp.

Controller d n
------------------------------------------------------------------ +| process +
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Figure 1.8: Modified Smith predictor. The solution was proposed by Matausek and Ribié
[152]: Guo(s) = Kp/s, Fu(s) = Ko(Tos+1)/(Tis+1).

In [153], Zhang and Sun extended the Smith predictor to the IPs. The proposed solution
has two adjustable parameters for shaping the tracking and disturbance-rejection
responses. Chakraborty et al. [154] proposed an all-PD control structure based on the Smith
predictor scheme with gain- and phase-margin specifications for I'TD processes. Padhan
and Majhi [155] proposed a modified parallel cascade control scheme (see Figure 1.9) for
stable, unstable and IPs with time delay. The proposed scheme consists of two PID
controllers (Gui and Ge), a reference filter G, and a modified Smith predictor in the
primary loop to improve the closed-loop performance. The design of the controllers and the
reference filter is based on loop shaping and ISE performance measures, respectively.

A control scheme based on a dead-time compensator for stable and IPs was proposed
by Garcia and Albertos [156]. The predictor provides an estimate of the non-delayed
process output based on a discrete-time representation of the continuous-time model. Any
classical tuning approach for processes without time delay can be used to tune the
controllers.

Davé and Banos [157] proposed a proportional-integral compensator plus a Clegg
integrator (PI+CI) to control the ITD processes (see Figure 1.10). The proposed solution
is equipped with a variable band reset block that reduces the effect of time delay.

Huba [158] analysed the optimal tuning of a predictive disturbance observer (PDO)-
based filtered PI (FPI) controller applied to the first-order plus time delay (FOTD) and
ITD processes. The performance is then compared with that obtained using traditional 2-
DOF PI control. Both controllers were tuned using the multiple real dominant pole method.
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Figure 1.9: Modified cascade control scheme. The solution was proposed by Padhan and
Majhi [155]. Gpi and Gp; are outer and inner loop processes, Gn and Gu: corresponding
process models without time delay, Ga and Gg transfer functions of the processes
disturbances, G.i and G are the PID controllers, and G is the reference filter.

Pl + Cl compensator

process

Figure 1.10: PI+CI compensator structure. Dav) and Banos [157] proposed the solution.

In [159], Liu and Gao propose a modified IMC design based on a 2-DOF control
structure (see Figure 1.11), which allows separate optimisation of tracking and disturbance-
rejection performance. Two IMC control designs are proposed based on different
disturbance types, i.e., step and ramp disturbance. The method uses a single adjustable
tuning parameter corresponding to the time constant of the closed-loop transfer function,
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which sets the desired tradeoff between disturbance-rejection performance and the closed-
loop robustness. Jin et al. [160] proposed a 2-DOF control scheme based on the IMC
structure, which allows separate optimisation of the disturbance-rejection and tracking
responses. The design of the controllers for tracking and disturbance-rejection is based on

a process model without time delay.
do i
Controller d
i
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Figure 1.11: 2-DOF control structure. Liu and Gao [159] proposed the solution. Gp, Gy,
Geo, T. and Ga denotes the process, the tracking controller, the disturbance-rejection
controller, the desired transfer function for tracking and the process disturbance transfer
function, respectively.

Modified Smith predictor in a cascade structure (see Figure 1.12), consisting of three
controllers, was proposed by Uma et al. [161] for IPs with time delay and with/without
positive zero. The primary loop has a tracking PID controller with filter (G.) and a
disturbance PD controller with lead-lag filter (G.), while the secondary loop has an IMC
controller G., that stabilizes the process. The primary loop controllers are derived based
on the process type and the desired closed-loop transfer function (direct synthesis method).
Analytical tuning expressions for a class of the IPs are proposed. In [162], the same authors
propose a modified Smith predictor design for non-minimum-phase IPs. The method uses
a similar (non-cascaded) controller structure as the one proposed in [158]. The design of all
controllers is based on the direct synthesis approach. In order to reduce unwanted
overshoots in tracking, an additional degree-of-freedom is proposed in the form of a set-
point weighting.

A predictor-based 2-DOF control design was proposed by Wang et al. [163]. The
proposed control design was based on using a dead-time compensator (DTC) to predict the
non-minimum-phase (NMP) dynamics. In [164], Zhang et al. proposed a disturbance
observer-based (DOB) control scheme for controlling non-minimum phase IPs with time
delay. Set-point tracking and the disturbance-rejection can be individually adjusted by the
controller and the DOB filter. By optimising the disturbance-rejection criterion, the
optimal DOB filter can be designed systematically.

Controller parameters for IFOTD or first- and second-order unstable processes with
time delay in a discrete domain were developed by Wang et al. [165]. The solution is based
on a 2-DOF control structure. The first controller is designed analytically with respect to
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the specification of the H, optimal control performance specification for tracking. The
second controller is derived according to the desired closed-loop transfer function for load
disturbance-rejection.

d2 do dl

+ +
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Figure 1.12: Series cascade control strategy with Smith predictor. The controller was
proposed by Uma et al. [161]. Ges, Gep and G are the primary tracking, primary
disturbance-rejection and the secondary loop controller, respectively. Gpe, Gp1, Gz and G
are the secondary process's transfer functions, primary process, secondary process model,
and overall process transfer function without delay, respectively. Gy is the first-order filter.

Raja and Ali [166] proposed a modified parallel cascade control strategy (PCCS) for a
class of stable and unstable time-delayed IPs. The solution consists of three controllers: the
primary PI controller for tracking, the PD controller for stabilizing the
unstable/integrating primary process model, and the secondary loop controller for
disturbance-rejection, obtained using the IMC approach. The proposed control strategy
requires tuning of four to six controller parameters. In [167], the previous solution for IP
models with a large time delay was extended by including the Smith predictor in the outer
loop (see Figure 1.13). The extended PCCS also consists of three controllers: the primary
controller G for the tracking, the primary stabilizing controller G, and the secondary
controller G for disturbance-rejection. The controller settings are determined by equating
the first and the second derivatives of the desired and the actual closed-loop transfer
functions about the origin of an s-plane using the Routh—Hurwitz stability criterion, and
the IMC approach, respectively.

Similarly, a parallel cascade control strategy using FO controllers in combination with
a Smith predictor was proposed by Pashaei and Bagheri [168] to control stable, unstable
and IPs with a large time delay. The proposed solution also consists of three controllers:
the primary FO controller for tracking, the primary PD controller for stabilizing, and the
secondary FO controller for disturbance-rejection. The FO controller settings are
determined using the FO-IMC approach, and the design of the stabilizing controller is
based on the Routh-Hurwitz-stability criterion. Uma and Rao [169] proposed a modified
Smith predictor design to control non-minimum phase unstable processes with/without
zero. The proposed solution includes two controllers: PID in series with a lag filter for
tracking and PID in series with a lead/lag filter for disturbance-rejection. A set-point
weighting is proposed to minimise the overshoots.
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Raja and Ali [170] proposed a modified serial cascade control structure (SCCS) with
two PI and a P controller for a class of IP models with/without positive zero (see Figure
1.14). The parameters of the PI (Gei and Gez) and the P (Gepi) controller are determined
using the method of moments and the Routh—Hurwitz stability criterion, respectively. In
[171], the same authors propose SCCS with a Smith predictor. The controller parameters
are determined by moment matching, i.e., by equating the Maclaurin series of the expected
and the actual closed-loop transfer functions. The tuning of the controller involves the
adjustment of three to six parameters (depending on the plant model). In [172], Rodriguez
et al. propose a modified feedforward compensator for the IPs. To achieve a good tracking
performance, the controller with a reference filter is proposed. The proposed tuning rule
for the compensator allows a trade-off between the overshoot and settling time.
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Figure 1.13: Parallel cascade control strategy with Smith predictor. Raja and Ali [167]
proposed the solution. G and Gear are the tracking and stabilizing controller, G.i2 denotes
the disturbance-rejection controller, Gp1 and Gp: are the primary and the secondary process
models. Gpaw and G, represent the secondary process model's transfer functions and the
overall process model without time delay.

SCCS (see Figure 1.15), consisting of two controllers and a reference filter, is proposed
by Padhan and Majhi [173] for a class of IPs with time delay. The controller Ge, in the
inner loop, based on the IMC approach, rejects the disturbances entering the inner loop.
The controller Ges in the outer loop, which consists of a PID controller in series with a
lead/lag compensator, rejects outer loop disturbances and stabilizes the IPs with time
delay. The reference filter Gei is used to improve the tracking performance. The proposed
structure has been tested on the second-order integrating model with time delay.

Zhong and Normey-Rico [174] proposed a disturbance observer-based 2-DOF control
structure for controlling IPs with dead-time. It requires the model of the controlled system.
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Once the model is identified, only two tuning parameters are required: the set-point and
the disturbance-response time constants.

d d d
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Figure 1.14: Series cascade control strategy. Raja and Ali [170] proposed the solution. Ge:
and Ges are PI controllers, and Gep is a P controller. Gpr and Gpe denote the primary and
secondary process model.
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Figure 1.15: Series cascade control structure. The solution was proposed by Padhan and
Majhi [173]. Ga, Ge, and Ge are the reference filter, inner loop controller, and outer loop
disturbance-rejection controller, respectively. Gpi, Gps, Gn, and Gz denote transfer
functions of the primary process, secondary process, delay-free model of the overall process,
and model of Gps.

1.4 Purpose of the Dissertation

There are many PI and PID controller tuning methods for the IPs that have been developed
in the last few decades. However, most of the existing tuning methods either require an
accurate IP model, work on a limited range of IP models, or require additional optimization
of the controller parameters. Moreover, the closed-loop efficiency and robustness of some
of the methods are questionable. On the other hand, there is an obvious need in practice
for a tuning method for IPs that is easy to implement, leads to efficient closed-loop control,
and does not require sophisticated identification of the process.
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The Magnitude Optimum (MO) is a controller tuning rule based on the closed-loop
optimal frequency response [175]-[177]. The closed-loop performance for tracking and
disturbance-rejection is usually fast and oscillation-free [178]. By using a nonparametric
time-domain approach with multiple integrations of the process signals, the applicability
of the MO method has been significantly extended. This extension is called the Magnitude
Optimum Multiple Integration method (MOMI) [178]-[180] and retains all the advantages
of the MO method. The extension provides using either the identified process model or the
measurements of the process input and output signals for the calculation of the controller
parameters [178], [179]. Therefore, this can be an attractive approach to mitigate the
disadvantages of process model mismatch.

Since the original method MO was developed for stable (non-integrating) processes, the
MOMI method cannot be directly applied for IPs. Namely, if the 1-DOF controller
structure is used, the MO criteria will result in zero integrating gain of the PI/PID
controller. Since the resulting P/PD controller cannot reject input disturbances, the
original MOMI tuning method cannot be used for IPs.

The main goal of the dissertation is to extend the MOMI tuning method to IPs, by
using several different controller structures and to analyse the performance, stability and
robustness of the above method. The developed method remains nonparametric, i.e., it
does not require an explicit process model to compute the controller parameters. This is
an attractive approach since an intermediate step to compute the process model, which
could be affected by a possible process model mismatch, can be eliminated. The controller
parameters can be calculated from the so-called characteristic areas (process moments)
[25], which can be obtained from the process closed- or open-loop time responses or from
the arbitrary process transfer function with time delay. Moreover, the approaches are
equivalent in the frequency and time domains (according to the MO criteria) without
introducing errors in calculating the controller and reference filter parameters.

In practice, there is often a requirement to optimise either the reference tracking speed,
disturbance rejection performance, or both. Therefore, the developed extension of the
tuning procedure provides an additional possibility to emphasize either the disturbance
rejection or the tracking performance via the reference weighting parameter. In addition,
two reference filter structures have been developed to achieve the best overall closed-loop
performance (optimal tracking and disturbance-rejection performance). The main
advantage of using a reference filter is that such a filter can significantly improve the
tracking performance without degrading the disturbance-rejection performance. The
parameters of the reference filter are also calculated using the characteristic areas, so the
process model is not needed.

In some cases, the calculated closed-loop speed might be too high. In this case, the
controller parameters should be detuned. The detuning factor which is easily understood
by the operators is the speed of the closed-loop control. Therefore, in this work, an
additional measure is provided to change the closed-loop speed, which is the average closed-
loop residence time [25]. The advantage of this measure is that it defines the tracking and
disturbance-rejection speed of the control loop. Based on the mentioned measure, the user
has the ability to recalculate the controller parameters and speed up or slow down the
closed-loop response. It is worth mentioning that the mentioned additional speed parameter
can also be calculated from the characteristic areas.

Tuning the controller without considering the stability or robustness limitations can
lead to oscillatory or unstable closed-loop control even with minor changes of the actual
process parameters. Therefore, the stability and robustness properties of the proposed
tuning method have also been investigated. Furthermore, the robustness of the calculated
characteristic areas from noisy process measurements is also investigated. Namely, by using
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a suitable filter, the accuracy of the measured process moments can be significantly
improved.

In practice, the process model is often needed for better optimisation of the closed-loop
responses. Therefore, in this thesis, an analytical method is proposed to identify the lower-
order process model (second-order process with zero and time delay) directly from the
characteristic areas, i.e., from the process' closed- or open-loop time responses (in the time-
domain) or from the higher-order transfer function with time delay (in the frequency-
domain). The advantage of such an approach is that the lower-order model can also be
obtained from an infinite order model (e.g. heat transfer) or from the process model
containing the sum of the process models with different time delays.

1.5 Aims and Hypotheses

The main objectives of this work are as follows:

e enhancement of the MOMI tuning method to integrating processes using different 2-
DOF PI/PID control structures,

o development of the reference filter whose parameters are calculated using the
characteristic areas (explicit process model is not required),

o estimation of integrating processes models from the characteristic areas,
e analysis of the average closed-loop residence time,

e calculation of the controller parameters as a function of the desired speed of the
closed-loop (i.e. the desired average closed-loop residence time),

o stability, robustness and noise sensitivity analysis of the developed tuning method,
o performance comparison with other tuning methods,
e development of practical performance criteria, and
o testing of the method on some laboratory and industrial plants.
The main hypotheses proposed, investigated and confirmed in this thesis are as follows:

e The PI/PID controller parameters can be computed from the parametric and
nonparametric description of the process (e.g., by using the characteristic areas).

e The reference filter can be calculated from the parametric and nonparametric
description of the process and can significantly improve the tracking performance
without degrading the disturbance-rejection performance (i.e., achieving the optimal
tracking and disturbance-rejection).

e From the parametric and nonparametric description of the process, controller
parameters can be calculated according to the specified average closed-loop
residence time and the desired disturbance-rejection performance.

e The second-order process model with zero and time delay can be reliably computed
from the parametric or nonparametric description of the actual process (e.g. by
using the characteristic areas).
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1.6 Scientific Contributions

The main advantage over the currently proposed tuning methods for the integrating
processes is that the computation of all parameters (controllers and reference filters) is
based on either a nonparametric or parametric process description, i.e., the computations
do not require an explicit process model. More precisely,

o the controller parameters with the reference filter are calculated analytically from the
time response of the process or from the transfer function of a general order with
time delay (both approaches are equivalent),

e the optimisation of disturbance-rejection and/or reference tracking is achieved by the
reference filter or the reference weighting parameters,

o the controller parameters are calculated according to the desired speed of the closed-
loop response,

e the calculation of the parameters of the PI/PID controller and the reference filter
is based on simple algebraic expressions, which makes the proposed method suitable
for implementation in less demanding hardware, such as slower PLC controllers,

o the derivation of an analytical method for identifying the lower-order process model
(the second-order process with zero and time-delay) directly from the characteristic
areas, and

e the calculation of the characteristic areas (process moments) from the process
signals in noisy environments is significantly improved.

1.7 Structure of the Dissertation

The remainder of the thesis is organised as follows.

Chapter 2 introduces the magnitude optimum (MO) and magnitude optimum multiple
integration (MOMI) methods including a 2-DOF controller in a closed-loop configuration
with a process.

Chapter 3 derives the estimated low-order integrating process models directly from the
characteristic areas measured from the process response.

Chapters 4 and 5 present the extension of the MOMI tuning method for integrating
processes to 2-DOF PI/PID control structures. In addition, the optimal reference weighting
parameters and the reference filters are derived here, as well as the calculation of the
controller parameters as a function of the desired average closed-loop residence time.

In Chapter 6, the stability, robustness and noise sensitivity analysis of the proposed
tuning method are investigated. In addition, a new approach is proposed to reduce the
high-frequency noise sensitivity in the calculation of the characteristic areas.

Chapter 7 compares the performance of the proposed method with some other tuning
methods for integrating processes. In addition, some novel practical performance criteria
are developed.

Real-time experiments on some laboratory and industrial systems are outlined in
Chapter 8.

Finally, Chapter 9 concludes the thesis and provides directions for future work.
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Chapter 2

MO and MOMI for Integrating

Processes

A large part of this chapter was originally published in T. Kos et al., Applied Sciences
(2020), 10: 17.

In this chapter, we present a method for nonparametric identification of the process
using so-called characteristic areas (process moments) [25]. These areas can be identified
from the time response of a closed or open loop (in the time domain) or directly from an
arbitrary rational transfer function with a pure time delay (in the frequency domain). It
should be noted that both approaches (time domain and frequency domain) are equivalent.
The characteristic areas are later used for the calculation of the parameters of the controller
and the reference filters, as well as for the process model fitting.

Figure 2.1 shows a 2-DOF controller in a closed-loop configuration with a process.
Signals u, d, y, and r represent the process output, the input disturbance, the controller
output, and the controller reference, respectively.

controller d process

+
u Go

Figure 2.1: Universal closed-loop control scheme using the 2-DOF controller.

The process is defined by the stable transfer function:
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where Tauay represents the process time delay. As stated in [176], “one possible design aim
is to maintain the closed-loop magnitude response curve as flat and as close to unity for
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as large bandwidth as possible” (see Figure 2.2). Thus, the goal is to find a controller whose
low-frequency closed-loop response is as close to unity as possible [178].

Closed-loop magnitude response
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Figure 2.2: The closed-loop magnitude frequency response according to the magnitude
optimum (MO) method.

This approach is referred to as modulus optimum, Betragsoptimum, or magnitude
optimum (MO) and leads to relatively optimal closed-loop time response for most process
models when considering the speed of its response and robustness [178].

With a 2-DOF controller (shown in Figure 2.1), the closed-loop transfer function
becomes:
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is fulfilled for as many k as possible [176], [179]. Equation (2.3) is thus easily satisfied. If
the controller structure contains an integral term, and the closed-loop response is stable,
the steady-state control error is zero; thus, Equation (2.3) is satisfied. The number of
satisfied conditions in Equation (2.4) is correlated with the number of controller parameters
(controller order). For the PI controller ky.. = 2, and the PID controller Ay.x = 3.
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Let us define the closed-loop transfer function by the following equation:

fo+ fis+ fys?+

Ger(s) = PP Jr— (2.5)
Then, the following conditions must be satisfied to fulfil Expression (2.4) [178]:
2n
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1=0

The first two equations in Condition (2.6) should be satisfied to calculate the PI
controller parameters. The first three equations in Condition (2.6) should be satisfied to
calculate the PID controller parameters.

To simplify further derivations, process (2.1) is developed into an infinite Taylor series
[179]:
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where A; represents the “characteristic areas” of the process [178], which can be expressed
by process parameters (2.1) [176]:

Ay = Kpg

Ay = Kpg(a; — by + Tyelay)

T e‘d/VQ
A; = Kpr (b2 — @y — Tyelayby + d;, : ) + Ay

2
Tdelay bl

Tdelay3
21 +T —|—A2a1—A1a2 .

Az = Kpg (CL3 — b3 + Telaybs —

Tdelay2b2 Tdelay3b1 Tdelay4
Ay = Kpg (—a4 + by = Taelaybs + —— — —; )T

—I—A3a1 — A2a2 + A1a3

Ay = K (D (g — by + B, (-1 )
+ Zf;ll(_l)k+i_1f41ak—i

This means that the characteristic areas can be obtained directly from the process
transfer function. Moreover, the characteristic areas can also be calculated in the time
domain, i.e., from the time response of the process. For this purpose, the steady-state of
the process should first be changed.
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Then, the multiple integrations of the process input (u(t)) and output (y(t)) signals can
be calculated [176], [179]:

_ ult) — u(0)
O AU
t) —y(0)—9(0)- -t

Iy (t) :/U()(T)dT Iy () _l/() Z/(A)U y(0)

0 { (2.9)

t
Iy, (t)= [ I d

Iy (1) :/IU1<T)dT y2(t) 0/ vi(T)dr

0

where u represents the normalised process input signal, and

The characteristic areas are expressed as follows:

Ay = y,(00); y; = Aglin(®) — I (1)
Ay = y,(00); yy = A1 Iin (t) — Aplie() + Iyp (1)

Ay = y2(OO); Y3 = AQIUl(t) — AllUQ(t) + AOIUS(t) _ IYS(t) (2.11)

Note that §(0) = %(0) = --- = 0 and that Ay is equal to the steady-state gain of the process,
Kpr. In practice, the integration in Expression (2.9) may end when the process signals
settle. Therefore, Expression (2.9) can be recursively and simply calculated, therefore the
process model (2.1) is not needed. Therefore, the process can be easily parameterized by
using the characteristic areas from any change in the process steady-state [178].

For clarity, a graphical representation of the characteristic area A; is shown in Figure
2.3. Signals uy and 7, represent the responses of the process input and the process output,
respectively [178].

A
Ag -

A

AoUg Yo

Figure 2.3: Graphical representation of characteristic area A;. This area was measured
after the change of the process steady state.
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In practice, certain rules must be followed to accurately calculate characteristic areas
from the process response corrupted by noise. Some practical guidelines for calculating
characteristic areas from process time responses in practice, including high-frequency
process noise, can be found in [181]. In Chapter 6.3, an additional in-depth noise analysis
was performed. As shown in Chapter 8, the method was also tested on a real process with
present noise. In all the mentioned tests, it was found that the calculated areas and, hence,
the controller parameters were not significantly sensitive to the high-frequency process
noise.
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Chapter 3
Process Model Estimation

The goal of a control system is to force a dynamic process into the desired behaviour. The
success of this goal is often conditioned by the existence of an accurate mathematical model
of the process [27], [35], [182]. According to [183], "the primary goal of system or process
identification is to determine a model that will match the performance of the system or
process to be identified". Models are used for simulation purposes, quality control, fault
detection, and control design [37], [182]. According to [37], "Models can be used to simulate
expected process behaviour with a proposed control system. Also, models are often
"'embedded" in the controller itself; in effect, the controller can use a process model to
anticipate the effect of control action'. They also play a vital role when real-time system
experiments are dangerous or costly [37], [182]. In this chapter, we focus on Linear Time-
Invariant (LTI) single-input-single-output (SISO) processes.

Model parameters are identified by feeding a set of input signals into the system. Then,
the response of the system is collected by taking measurements with appropriate sensors,
which are affected by the measurement noise [35], [37], [182], [183]. Various input data
signals can be used, such as step, pulse, a square wave, sine, and pseudorandom binary
sequences (PRBS). To prevent the process output from drifting too far from the set-point,
process identification can also be performed in a closed-loop configuration, although this is
not possible in all cases. According to [184], "for safety and economic reasons, many
industrial processes of the type integrating and unstable processes are not permitted to run
in an open-loop manner'.

Based on the information obtained, identification methods can be divided into time-
domain and frequency-domain methods [35], [183]. A comprehensive survey of identification
methods was presented in [184], [185].

Some of the less used methods in the frequency-domain are using sinusoidal or impulse
process input signals. The sinusoidal test is usually time-consuming, and the impulse test
is not suitable for nonlinear systems [184]. Frequency identification methods, based on the
process input step response, usually apply a two-step identification procedure: estimation
of the process response in two frequency regions [186]. A more common frequency-domain
identification method is a relay feedback identification method [2], [187], [188]. Several
variants of relay identification methods have been proposed in the literature [2], [119],
[189]-[202]. According to [184] and [185], they can be categorised into three main groups:
describing function method, curve fitting approach and frequency response estimation for
model fitting. The advantage of the relay feedback methods is the process identification in
the closed-loop configuration. Moreover, the relay identification solution proposed by
Sekara and Matausek [199] "is implemented without breaking the loop with the controller
in operation'. Relay identification is widely used for controller auto-tuning [2], [119], [191],
[195], [201]. According to [200], "the success of relay feedback auto-tunes lies in the fact
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that it identifies one important point on the Nyquist curve: the point at the crossover
frequency (ultimate frequency)'. Moreover, relay identification has been improved with a
shifting method [189]-[191], [194], [202], which is still based on biased relay feedback. The
shifting method can find up to three points on the frequency characteristics [194].

The step test is the most commonly used method in the time domain because of its
simplicity. It can be further divided into the model-fitting approach and the time integral
approach [184], [186]. Model fitting techniques roughly estimate the process model, such as
the first-order plus dead time (FOTD) model and the second-order plus dead time
(SOPDT) model, based on two-point fitting [25], [203], [204]. According to [25], [27], for
the purpose of controller tuning, the lower-order model effectively describes the higher-
order (HO) linear process. Later, three-point fitting was proposed [205]-[208], as well as a
method for obtaining the HO model with dead time [209] for stable processes with
underdamped responses. To improve the identification accuracy and robustness to high-
frequency noise, the time integral approach was proposed [25], [210]-[212]. In [211],
benchmark examples were used to show that the time integral algorithm improves the
identification accuracy and robustness to high-frequency noise compared to other step
identification methods.

Another method for process identification in the time-domain is the Method of Moments
[213]-[215]. The method uses subsequent (multiple) integrations of the input and output-
time responses of the process ([214]) to obtain so-called Moments or "characteristic areas"
of the process. Note that characteristic areas are a nonparametric description of the process.
As explained in Chapter 2, characteristic areas can be obtained from the closed-loop or
open-loop time response of a process (in the time-domain) or from the general-order transfer
function with a time delay (in the frequency-domain). This means that the method can
also be used to reduce existing HO models. Moreover, the characteristic areas can also be
obtained from integrating processes (see Chapter 2). Vrecko et al. [216] have shown that
SOPDT (four-parameter model) can be calculated analytically from the characteristic
areas. Since the model does not contain a zero, it is not suitable for certain applications;
see, e.g., a calculation of higher-order reference filter parameters in Chapter 5.4.2.

This chapter proposes a method for identifying the five-parameter model from
characteristic areas: the second-order process with zero plus dead time. The method can
also be used to reduce the HO process model, to obtain the process model from the original
infinite-order model (e.g. heat transfer), or to obtain the process model containing the sum
of the various process delays.

3.1 Identification Algorithm

In [25], it was shown that even higher-order systems could be successfully approximated
by the second-order process model with time delay (four-parameter model):

KM edems

(14 aq,,8 + a9, 82)

Gu(s) =~ (3.1)

where Tan and Ky represent the process time delay and steady-state gain, respectively. ain
and a, are the corresponding dynamic parameters. Vrecko et al. [216] have shown that all
parameters of the process model (3.1) can be calculated analytically from Expressions (2.8).
Therefore, the process model can be obtained directly from the characteristic areas.

As explained, a model without zero is not suitable for certain applications. Therefore,
the modelling method proposed by Vrecko et al. [216] is extended.
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The chosen process model is a second-order process with a zero and pure time delay

Ky (1+ by, s)e Lams
sl +ay,5+ ay,52)

Gr(s)

(3.2)

where by, represents the process zero.
In order to express the parameters of the model (3.2) in terms of the characteristic areas
Ao-As, Expression (3.2) is inserted in Expressions (2.8). The following result is obtained:

Ay = Ky

Ay = Ky(ay — by + Tyy)

dem2
AQ = KM —a9 — Tdmbl + T + Alal .

(3.3)
Tdm2b1 T'drn3

A3 = KM — Y + T + A2a1 — A1a2
Tdm3b1 T'drn4

Ay =Ky |- T +Aza; — Asay

As can be seen from Expressions (3.3), characteristic area Ay is equal to the process steady-
state gain. The remaining process model parameters can be calculated directly from
Expressions (3.3). The time delay can be calculated from the following sixth-order
polynomial:

Ty ® + BT + VTt + 0T + €Ty > + 0Ty, 4+ p =0, (3.4)
where
Q= AOS,
ﬁ = _6A1A027
v =6(—Ay4,° +34,°Ay),
6 =24(A34,% — A°), (3.5)

e =T2(A4A° + A, A7 — 2454, Ay),
0 = 144(A;A,° — Ay Ay — AJA Ay + A3 AL Ay),

Expression (3.4) has six solutions for T4, which may be real or complex. The zero of the
process model can be calculated from the following expression:

b — A Tan® 841 A Tan 6 A5 A * T —6A3 A > +6 A, > A Ty, +124, A1 Ag—64,°
im 3(A0° Ty 2 —2A1 Ay Ty —2A5 Ag°+2A, 7 Ay) )

(3.6)
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and parameters a, and ax, can be calculated from the following expressions:

A
A1 = A_1+ blm _Tdm7
0
o (3.7)
_ __2_|_ dm
a2m AO 2

Al (Al + AOblm B AOTdm)
Ay’

- bldem +

The flowchart of the proposed model-fitting method is shown in Figure 3.1. In the
beginning, time delay Tun (model zero by, = 0) is determined by blocks A-D. This variable
is used for decision-making. Tumo is calculated by block A from the following third-order
polynomial:

Tdm03 o Tdm02A1 Td (AIZ A2) A13 2141142
mO0

6 24, A A A7 AP

Ag

— =0. 3.8
3 (38)
Expression (3.8) has three solutions for Tame, which may be real or complex. The time delay
must be real and non-negative to represent a feasible solution. These constraints can be
expressed as follows:

j(T'dm()) =0

R(T,0) > 0 (3.9)

\Y

The correct result is the smallest positive real number obtained by blocks B and C.
Condition D checks if the solution exists, otherwise, Tuwo is set to 0.

Next, block E computes time delay Tun from Expressions (3.4) and (3.5). The time
delay must be real and non-negative to represent a feasible solution. These constraints
(block F) can be expressed as follows:

j(1_‘drxl) =0

RT3 0 (3.10)

\V]

Condition G checks if the feasible solution(s) exists, otherwise Tom = Tamo (time delay at
bim = 0). Model parameters bim, aim and ax. are calculated according to Expressions (3.6)
and (3.7), as shown in block H.

The process model must be stable, i.e., ain, and @, must be non-negative. These
boundary conditions (block I) can be expressed as follows:

almzo

S0 (3.11)

If there are multiple solutions (block J), the appropriate solution is selected according
to the process type (block K), i.e., for a minimum phase or non-minimum phase process.
Note that the process type must be specified by the user. In the case of a minimum phase
process, the correct solution is the one with Ty > Tamo and vice versa. These constraints
can be expressed as follows:

T = Tamo process = minimum phase

Tom < Tymo Process = non-minimum phase’ (3.12)

The final condition (block L) checks whether there is a matching solution. If the
condition is satisfied, the loop is terminated. Otherwise, the algorithm sets Taw = Tamo
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(time delay at bim = 0) and then blocks H-K are called again. Note that block L is called
only once to avoid unwanted code loops.

\ 4
A Calculate Tamo E Calculate Tum

v v

Constrains Constrains

B 3( Tamo) = 0 F 3(Tam) =0

R(Tamo) = 0 R(Tawm) =0

v
Choose
C “hoo G
min ( Tamo) olution (s)»\NO
exisy ¢
D Mo = M
Solution YES ‘ | e

exists 7 v

Tiwo = 0 Calculate

YES H b1m7 (1, A2m
v

Select solutions with
I A1m Z 0
a2m 2 0

Multiple . NO

solutions?

Choose solution
K | Tuw > Tuwo process = minimum phase
Taw < Tamo process = non-minimum phase

\ 4
L Solu&NO
exists 7

Figure 3.1: Flowchart of the proposed model-fitting method.

As has been shown, the second-order process model (3.2) can be estimated from the
characteristic areas, and the only parameter required by the user is the type of process
(minimum phase or non-minimum phase process), which in practice can be easily obtained
from the process time-response. To save the reader effort and time, all MATLAB files
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required to implement the proposed identification method and calculate the process model
parameters from the characteristic areas are available online [1].

3.2 Illustrative Example

The proposed model-fitting method was tested on the following family of process models:

(14 bs)e Taciays
s(1+Ts)m

G () = (3.13)

where b, Tiey, T, and n represent the process numerator time constant, the time delay,
the time constant, and the process-order, respectively. The test experiments were
performed for different values of all four parameters of the process (3.13). Time constant
T was always calculated from the selected process order and time delay as follows:

T Xn + Tdelay - 1. (3.14)

The fitting of the identified second-order process model (3.2) to the actual process (3.13)
was evaluated using the following time-domain criterion:

[lel(t)dt

’max(yapl) — min(yGP1 ) ”

IAE = (3.15)

where e is the open-loop step-response difference between the actual process (3.13) (yar1)
and the identified process model (3.2) output signal (yeu):

€= Yo, — Yy (3.16)

Expression (2.8) was used to calculate the characteristic areas from the transfer function
of the process (3.13). Then, the parameters of the process model (3.2) were calculated from
the characteristic areas, according to the flowchart shown in Figure 3.1.

The actual flow of the algorithm in Figure 3.1 depends on the selection of the
parameters of the process (3.13). The results of all the conditions (rhomboid-shaped blocks
in Figure 3.1) for a different selection of the process parameters (process zero, time delay,
time constant, and process order) are shown in Figure 3.2. The conditions shown represent
all the decisions made by the algorithm. For example, D = NO means that the answer of
block D in Figure 3.1 is NO (there is no real positive solution for the process model time
delay Tamo), G = NO means that there is no real positive solution for the process model
time delay Tuw, J = YES means that there are multiple solutions for computing the
dynamic process parameters aim and aam, and L = NO indicates that there are no solutions
for the model parameters when Tuy, is used, so in the next iteration Tum = Tamo. Note that
for each process, only one of the conditions shown in the figure is met, so there is no
overlap.

Calculated process model (3.2) parameters b, and Ta, for the selected process Gp
parameters are shown in Figures 3.3 and 3.4, respectively. As can be seen from Figures 3.3
and 3.4, calculated process model parameters by, and Ty, for lower-order processes (n = 1,
2) are identical to actual process parameters b and Tyu.,. For higher-order processes (n = 3—
8), calculated by, deviates from b and becomes zero for a wider set of actual process
parameters, while parameter Ty, becomes higher than Ty, as expected.
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Algorithm conditions vs. process parameters

L=NO
J=YES
G =NO
0.5
D =NO
0.25 —
/
= 0 10°
-1
-0.25 10
Tdelay [s]

1073

7 6
> a4 3 2 ]
Figure 3.2: The results of the algorithm conditions for process Gri(s) parameters

perturbation.

Calculated b1m VS. process parameters
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b [
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Tdelay [s]
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Figure 3.3: Calculated zeroes by, for process Gpi(s) parameters perturbation.
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Calculated Tdm VS. process parameters

0.5

0.25

b [

-0.25

-3
3 10

*am ?

Figure 3.4: Calculated time delays Tum for process Gpi(s) parameters perturbation.

The TAE criterion values for process Gpi are shown in Figure 3.5. The IAE criterion is
0 for the first- and second-order processes (perfect fit) and increases as the process order
and numerator time constant b increase. However, the maximum value of TAE is still
relatively low (0.068).

Next, the proposed model identification method was compared with that of Vrecko et
al. [216] (the method with fixed b1,=0). For this purpose, the absolute difference of IAE
criteria was calculated by the following expression:

IAEA = IAEVrecko - IAEproposed' (317)

If the performance of both methods is identical, the calculated criterion difference will be
0, otherwise the value will be larger.

The absolute difference of the TAE criterion for process Gpi is shown in Figure 3.6. As
expected, the TAE values of both methods are identical in the cases where b, = 0.
However, in other cases, the difference of TAE criteria confirms the superiority of the
proposed model identification method. Note that the maximum difference of the IAEa
criterion is 0.67.

In practice, certain rules must be followed to accurately calculate the areas from the
process response corrupted by noise. Some practical guidelines for computing characteristic
areas from process time responses in practice, including high-frequency process noise, can
be found in [181]. Additional in-depth noise analysis was performed in Chapter 6.3.

All MATLAB files used to present the results are available online [1]. Note that the
above reference also includes the MATLAB files used in all other examples in this paper.
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Criterion IAE vs. process parameters
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Figure 3.5: The IAE criterion values for process Gpi(s) parameters perturbation.

C.riterion IAE absolute difference vs. process parameters
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Figure 3.6: The absolute difference of the ITAE criteria for process Gpi(s) parameters
perturbation. Values are calculated from the TAE criterion of the method proposed by
Vrecko et al. [216] and the TAE criterion of the proposed model-fitting method.
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Chapter 4

PI Controller for the Integrating

Processes

A large part of this chapter was originally published in Kos, T. et al., Applied Sciences
(2020, 10: 4.

The process in a closed-loop configuration with a 2-DOF PI controller is shown in
Figure 4.1. Signals d, y, , and wu represent the input disturbance, the process output, the
controller reference, and the controller output, respectively. Parameter b is the proportional
weighting factor, while Kp and K represent the proportional and integral gains,
respectively.

2-DOF PI controller

+ Q

process

’ Go(s) |+~

v

Figure 4.1: General closed-loop scheme with a 2-DOF PI controller.

The IP was modelled with the rational transfer function (2.1). In order to simplify
subsequent derivations, the process (2.1) was developed into an infinite Taylor series (2.7).
In addition, the closed-loop transfer function is represented by expression (2.2).

The next step is to calculate the parameters of the 2-DOF PI controller. A controller
can be defined by the next transfer functions:

K
Ger(s) = bKp +—,
s (4.1)

K
Gey(s) = Kp + =

where b, Kp, and K are the reference weighting factor, proportional gain, and integral gain,
respectively.
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By applying the controller and process transfer functions (Expressions (4.1) and (2.7),
respectively) to the closed-loop transfer function (Expression (2.2)), the following closed-
loop transfer function parameters (2.5) are obtained:

€y = AOKI
€1 = _AlKI + A()KP
€y = A2KI — Ale + 1

€3 = _ASKI + AQKP (42)
ey = Ay K1 — A3Kp

Jo = Aok

i = —A1 K + AgbKp

f2 = AQKI - AleP (43)

f3 — —A3KI + AQbKP

To compute two PI controller parameters, the first two equations in Conditions (2.6)
must be satisfied [217]. The first condition in (2.6) gives the following result:

Ki = 0.54(1 — b*)Kp®, (4.4)
and the second condition in (2.6) results in

K (AgAy —0.54,2)(1 = b*)Kp? + A;Kp—0.5

I T (4.5)

The controller gain (Kp) can be calculated by equating Expressions (4.4) and (4.5):

o A+ /Al2 +¢ (4.6)
b=

g 9

where
E€=(1-0%) (454, — A?). (4.7)

To facilitate the implementation of the proposed tuning method and to save the reader’s
time and effort, all MATLAB files used to calculate the PI parameters are available online

[1].

Remark 4.1. Suppose that the value of & in Equation (4.7) approaches zero (if the
reference weighting factor b is close to or equal to one, or the difference of the characteristic
areas in the brackets is close to zero). In this case, proportional gain Kp can be calculated
by developing the expression under the square root in Equation (4.6) into a Taylor series.
In this case, the proportional gain becomes

05

Kp =7~

(4.8)
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However, when b = 1 (1-DOF PI controller), the Integral gain (4.4) becomes Ki = 0, and
we obtain a proportional (P) controller. Therefore, the disturbance-rejection performance
deteriorates when the value of factor b is increased. The influence of factor b on the tracking
and the disturbance-rejection performance is shown by an illustrative example in Chapter

4.1,

Remark 4.2. While Expressions (4.6) and (4.4) lead to stable and fast closed-loop
responses for a large majority of IP models, closed-loop stability is still not guaranteed for
an arbitrary process model. Closed-loop stability and robustness are discussed in detail in
Chapter 6.

As explained in Chapter 2, characteristic areas Ay to A4 can be obtained directly from
the process transfer function or calculated from the time response of the process as the
steady-state of the process changes. The steps for the PI controller tuning are presented in
Table 4.1.

Table 4.1: The instruction for the PI controller tuning.

Step Description

1 | Determine the characteristic areas from Expression (2.8) if the process model is
known. Otherwise, modify the process steady-state. Perform sampling of the
controller and process output signals during the process transient. Areas Ay to
A are calculated from Expressions (2.9)—(2.11). The initial values of the process
input and output signals can be estimated by averaging before changing the
controller output signal.

2 | Select a suitable reference weighting factor 0 < b < 1.

3 | Calculate the controller parameters according to Equations (4.6) and (4.4).

Remark 4.3. Proportional gain Kp for a second-order IP (b, = 0, as—a, = 0) can be
calculated by the following expression:

2
—Kpr(ar + Tdelay)\jKPRQ(al + Taeay) +€ (4.9)
KP = )
§
where
KPR2 2
g = T (b2 - 1)(Tdelay + 2alz_‘dtel:auy + 2&2). (410)

Integral gain Ki can be calculated from Expression (4.4) considering that Ay equals Kpg:
K1 = 0.5Kpg (1 — b°) Kp®. (4.11)

When calculating the PI controller parameters for a first-order process, a; is replaced by 0
in Ezpression (4.10).
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4.1 Illustrative Example

For the illustrative example, a second-order IP was selected:

=—. 4.12
Gp(s) s(1+5)2 ( )

Characteristic areas were calculated from Expression (2.8):
AO - ]-7A1 = 27A2 - 3 (413)

The parameters of the PI controller, shown in Table 4.2, were calculated from
Expressions (4.9) and (4.11). The parameters were calculated for different values of
reference weighting factor b. The closed-loop responses for the input disturbance and the
reference change when applying a 2-DOF PI controller are shown in Figure 4.2.

Table 4.2: The PI controller parameters.

Ki Ky
0 0.0359 0.2679
0.2 0.0343 0.2671
0.5 0.0259 0.2630
0.7 0.0170 0.2585
0.9 0.0061 0.2530

Reference tracking response Disturbance rejection response
4
1 ~
= —b=0 3
§ 08 —b=02
3 —-b=05
o
o 08 b=0.7 2
3 —b=09
§ 04 — reference 1
o
0.2
0
0 .
0.25 1
—b=0 b=07
= 02 05 —b=02 —b=09
< —-b=0.5 — disturbance
Q a
£015] |
o
2 041
<
g 0.05
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Figure 4.2: Process Gp closed-loop responses. Comparison between different values of b.
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As can be seen in Figure 4.2, tracking and disturbance-rejection performance are
correlated with factor b. The tracking performance increases as factor b increases. Thus, if
tracking performance is the most important, choose a value of b > 0.7. On the other hand,
the best disturbance-rejection performance is achieved with b < 0.2. A good compromise
between tracking and disturbance-rejection performance is b = 0.5.

Remark 4.4. The best overall performance (optimal tracking and disturbance-
rejection) could be achieved by using a higher-order reference pre-filter instead of reference
weighting factor b, similar to the proposed solution for non-integrating processes [218]. In
this case, the controller parameters should be the same as those calculated with b = 0,
while pre-filter parameters should be adjusted to achieve the optimal tracking response.
However, such a solution would require a more complex controller implementation, which
is in contrast with the simplicity of the presented tuning method. Nevertheless, a reference
filter structure for a PID controller is presented in Chapter 5.4.

4.2 Reference  Weighting and  Reference Filtering
Equivalence

In addition to the set-point weighting [25], [219], a 2-DOF controller can also be realized
using the reference filtering [219], [220]. The filter (Gr) in the closed-loop configuration
with the controller (Gc) and the process (Gp) is shown in Figure 4.3.

controller

process

Gp

Figure 4.3: Reference filter Gr with controller G¢ and process Gp.

Closed-loop transfer function Geri from reference r to process output y is the following:

Y(s) _ GrGpG

Gera(s) = Re) 1+ GoGo (4.14)
When applying the 1-DOF PI controller transfer functions:
Ge() = Kp + (4.15)
to the (4.14), the following transfer function (1-DOF PI controller) is obtained:
Goua(s) = I Keo) G (4.16)

T s+ (K; + Kps)Gp’
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The transfer function of the 2-DOF PI controller using set-point weighting is obtained
by applying the controller transfer functions (4.1) to the closed-loop transfer function (2.2):

(K; 4+ bKps)Gp

Gerls) = s+ (K + Kps)Gp (4.17)

The purpose of reference filter Gr is to make transfer function Geri(s) (4.16) equal to
Gew(s) (4.17). Equating (4.16) and (4.17) gives the following first-order reference filter
transfer function:

Kp
1+bES_1+bTIS

Kp — 14T’
14+ =k I
+KIS

Gr(s) = (4.18)

In the case that reference weighting factor b > 0, the reference filter also contains zero.

4.3 Average Closed-Loop Residence Time

The average closed-loop residence time Tcy, [25] is related to the closed-loop time constant.
According to [25, p. 27|, it can be calculated as follows:

(4.19)

where y is the response of the process output to the reference step-like change, where
y(0) = 0. Since Ty is directly related to the time constant of the closed-loop and thus to
the speed of the closed-loop control, it can be used as an additional user-defined tuning
parameter. However, it should be noted that Tcr does not provide a good estimate of the
closed-loop speeds on closed-loop responses with significant overshoots due to the
integration of the process response (4.19).

In the following derivation, the average closed-loop residence time Tcr will be
calculated. The IP model was chosen according to Expression (2.7). The closed-loop
transfer function (2.2) was calculated from the 2-DOF PI controller (4.1) and the IP model
(2.7). The following parameters of the closed-loop transfer function (2.5) are then obtained
(after dividing the numerator and denominator by AyK)):

60 = 1
_AIKI —|— A()KP
el = AR (4.20)
f() =1
— A Ky + AgbKp
f = (4.21)
ApKy

The average closed-loop residence time T¢r, (4.19) can then be calculated simply by
applying the final value theorem [221] to the Expression (4.19).



4.3. Average Closed-Loop Residence Time 43

The result is the following:
Tep =6 — fi- (4.22)

After inserting Expressions (4.20) and (4.21) into Expression (4.22), the final expression
for Tcp is obtained:

T =
CL KI

(1—b)T;, (4.23)

where Ti is the integral time constant of the controller. As can be seen from Expression
(4.23), the average closed-loop residence time correlates with the integral time constant
and the proportional weighting factor. Tcr, decreases (the speed of the closed-loop response
increases) by decreasing 71 and increasing b.

Note that Expression (4.23) applies only to cases where b < 1. As explained in Remark
4.1, when b = 1, we obtain the proportional controller (P) instead of the PI controller. In
this case, the average closed-loop residence time can be calculated in a similar way as before
from the following expression:

1

Top, =——
CL AOKP (424)
When taking into account the Expression (4.8), it also follows that:
2A

To change the speed of the closed-loop response (the closed-loop time constant), the PI
controller parameters can be recalculated, accordingly. The proportional gain (Kp) of the
controller can be obtained by equating the first condition of the magnitude optimum (4.4)
and Expression (4.23):

B 1 2
~ Terp Ag(1+ b)Y’

Kp (4.26)

where Torp is the desired average closed-loop residence time, which can be defined by the
following expression:

Torp = Ter, X Keps (4.27)

where K, is the time factor of the closed-loop. Note that if Kc >1, the desired closed-
loop residence time increases (the desired closed-loop speed decreases).

In case b= 1, the P controller parameter can be calculated from the following
expression:

1
AoTerp

Kp (4.28)

The steps for the re-tuning of the PI controller are presented in Table 4.3.
To facilitate the calculation of the average closed-loop residence time and save the
reader’s time and effort, all MATLAB files are available online [1].
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Table 4.3: The instruction for the re-tuning of the PI controller.

Step Description

1 | Calculate the PI controller parameters according to the instructions in Table
4.1.

2 | Determine the current average closed-loop residence time Tcr from Expression
(4.23) if b < 1, and from Expression (4.24) or (4.25) if b = 1.

3 | Select the desired average closed-loop residence time Teip using Expression
(4.27). To slow down the desired closed-loop speed by a factor of 2, select
Ko = 2.

4 | If b< 1, recalculate the proportional (Kp) and integral (Ki) gain of the
controller according to Equations (4.26) and (4.4), respectively. Otherwise, use
Equation (4.28).

4.3.1 Illustrative example

The calculation of the controller parameters, according to the desired time factor of the
closed-loop Kci, is presented below. The chosen process is second-order TP (4.12).
Characteristic areas Ay-As are given by Expression (4.13). The parameters of the PI
controller for b = 0.5 for different closed-loop time factors Kci, are given in Table 4.4. The
table also contains the desired average closed-loop residence times Tcip (according to
selected Kcr). The closed-loop responses using a 2-DOF PI b = 0.5 controller for different
Kcy, for input disturbance (d = 1) and setpoint change (r = 1) are shown in Figure 4.4. It
can be seen that the tracking and disturbance-rejection performance is closely correlated
with the closed-loop time factor Kcr. The closed-loop performance increases when factor
K1, decreases. However, if Kcrp, is lower than 1, oscillatory closed-loop responses occur (see,
for example, response for Kcr = 0.5). In general, therefore, Kcr should not be much lower
than 1. Note that the Kcp factor influences both the tracking and the disturbance-rejection
performance.

Table 4.4: The PI controller parameters for different Kci and b = 0.5.

Ker Kp K Top

0.5 0.52593 0.10373 2.5352

0.75 0.35062 0.04610 3.8028
1 0.26297 0.02593 5.0704
2 0.13148 0.00648 10.1407
3 0.08766 0.00288 15.2111

As has been shown, the closed-loop performance correlates with the average closed-loop
residence time 7Tcr. If the user finds the closed-loop response too fast, it can be slowed
down by increasing the Tcip accordingly (by increasing factor Kcr). The advantage of using
a Tcp (or factor Kci) is an accurate prediction of the closed-loop time constant.
Consequently, when Tcip is changed, the user can predict the speed of the closed-loop
response.
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Figure 4.4: Closed-loop responses for the second-order IP (4.12) for different values of Kcr.

In future work, we will strive to find common tuning parameters that include both the
average closed-loop residence time and the high-frequency noise attenuation of the
controller.

4.4 Examples on Some Process Models

The proposed MOMI extension for the PI controller applied to the IPs was tested on four
process models. The following second-order, delayed, fourth-order and non-minimum phase
IPs were selected:

1
GPI(S) = Sgls i S)(l + 0.28)7
Grals) =—,
1 (4.29)
Gps(s) = m,
1—2s
Gpy(s) = —3(1 )2

The calculated areas, according to Expression (2.8), are given in Table 4.5. The PI
controller parameters for all four process models, for the reference weighting factors b = 0,
b= 0.5, and b = 0.9, were calculated from Equations (4.4) and (4.6) and are shown in
Table 4.6.

The closed-loop responses when applying a 2-DOF PI controller with three values of b
for input disturbance (d = 1) and reference change (r = 1) are shown in Figures 4.5-4.8.
The experiment results for all four process models showed that the proposed tuning method
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yielded relatively fast and highly damped responses with slight overshoots, in accordance
with the magnitude optimum criterion. An exception was b = 0.9, where slow disturbance-
rejection responses were observed (see illustrative example in Chapter 4.1).

The closed-loop amplitude response (between reference and process output) is shown in
Figure 4.9. It can be seen that all four processes, at different selections of parameter b,
gave a flat amplitude response at lower frequencies, all according to the MO criterion (see
Figure 2.2).

Table 4.5: The calculated characteristic areas for process models.

Table 4.6: The PI controller parameters for different IP models and parameter b.

Process Ay A1 A
Gp1 1 12 1.24
G2 1 1 0.5
Gps 1 4 10
Ghrs 1 4 7

b=0 b=0.5 b=10.9
Process K Kp K Kp K Kp
Gp1 0.093 0.432 0.069 0428 0.017 0.419
G 0.172 0.586 0.117 0.559 0.025 0.512
Gbs 0.0097 0.140 0.0069 0.135 0.0015 0.127
Gy 0.0113 0.151 0.0076 0.142 0.0016 0.128
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Chapter 5

PID Controller for the Integrating

Processes

A large part of this chapter was originally published in T. Kos et al., Applied Sciences

(2020), 10: 17.
Figure 5.1 shows the closed-loop system with a 2-DOF PID controller. Signals vy, d, u,

and rrepresent the process output, disturbance, controller output, and controller reference,
respectively. Parameters b and ¢ are the proportional and derivative weighting factors,
while Kp, Kp, Ki, and Tr represent the derivative gain, proportional gain, integral gain,
and filter time constant, respectively.

2-DOF PID controller

process

* Go(s) |

v

Figure 5.1: The closed-loop system with a 2-DOF PID controller.

The controller shown in Figure 5.1 is defined by the following transfer functions:

| bKps? + bKps + K,

Corl®) == vsmy) 651)
Goy(s) = Kps? + Kps + K '
oY s(1+ sTy)

To simplify the derivations, ¢ = b is chosen. Thereafter, this controller will be referred
to as PIDy,. While the controller filter

1

Gr = 14 5Ty (5-2)
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is part of the transfer function of the PID, controller. In order to simplify the derivation
of the parameters of the PID, controller, the controller filter is considered part of the
process (2.1). Therefore, the aforementioned filter must be added to Expression (2.1) each
time the PID,, controller parameters are calculated using the final formula.

The controller filter is used to reduce the high-frequency output noise of the controller.
The controller’s high-frequency gain equals K ;. = K, + Ty [25]. In addition to specifying
the controller filter time constant, it can also be calculated based on the desired high-
frequency gain as follows:

_Kp

Th = .
" Kyp

(5.3)

First, the controller parameters (including the derivative gain Kp) should be calculated
with Ty = 0. Then, the controller parameters can be recalculated using Equation (5.3).
The procedure can be repeated until the Tr value settles. In practice, up to three iterations
are usually sufficient.

In the following derivation, the parameters of the PIDy, controller are calculated. The
IP has been modelled by the transfer function (2.1). To simplify subsequent derivations,
the process (2.1) has been developed into an infinite Taylor series (2.7). Then, the transfer
functions of the process (2.7) and the controller (5.1) are inserted into a closed-loop transfer
function (2.2). In this way, the following closed-loop transfer function (2.5) parameters are
obtained:

e = AgK;

5.4
e3 = —A3K; + Ay Kp — A1 Kpy (5:4)
eg = Ay Ky — A3 Kp + A Ky
fo = AOKI
fi=—A K| + AgbKp
fo=AsKy — AjbKp + AgbKp (5.5)

f3=—A3K; + AbKp — A1 bKY,
f1= A, Ky — A3bKp + A DK

To simplify the PIDy, controller parameters' derivation, in the next step, all closed-loop
transfer function parameters, represented by Expressions (5.4) and (5.5), are divided by
AoKi. Consequently, the following closed-loop transfer function parameters (2.5) are
obtained:

eg=1

e =G+ T

ey = Gog + G171 + K + Goo K1y
e3 = Gy + Gy 1 + G Ky

ey = Gy + G311 + Gy Ky



o1

fo =1
f1 :G10+bTI
f2 = G2O+G10bTI+bKDI

5.7
J3 = G3o + GoobT1 + G1bKp,; (5:7)
J1 = Gyo + G011 + GoobKopy,
where
K 1 K
1 I K}l7 I1 K}la DI KI/; A (58)
Goo :A_O7G10 = _A_(l)ano :A_z’G?’O = _A_27G40 = A_?)'

For calculating the three PID, controller parameters, the first three equations in
Condition (2.6) should be solved [222]. The first condition of Expression (2.6) gives the
following result:

G
51— )T — 2
K :05( IR (5.9)
DI (1—b) )

and the second condition in Expression (2.6) provides the following result:

o Goo®—1? (260" 260 T+ 26 + VA +Y)
e 0.25(b2 — 1)3T;* '

The third condition of Expression (2.6) gives the following fourth-order polynomial:
aTy* + BT + (y + 72) 7% + (6, + 0,) Ty + (6, +5) = 0, (5.11)
where

a=(1=0)(1+b)2(G,*(1—Db) + 2bGyy),

5 =38 ((1 - bz)G103 + (252 +b— 1)G10G20 - b(l + b)G30> >

"= 8(_(b2 - S)Gm4 + (3b2 +b— 6)G102G20 - 2(b2 +b— 1)G10G30),
Yo =8 ((1 - bz)GQo2 +b(1+ b)G40> )

6, =16 <2G105 - 6G103G2o + 3(G102G3o + G10G202)) )

52 = 16<—G%0G40 - (jzoGso)v 5 ) )

e, = 16(Gy, ;4G10 Gayy + 2G4 Gy +34G1o Gap” ),

£y = 16(—=G 1o Gy — 2G GG — Gop” + GonGlyp)-

(5.12)

To calculate the PID, parameters, the integral time constant 7i, represented by
Expressions (5.11) and (5.12), should be solved first. The correct result is the highest
positive real number. In the next step, the integral gain, Ki, should be calculated using
Equation (5.10).
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In the last step, the proportional Kp and derivative Kp gains can be calculated using
the following expression:

Kp = KTy,
0.5(1 — b*)T 2Ky — Gy (5.13)
KD = — .
(1—0)

Since the computation of the PIDy, controller's parameters requires solving the fourth-
order polynomial, the final derivation of the tuning formula is not presented. Regardless,
the tuning formula remains analytical. To facilitate the implementation of the proposed
tuning method and save the reader's time and effort, all the MATLAB files used to
calculate the PID, parameters are available online [1].

Remark 5.1. The weighting factor b influences disturbance-rejection and tracking
performance. When b approaches 1, the integral gain K; (5.10) approaches 0 [223]. For
b = 1, we obtain the following PID controller:

KpA .
1
K; =0, (5.14)
A
Kp 2

B 2(A1A2 - AOAB)‘

Thus, we get a PD controller that cannot reject the input disturbances of the process. For
this reason, the performance of the disturbance rejection deteriorates when the value of the
weighting factor b is increased. In practice, the value of b should be limited within the
interval 0 < b < 0.9 [223]. An illustrative example of the tracking and the disturbance-
rejection performance and its relationship with factor b is shown in Chapter 5.1.

Remark 5.2. The PID, controller parameters calculated using Expressions (5.10) and
(5.13) result in stable and fast closed-loop responses for most IP models. However, closed-
loop stability is not guaranteed for every process model. Chapter 6 provides additional
information on closed-loop stability and robustness.

Remark 5.3. To obtain the a-priori selected high-frequency controller gain Kyr, the
ezact value of Ty can be calculated using the procedure described below Equation (5.3).

As explained in Chapter 2, characteristic areas Ay to A4 can be obtained directly from
the process transfer function or calculated from the process time response when changing
the process steady-state. The steps for the PID,, controller tuning are presented in Table
5.1.
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Table 5.1: The instruction for the PID,, controller tuning.

Step Description

1 Select the appropriate filter time constant Tr of the PID), controller.

2 | Determine characteristic areas Ao—A4. If the process is given in a Laplace form,
use Expression (2.8) (frequency-domain). Otherwise, change the steady-state of
the process, capture the controller and process output signals, and calculate the
characteristic areas using Expressions (2.9)—(2.11) (time-domain). The
controller's initial values and the process output signals (before the first change
of the process input signal) can be approximated from the measurements.
Remember to add the filter time constant, Tr, to the process transfer function
(2.1) before calculating the areas. When using the time-domain approach, use
the first-order filter with a time constant equal to Tr to filter the process output
signal.

3 | Choose the reference weighting factor b. As seen in Remark 5.1, the
recommended values are 0 < b < 0.9.

4 | Use Expressions (5.10) and (5.13) to compute the PIDy, parameters Kp, Ki, and
Kb.

5.1 [Illustrative Example

The following second-order delayed IP is chosen to illustrate the proper design:

6_0'2S
o S

(5.15)

First, the PID;, controller filter time constant 7y = 0.01 s is added to the process (5.15).
Using Expression (2.8), the following characteristic areas are calculated from the transfer
function of the process (5.15) with a filter:

Agp =1, Ayp = 2.21, Ay, = 3.4421, Ay = 4.6758, A, = 5.9095. (5.16)

In the next step, Expressions (5.10) and (5.13) are used to compute the parameters of
the PIDy, controller for different values of reference weighting factor b. The calculated
parameters presented in Table 5.2 are applied to the PID, controller. The closed-loop
responses (reference step change r = 1 and input disturbance step change d = 1) are shown
in Figure 5.2.

As can be seen in Figure 5.2, the reference weighting factor b has a significant effect on
the closed-loop responses. Tracking (reference-following) performance is improved at higher
values of b. Therefore, in cases where good tracking is desired, select a value of 0> 0.5.
However, high values of b degrade the disturbance-rejection performance, i.e., the
disturbance-rejection becomes significantly worse at b > 0.7. The most -effective
disturbance-rejection is achieved with b <0.5. An acceptable compromise between both
tracking and disturbance-rejection seems to be b = 0.5.
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Table 5.2: The PIDy, controller parameters.

b Kp K Kp

0 093011 0.23327 0.85427
0.2 093383 0.2486 0.85466
0.5 0.85191 0.19158 0.84114
0.7 0.75396 0.11619 0.8251
0.9 0.64303 0.03635 0.80683

Reference tracking response Disturbance rejection response
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Figure 5.2: Closed-loop responses for the second-order delayed IP Gp (see Expression
(5.15)). Note that, for clarity, the controller output response is zoomed in for the reference
step change.

5.2 Reference  Weighting and Reference Filtering

Equivalence

As shown in Chapter 4.2, in addition to using set-point weighting [25], [219], the 2-DOF
controller can also be realized with reference filtering [219], [220] (see Figure 4.3).

The closed-loop transfer function when using the 1-DOF PID controller with a reference
filter is as follows:

Y (s) _ GrGpG
R(s) 1+ GpG(’

Gerals) = (5.17)
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where

KI + KPS + KD82
s(1+ sTr)

Go(s) = (5.18)

The purpose of the reference filter Gr is to make the transfer function Geri(s) (5.17)
equal to the closed-loop transfer function using the set-point weighting. To this end, the
transfer functions of the PID,, controller (5.1) are inserted into a closed-loop transfer
function (2.2), which is then equated to (5.17). The result is the following second-order
reference filter transfer function:

Kp Kp o
1+bES+bES _1+bTIS+bTITD82

GF(S) = = .
Kp | Kp 1+ Tys + TiTps?
1 + KI S + KI S

(5.19)

In the case when reference weighting factor b > 0, the reference filter contains zero. Note
that if b = 1, the filter becomes static gain Gr = 1.

5.3 Average Closed-Loop Residence Time

As shown in Chapter 4.3, the desired average closed-loop residence time Terp [25] is related
to the closed-loop time constant. Based on this measure, the parameters of the controller
can be recalculated, which in turn speeds up or slows down the closed-loop response.

In the following derivation, the average closed-loop residence time Tcr will be
calculated. The IP model was chosen according to Expression (2.7). The closed-loop
transfer function (2.2) was calculated from the PID, controller (5.1) and the IP model
(2.7). The following parameters of the closed-loop transfer function (2.5) are then obtained
(after dividing the numerator and denominator by AyK)):

60 = 1
—A1 K1+ AgKp
€1 = AOKI (520)
f() =1
ALK+ AgbKp
f, = (5.21)
AgK;

Note that the parameters of the closed-loop transfer function are identical to those in (4.20)
and (4.21). Thus, the average closed-loop residence time Tci (for both cases: b < 1 and
b = 1) is identical to that calculated for the PI controller ((4.23) and (4.24)).

To change the speed of the closed-loop response (the desired closed-loop time constant),
the parameters of the PID,, controller can be recalculated accordingly. First, the expressions
for the case when b < 1 are presented. The average closed-loop residence time Tci, can be
calculated from Expression (4.23). The desired average closed-loop residence time Tcrp is
defined in Expression (4.27). Unlike the PI controller, Tcip has an upper limit, i.e., the
value when the derivative gain Kp = 0.
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This maximum average closed-loop residence time Tcrnax) (for Kp = 0) can be obtained
by inserting Expressions (5.10) and (5.13) into Expression (4.23):

Ay AP+ Ay (1- 1)

T (5.22)
CL(MAX) 0.54,(1+b)

In the case when Tcip < Tormax), the PID,, controller can be used. Otherwise, the proposed
PI controller should be selected, as will be explained later on.

The expression for recalculating the integral time constant 77 of the controller can be
obtained from Expression (4.23):

T, = % (5.23)

Controller’s integral gain (K1) can be recalculated according to Equation (5.10), and the
proportional (Kp) and derivative (Kp) gains can be recalculated according to the
Expressions (5.13).

In the case where Tcrp > Tcrouax), the PIDy, controller should be replaced by the
proposed PI controller. In this case, the Kp and Ki parameters of the controller can be
calculated according to Equations (4.26) and (4.4) (see Chapter 4.3).

As explained in Remark 5.1, when b = 1, the proportional-derivative (PD) controller is
applied instead of the PID controller. In this case, TcL can be computed from Expression
(4.24). From Expression (5.14), it follows that:

AjA, — AyA
7. — 21 0413 .

CL = T 0544, (524)
Again, there is an upper limit to the desired average closed-loop residence time Tcrp. This
maximum average closed-loop residence time Tcraax) (when Kp = 0) can be obtained by
inserting Expression (5.14) into (4.24):

2A
TCL(MAX) = A—l (5'25)
0

In the case where Tcip < Tcroiax), the PD controller can be used. Otherwise, the P
controller is applied, as will be explained later on.

The recalculated proportional gain (Kp) of the controller, corresponding to the selected
Tewp, can be obtained from Expression (4.24):

1
~ AgTerp

Kp (5.26)

and the expression for the derivative gain (Kp) can be obtained from Expression (5.14):

0

(5.27)
In the case where Tcrp > Termax), the PD controller should be replaced by the P. In this
case, controller parameter Kp can be calculated according to Equation (5.26).

The steps for the re-tuning of the PID,, controller if b < 1 are presented in Table 5.3.
If b = 1, the steps for the re-tuning of the PD controller are presented in Table 5.4.
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Table 5.3: The instruction for the re-tuning of the PID,, controller if b < 1.

Step Description

1 Calculate the controller parameters according to the instructions in Table 5.1.
2 | Determine the average closed-loop residence time Tcr, from Expression (4.23).
3 | Determine the maximum average closed-loop residence time Tcraax) from
Expression (5.22).

4 | Select the desired average closed-loop residence time 7Tcip according to
Expression (4.27). To slow down the desired closed-loop speed by a factor of 2,
select Kcr, = 2.

5 | If Tewp < Terouax), the PIDy, controller can be used. Therefore, recalculate the
controller parameters according to Expressions (5.23), (5.10), and (5.13). If
Tewp > Terax), the proposed PI controller should be used instead. In this case,
the Kp and K parameters can be calculated according to Equations (4.26) and
(4.4).

Table 5.4: The instruction for the re-tuning of the PD controller if b = 1.

Step Description

1 | Calculate the controller parameters according to the instructions in Table 5.1.
2 | Determine the average closed-loop residence time Tcr from Expression (4.24) or
(5.24).

3 | Determine the maximum average closed-loop residence time Tcraax) from
Expression (5.25).

4 | Select the desired average closed-loop residence time 7Tcip according to
Expression (4.27). To slow down the desired closed-loop speed by a factor of 2,
select Ker = 2.

5 | If Terp < Termax), the PD controller can be used. Therefore, recalculate the
controller parameters according to Expressions (5.26) and (5.27). If
Tewp > Terax), the P controller should be used, instead. In this case, controller

parameter Kp can be recalculated according to Equation (5.26).

To facilitate the calculation of the average closed-loop residence time and save the
reader’s time and effort, all MATLAB files are available online [1].

5.3.1 Ilustrative example

The calculation of the controller parameters, according to the desired time factor of the
closed-loop Kci, is presented below. The chosen process is second-order IP (5.15). The
controller filter time constant is set to 7r = 0.01 s. Characteristic areas Apr—Aur (including
filter time constant) are given by Expression (5.16). The parameters of the PID,, controller,
for b = 0.5 and for different closed-loop time factors Kcr, are given in Table 5.5. The table
also contains the desired average closed-loop residence times Tcip (depending on the
selected Kc1). The calculated maximum average closed-loop residence time
Teroniax) = 5.5467 (5.22). Note that the PI controller was used for Kc, = 3 (see Table 5.5),
since Torp = Teraax)-
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Table 5.5: The PID,, controller parameters for different Kci, and b = 0.5. The calculated
Teroiax) = 5.5467.

Ko Kp Ki Kp Tcp

0.5 2.297 1.0331 1.8304 1.1117

0.75 1.2907 0.38703  1.2285 1.6675
1 0.85191 0.19158 0.84114 2.2233
2 0.32265 0.036279 0.15206 4.4467
3 0.1999  0.014985 0 6.67

The closed-loop responses on setpoint change (r= 1) and input disturbance (d = 1),
using a PID,, controller with b = 0.5, for different K¢, are shown in Figure 5.3. It can be
seen that the tracking and disturbance-rejection performance is closely correlated with the
closed-loop time factor Kcr. The closed-loop performance increases when factor Ko
decreases. However, if Ko is lower than 1, oscillatory closed-loop responses occur (see, for
example, response for Kc, = 0.5). In general, therefore, Ko should not be much lower than
1. Note that factor Kcr influences both the tracking and the disturbance-rejection
performance.

Reference tracking response Disturbance rejection response
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Figure 5.3: Closed-loop responses for the second-order delayed IP (5.15) for different values
of Kci. Note that, for clarity, the controller output response is zoomed in for the reference
step change.

As has been shown, the closed-loop performance correlates with the average closed-loop
residence time Tcp. If the user finds the closed-loop response too fast, it can be slowed
down by increasing the Terp accordingly (by increasing factor Kcr). The advantage of using
a Top (or factor Kci) is an accurate prediction of the closed-loop time constant.
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Consequently, when Tcip is changed, the user can predict the speed of the closed-loop
response.

In future work, we will strive to find common tuning parameters that include both the
average closed-loop residence time and the high-frequency noise attenuation of the
controller.

5.4 Optimal Tracking and Disturbance-Rejection

In addition to using the reference-weighting parameter b (note that ¢ = b), closed-loop
tracking can be improved by applying a reference filter. The main advantage of using a
reference filter is that such a filter can significantly improve the tracking response without
degrading disturbance-rejection response (the optimal one, as calculated with o = 0). In
this way, the best overall response can be achieved. A similar approach was proposed in
[218] for non-integrating processes. Filter (Gr) in the closed-loop configuration with PID
controller (Gc) and process (Gp) is shown in Figure 4.3. For the proposed tuning method
with a reference filter, the controller parameters are calculated for weighting factor 6 = 0
to retain the good disturbance-rejection properties, while the controller structure is a 1-
DOF PID (b =1).

Here, two controller structures with reference filters are proposed according to the
following filter order: the PID controller with the second-order filter (PIDg) and the higher-
order filter (PIDg,).

5.4.1 The second-order filter

The closed-loop transfer function Ge from the reference to the process output is the
following:

_ Gp(K[+ Kps + Kps?)Gp
s+ (K + Kps + Kps?)Gp'

Ger(s) (5.28)

The purpose of reference filter Gr is to make the reference following transfer Function
(5.28) as closely as possible to the desired function with the PD controller (b = 1):

_ (Kpy + Kpy5)Gp
GCL1<$) - 8+ (Kpl +KD18)GP7 (529)

where Kpi and Kp; represent the parameters (5.14) of the PD controller. The structure of
reference filter Gr is chosen as follows:

1+ bpy S + bpys?
Kp Kp o)
(14‘7184‘718)

Gr(s) = (5.30)

The denominator of the filter (5.30) is chosen to cancel the zeros of the controller in
the closed-loop transfer function (5.28), similar to the approach proposed by Medarametla
and Manimozhi [104]. The numerator of the filter (parameters br; and br) is then calculated
by equating the first two characteristic areas (A4, and A;) of the closed-loop transfer
function (5.28) (using Expression (2.8) with Ger instead of Gpi in Expression (2.7)) with
the equivalent areas of the desired closed-loop transfer function Geri when using the PD
controller (5.29).
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Thus, the following filter parameters are obtained:

o, =&p 1
F1 KI AOKpl’

5.31
AOQKDKP12 + A()Km2 — AyKpKp, + A K Kp, — A K[ Kp, + KI' ( )

A02KIKP12

bF2 =

5.4.2 The higher-order filter

To achieve even faster tracking than with the PD controller (5.14), a higher-order filter
can be used. Here, the calculation of the filter parameters is based on the process model.
However, this does not mean that the main advantage of the proposed tuning method is
lost (note that the process model is not required to calculate the controller parameters).
Instead, the process model is estimated from the characteristic areas. The only parameter
required by the user is the estimated process time delay, which can be easily obtained from
the process time-response in practice. The chosen process model is a second-order process
with zero and the estimated pure time delay

 Ky(1+ by, 8)e Lams
~ s(1+ay,5+ ay,52)

Gr(s)

(5.32)

where Ty, and Ky represent the process time delay and steady-state gain, respectively.
Note that the model parameters (except for the estimated time delay, Tu.) can be
calculated directly from the equations for characteristic areas Ao to A4s (2.8):

KM - AO’
AOTgrn _ _AOTS’II)
— 2A1 (AQ_ ) 2AO(A3 6 + (AlfAOTdm)(AOT§m72A1Tdm)
Um = TAZTT 24, A, Tqm—2AgA,12A2 | AZTS, —2AyA Ty —2Ag A, +2A2

(AQ—A‘)?%“’) (245—A0TE ) —2(A1—A0Tyy) (A?,—AO 6T§"‘
m — AZT3. —2A A Tqn —2A A, +2A2
+ (A=A Ty (A1 T5 0 —245Tarm)
A2T3 —2A0A Ty, —2A0A,+2A%

(5.33)

Qy )—i-

m

ApT3 AgTS A
24, (AQ_%> —24, (A3—%> —2 (A_(l)_Tdm) (AT-ApA)
m = A2TZ, —2Ag A, Tqm—2A0 Ay +2A2 :

by

For minimum-phase processes, the model transfer function can be simplified by setting
bin = 0, which simplifies the identification procedure.
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Namely, all the process model parameters, including the process time delay Tawm, can be
calculated analytically [216] from Expression (2.8):

KM = AO’
%——T‘%mA%LTdm(A_z_é)_A—z QAIQAQJré:O’
6 2A0 AO AO AO A() AO
A
tm =7~ Tams (5.34)

0

e = Ay + Ajagy, Td2m

2m AO 2 ?

where Tan is calculated from the third-order equation above. The result (among the three
solutions) is the smallest positive real number. All the parameters of the process model
(5.32) can also be calculated using the model estimation method described in Chapter 3.

The closed-loop transfer function from the reference to the process output, when process
Gpr is replaced by process model Gy, is as follows:

G ( ) — Gp Ky (Kps®+Kpst+Kp)(1+by, s)e” Tdm* (5 35)
CLAY ™ (14011, 5+001,8%) 82+ Ky (Kp s>+ Kps+Kp)(14b s)e Tdm=’ :

We can now define the desired closed-loop transfer function as follows:

edems

Gowp(s) = m’ (5.36)

where

n=3 T, —0 (5.37)

Ter is the desired average closed-loop residence time (see Chapters 4.3 and 5.3). Note

that parameter Top is related to the speed of the PD controller response; therefore, it is

calculated automatically, and no user input is required. Let us define the average closed-

loop residence time Tcro equal to the integral of the control error at the unit stepwise
reference change [25]:

t=00
1
Tepg = t)dt = , 5.38
= / e(0)dt = 5 (5.39)

where Kp; is the proportional gain of the PD controller. The desired average closed-loop
residence time Tcy is then defined as follows:

_ TCLO _ 1

T - - 9
v KCL AOKPlKCL

(5.39)

where parameter Kcp defines the speed-up coefficient of the average closed-loop residence
time in relation to that obtained with the PD controller. According to the results of the
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experiments using different process models, parameter Kc, = 3 has proved to be a good
compromise between tracking speed and robustness.

To equate Expressions (5.35) and (5.36), the time delay in the denominator of (5.35) is
expressed by the second Pade’s approximant:

1—

e*Tde ~

st ié“
7 ; (5.40)
L+ =pts+3s

Using Equations (5.35) and (5.36), and considering (5.40) in the denominator of (5.35),

the following reference filter transfer function is obtained:

1+ bpy s + bpgs? + bpgs® + bpyst + by s®

GF 9y
KP KD 2 Tdm Tdm 2 TCL " (541)
(1‘}‘7184‘718)(14‘ 2 S+ 12 S <1+TS)

where n is calculated from Expression (5.37).
Parameters bp; to bps in the numerator are calculated from the denominator of the
closed-loop transfer function (5.35) without reference filter Gg:

Ty T?
dency, = (1+ay,s+ ay,s )<1+—s+ dm 2) 52 +

12
Kp Ky T T2
14+-2 1+b ] ——dm ﬂQ).
<+KIS+KI )X(—i-lms)( 5 st=5s

by equating the terms with the same power of the Laplace variable s. The resulting
parameters are the following:

b
Aoy (5.42)

— Tdm KP
bFl — bl + KI

AQKpT,
Td[[l(TdII]_6b1II1> (AOKD_ o g dII]+AOKPb1I[l+1)

bpy = +
F2 12 A K, )
Tam (Kp+Kpbim) | T2 (Kp+Kibiy) T
b _ KDblrn dm D2 P°1lm dm = m + %rn f TF+a1rn 5 43
F3 e ARy (5.43)
Tgxrl(KD+KPb11n) (KpTambim) o +Tma  Tam(Tr+a1m) Tf{rn
b — 12 2 + 2m FAim™ P 19
F4 K; AoKy ’
2
T T+ ) T +T
b _ dm 112 21m | dm(a2n\2 F%1m) FTp oy, + KDTgmblm
F5 e R,

where TF is the controller filter time constant.

Remark 5.4. For the calculation of the reference filters (second-order and higher-
order) and the process model parameters (Ku, G, @, bim), characteristic areas without
added controller filter time constant Tr must be used.

Remark 5.5. The reference filter is not in the feedback part of the closed-loop system
transfer function. Therefore, as long as the reference filter is stable, it does not change the
stability of the entire closed-loop system. By observing the higher-order reference filter
Denominator (5.41), it can be seen that the majority of the filter poles are located on the
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left-hand side of the complex plane. The only part of the denominator filter that could
become unstable is the following term:

K K
1 P D 2> .
< T RSTRS (5.44)

Using a simple derivation, it can be shown that the above term (5.44) is stable when all
controller gains have the same sign. The same applies to the second-order reference filter
(5.80), which also contains the same term (5.44).

To facilitate the implementation of the proposed reference filters and save the reader’s
time and effort, all MATLAB files for computing the second- and higher-order filter
parameters are available online [1]. As with the MOMI tuning method, the reference filter
parameters can be calculated from the measured characteristic areas, which can be obtained
from the steady-state time response of the process.

5.5 Examples on Some Process Models

In this chapter, the proposed method without reference filter (PID, controller) was tested
on some common process models. The chosen IPs were a delayed second-order process, a
pure integrator plus time-delay process, a fourth-order process, and a non-minimum phase
process. The following transfer functions represent these processes:

Grals) = s(1+5)(1+025)’
Gpy(s) = es )
1 (5.45)
Gps(s) = m,
1—2s
Gpy(s) = m

Calculated characteristic areas Ag—A4, according to Expression (2.8), are given in Table
5.6.

Table 5.6: The calculated characteristic areas for the IP models.

Process Ay, A1 A, As Ay
Gp1 1 14 1.5 1.5213 1.5257

Gro 1 1 0.5 0.16667 0.041667
Grs 1 4 10 20 35
Grs 1 4 7 10 13

Next, the a-priori chosen PID controller filter time constant 7Tr = 0.01 s was added to
the processes (5.45). Then, using Expression (2.8), characteristic areas Ap—Asr were
calculated. The values are shown in Table 5.7.

The parameters of the PID, controller for different values of b (b =0, b= 0.5, and
b=0.7) were calculated from Equations (5.10) and (5.13) using the calculated
characteristic areas from Table 5.7. The calculated parameters for all selected IP models
are shown in Table 5.8.
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Table 5.7: The calculated characteristic areas for the IP models. Areas were calculated
with the additional filter time constant 7¢ = 0.01 s.

Process Agr  Aiwr Agp Asp Aur
Gp1 1 141 1.5141 1.5365 1.541
Gro 1 1.01 0.5101 0.17177 0.04338
Gps 1 4.01 10.0401 20.1004 35.201
& 1 401 7.0401 10.0704 13.1007

Table 5.8: The PID,, controller parameters for different IP models and parameter b.

b=10 b=0.5 b=0.7
Kp K; Kp Kp K Kp Kp K Ky
Gp 26269  1.3991  1.4661 @ 22778 1.1385 1418 1.8731  0.63473 1.365
Gpy  1.128 0.47494 0.33942 1.0017 0.3258  0.30958 | 0.89095 0.18652 0.28414
Gps 1 0.37914 0.04554 0.57814 | 0.3454 0.03499 0.55729 : 0.30728 0.02075 0.53411
Gpy  0.33133  0.03935 0.39492 : 0.2785 0.02479 0.34757 | 0.24024 0.01344 0.31634

The calculated controller parameters were applied to a PID, controller. Figures 5.4-5.7
show the closed-loop responses for the input disturbance step change (d = 1) and the
reference step change (r=1). From the experimental results, it can be seen that the
proposed tuning method provides relatively fast and stable closed-loop responses.
Moreover, all responses were highly damped and exhibited only minor overshoots. The
closed-loop responses are in accordance with the magnitude optimum criterion. Exceptions
include the sluggish disturbance-rejection responses at b = 0.7. As expected, the best
tracking performance was achieved with b= 0.7, and the best disturbance-rejection
performance was achieved with b = 0 (see also the illustrative example in Chapter 5.1).

The Bode plots of the closed-loop amplitude gains (between the reference and the
process output) are shown in Figure 5.8. This figure shows that all processes have a flat
amplitude response in the lower frequency range, which is in accordance with the MO
criterion (see Figure 2.2). Moreover, reference weighting factor b affects the closed-loop
bandwidth, i.e., the closed-loop bandwidth decreases as factor b decreases. Therefore, the
tracking performance improves with increasing factor b, which is consistent with the
findings from Chapter 5.1 (illustrative example).
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Figure 5.4: The process Gpi closed-loop responses for different values of . Note that, for
clarity, the controller output response is zoomed in for the reference step change.
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Figure 5.5: The process Gps closed-loop responses for different values of . Note that, for
clarity, the controller output response is zoomed in for the reference step change.
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Closed-loop amplitude characteristics
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Figure 5.8: Bode plots (for a different value of b) for all tested processes.

5.6 Comparison of PI and PID; Performance

The performance of the proposed MOMI PID, method was compared with the MOMI PI
method for IPs on four process models. Note that this PI controller also includes the
reference weighting factor b on the proportional term. The following IPs were selected:

670.55
Gpi(s) = m,
( ) 6_0'5S
Grals) = 5.
s(1 4+ 2s)2
Sl (5.46)
Gps(s) = m,
6745
Crals) = S 059)

First, the parameters for the PI controller were determined. For this purpose,
characteristic areas Ay—As, shown in Table 5.9, were calculated. The PI controller
parameters for two different values of b (b =0 and b= 0.5) were then calculated via
Equations (4.9) and (4.11) using the calculated characteristic areas from Table 5.9. The
calculated PI controller parameters for all four IP models are shown in Table 5.10.

Next, the parameters for the PID, controller were calculated. Note that the a priori
chosen PIDj, controller filter time constant 7r = 0.01 s (5.2) was added to processes (5.46).
Then, Expression (2.8) was used to calculate characteristic areas Apr—Asr, shown in Table
5.11. The parameters of the PID, controller for different values of b (b =0 and b = 0.5)
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were calculated from Equations (5.10) and (5.13) using the calculated characteristic areas
from Table 5.11. The calculated PID;, controller parameters for all four IP models are
shown in Table 5.12.

Table 5.9: The calculated characteristic areas for the IP models.

Process Ay A Ay
G 1 4.5 18.125

G2 1 4.5 14.125
Grs 1 4.5 12125
Gry 1 45 10.25

Table 5.10: The PI controller parameters for different IP models and parameter b.

b=20 b=10.5
Process K Kp K Kp
Gp1 0.0065 0.1142 0.0048 0.1134
G2 0.0073 0.1211 0.0052 0.1182
Gps 0.0078 0.1253 0.0055 0.121
Ghrs 0.0084 0.1298 0.0058 0.1239

Table 5.11: The calculated characteristic areas for the IP models. Areas were calculated
with the additional filter time constant 7r = 0.01 s.

Process Aor  Air Aoy Asr Ayp
Gp1 1 451 18170 72.703 290.813
Gz 1 451 14.170 38.663 97.973
Grs 1 451 12.170 25.643 46.592
(e 1 451 10.295 15.895 18.721

Table 5.12: The PIDy, controller parameters for different IP models and parameter b.

b=20 b=0.5
Process Kp K Kp Kp K Kp
Gp1 4.4939  1.7606 4.7353  3.4387  1.3668 4.4883
G 0.44499 0.054126 0.82917 0.40688 0.044121 0.81421
Gbs 0.31757 0.033077 0.52446 0.28765 0.024817 0.50058
Gy 0.25619 0.024309 0.34998 0.22777 0.01677  0.32033

The calculated controller parameters from Tables 5.10 and 5.12 were applied to the PI
and PID,, controllers. Figures 5.9-5.12 show the compared closed-loop responses for the
input disturbance step change (d= 1) and the reference step change (r = 1). This
comparison shows the superior performance of the PID;, controller in tracking and
disturbance-rejection.
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Figure 5.9: The PI and the PID,, controller closed-loop responses for process Gpi. Note that,

for clarity, the controller output response is zoomed in for the reference step change.
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Figure 5.10: The PI and the PID, controller closed-loop responses for process Gpe. Note
that, for clarity, the controller output response is zoomed in for the reference step change.
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5.7 Comparison of PID: and PID;, Performance

Besides using reference weighting factor b, the 2-DOF controller can also be implemented
using a PID with an additional reference filter (see Chapter 5.4).

Here, the proposed PID,, controller is compared with the proposed PIDp and PIDg,
controllers. The same process models, as in Chapter 5.5 (5.45), are used for this purpose.

The selected controller filter time constant was the same as before (7F = 0.01 s).
Characteristic areas Ag—Asr (with filter time constant) are given in Table 5.7. The PID,,
controller parameters calculated with different values of b are given in Table 5.8. Note that
for the PIDg and PIDg controllers, the proportional, integral, and derivative gains for PIDy,
with b = 0 were used.

The reference filter parameters for the PIDy and PIDg controllers were calculated from
Equation (5.31) (PIDg controller) and Equation (5.43) (PIDm controller) using calculated
characteristic areas Ap-As (without filter time constant) from Table 5.6 and the calculated
PID, controller parameters (b= 0) from Table 5.8. The values of the PD controller
parameters, the estimated second-order process model parameters, and the selected speed-
up coefficients are shown in Table 5.13. The calculated reference filter parameters for the
PIDg, and PIDg controllers are given in Tables 5.14 and 5.15, respectively.

Table 5.13: The intermediate calculated parameters for the reference filters calculations.

Process Kpy Kpy Ky bim Tam Qim [ Kcr
Gp1 1.2651 1.2838 1 0 0.2 1.2 0.2 3
Gp» 0.74265  0.25007 1 0 1 0.0101 0 3
Ghps 0.249005 0.498512 1 0 0.935822 3.06418 2.69459 3
Gy 0.193831 0.277263 1 —1.99879 0.011 1.99021 0.982906 3

Table 5.14: The PIDp controller reference filter parameters.

Process bra br1
Gp1 0.59091 1.0871
G 0.52881 1.0284
Gbs 9.2833  4.3089
Gpy 5.3174 3.2611

Table 5.15: The PIDg, controller reference filter parameters.

Process brs bra br3 bro bry Tim Ter
Gpr 0.019465 0.24389 0.83779 1.5782 1.7776 0.2 0.26348
Gp2 0.0036331 0.25639 0.93567 1.716 1.8749 1 0.44884

Grs 33.5171  93.952 72.4423 30.8295 7.85696 0.935822 1.33866
Gpy 0.390273  25.8753 30.9495 18.5847 6.41596  0.011 1.71971

NN N NS

Figures 5.13-5.16 show a comparison of the closed-loop responses for the input
disturbance step change (d = 1) and the reference step change (r = 1).
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Figure 5.13: The PID,, PIDg, and PIDg, controllers closed-loop responses for process Gpi.

Figure 5.14: The PID,,, PIDp, and PIDg, controllers closed-loop responses for process Gpo.
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Figure 5.15: The PID,, PIDg, and PIDg, controllers closed-loop responses for process Gps.
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The comparison shows the superior tracking abilities of the PIDgp and PIDg, controllers.
The tracking speed of the PIDy controller is significantly larger than that of the other
methods. Note that the disturbance rejection of the PIDgp and PIDg, controllers is equivalent
to that of the PIDy, controller with b = 0. Therefore, it can be concluded that the proposed
tuning method for the PIDp and PIDg controller gives the best overall performance
(optimal tracking and disturbance-rejection).
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Chapter 6

Stability, Robustness and Noise

Sensitivity

Part of this chapter was originally published in Kos, T. et al., Applied Sciences (2020), 10:
4, and T. Kos et al., Applied Sciences (2020), 10: 17.

In this chapter, the stability, robustness and noise sensitivity of the proposed tuning
methods are investigated. First, the stability of the proposed tuning method is analysed.
As shown, areas can be identified from a closed-loop or open-loop time response (in the
time-domain) or directly from an arbitrary rational transfer function with a pure time delay
(in the frequency domain). Therefore, robustness (frequency-domain) and noise sensitivity
(time-domain) are investigated next.

6.1 Stability

In general, the stability of the closed-loop system can be calculated from the roots of the
denominator (denci) of the closed-loop transfer function:

GpG num
Gop, = e — = — <&, (6.1)
1+ GpGey  dengy,
where
dency, = (14 ay5 + ays® + -+ ) (1 + sTp)e*Taclay 4 (6.2)

(14 by s+ bys® + ) (Kps® + Kps + K
for the PID controller, and
dency, = s(1 + ays + ags? + - )esTactay 4 (1 + bys + bys? + - )(Kps + K;)  (6.3)

for the PI controller.

As can be seen, the denominator consists of a pure time delay, which complicates the
stability analysis. The time delay in denc, (6.2) and (6.3) can be developed into an infinite-
order Taylor or Padé series. However, the analysis of the infinite-order series, e.g., using
the Routh—Hurwitz stability criterion, is far from straightforward and beyond our research
scope.

However, the stability and robustness of the closed-loop systems can be tested on
process models covering most IPs in different industries.
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One such process model is the second-order IP with a time delay:

G < ) I{vl:)lr{67,1—‘delay'S
P s(1+ays + aa?s?)

(6.4)

Note that process Gp(s) (6.4) also covers pure time delay and pure first-order IPs. The
stability and robustness of the closed-loop system are tested with different ratios of Taeay/a
and factor a. Note that this process has real poles only when a < 0.25.

The closed-loop system’s robustness was tested by measuring the maximum sensitivity
function, Ms [18], [223], [224]. A higher value of Ms indicates a lower robustness of the
system, since open-loop transfer function GpGey is closer to the critical point (—1 4+ 0i).
The most common values of Ms for IPs are usually higher than those for non-integrating
processes [18] and typically range from 1.7 to 3.

The stability regions for the PI controller are shown in Figure 6.1. The system is stable
for all processes with real process poles for b = 0, b = 0.5, and b = 0.9. Increasing factor b
has a positive effect on system stability. This system is stable for any time delay when
a<0.88 for b =0, when a <1.08 for b = 0.5, and a <1.73 with b= 0.9. The overall
stability improves by increasing the time delay or increasing b and decreasing factor a.

Stability boundary

4 T T LA B R | L ,/
b=0 /
35| b=0.5 ! 1
————— b=0.9 /
4
3 / 4

Unstable region

25

] Stable region {

0.51 ‘ Complex process poles ’ ]
0 .  [__Realprocess poles | ‘
102 107" 100 10

Tdelay / a1

Figure 6.1: Stability region for process Gp(s) at different values of Tueay/ a1, , and reference
weighting factor b.

The maximum sensitivity functions are calculated for different values of b (0, 0.5, and
0.9) and are shown in Figures 6.2-6.4. Note that the Ms values for processes with real poles
are below 2.4 for b = 0, below 2 for b = 0.5, and below 1.7 for b = 0.9. Thus, the expected
robustness of the closed-loop is satisfactory and relatively high for the processes with real
poles. Processes with complex poles lead to lower robustness, which is to be expected.
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Figure 6.2: The values of Ms for Gr(s) and PI controller parameter b = 0 at different values
of Taeny and a.
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values of Ty and o.



78 Chapter 6. Stability, Robustness and Noise Sensitivity

Maximum sensitivity (Ms) vs. Tdelay and o forb =0.9
1 T / T T T T T T T
09 g B

0.8 - |
1
0.7t : 2 R

0.6 AT |

04t 6 \ .
™~

03F 5 16 i

0.2k \ i

0.1 1

Tdelay / a1
Figure 6.4: The values of Ms for Gr(s) and PI controller parameter b = 0.9 at different
values of Ty and a.

The closed-loop stability, when using the PID controllers, is somehow changed. When
the PIDy, controller reference weighting factor is b = 0, the closed-loop system is stable for
all positive values of a and Tau.y. The system is also stable for all processes with real process
poles for any b (b =0, 0.5 and 0.9). As shown in Figure 6.5, increasing factor b has a
negative effect on the system stability. The system is stable for any time delay with b = 0.5
when o < 1.5, and a < 1.05 when using b = 0.9. The overall stability improves by increasing
the time delay or decreasing b and factor a.

The maximum sensitivity functions are calculated for different values of b (0, 0.5, and
0.9) and are shown in Figures 6.6-6.8. Note that the Ms values for processes with real poles
are below 3.15 for b = 0, below 2.45 for b = 0.5, and below 1.85 for b = 0.9. Thus, the
expected robustness of the closed-loop system is satisfactory and relatively high for the
processes with real poles. As expected, the processes with complex poles lead to lower
robustness.
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Figure 6.5: Stability region for process Gp(s) at different values of Tueay/ a1, a, and reference
weighting factor b. Note that the system is stable when b = 0.
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Maximum sensitivity (Ms) vs. Tdelay and o forb =0.5
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Figure 6.7: The values of Ms for Gp(s) and PID,, controller parameter b = 0.5 at different
values of Tau.y and a.
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6.2 Robustness

This subchapter analyses the robustness of the proposed tuning method to the changes of
the process steady-state gain, time-constant, and time delay. First, the effect of + 10%
change of the process steady-state gain and time delay on the closed-loop performance was
investigated. Then, the maximum sensitivity Ms was measured for + 20% changes of the
process steady-state gain, time-constant, and time delay.

The robustness tests were performed for the following process model:

—S

Gpy(s) = st)g-

(6.5)
Next, PID controller filter time constant 7y = 0.01 s was added to the process (6.5). Using
Expression (2.8), the following characteristic areas (with and without filter time constant
Tr) were calculated from the process (6.5) transfer function:

Ay=1,4, =3,A, =55, Ay = 8.16667, A, = 10.875, (6.6)

First, the robustness of the proposed PI tuning method for the process model (6.5) is
investigated. For this purpose, the PI controller parameters for reference weighting factors
b=0.5 and b=0 were calculated using Expressions (4.4) and (4.6), as well as
characteristic areas Ao A5(6.6):

b=0,Kp = 0.18708, K; = 0.0175,

b=0.5,Kp =0.181, K; = 0.012285. (6:8)

The calculated parameters were applied to the PI controller. Robustness was examined
by assuming a + 10% change of the process steady-state gain and time delay (6.5). Figures
6.9 and 6.10 show the responses on the input disturbance step change (d = 1) and the
reference step change (r = 1) for the PI controller with b = 0 and b = 0.5, respectively.

As can be seen from the process output responses, a change in the process gain or time
delay has no significant influence on the tracking and disturbance-rejection performance.
Nevertheless, the controller is slightly more sensitive to process gain perturbations.

Next, the closed-loop system robustness was tested by measuring the maximum
sensitivity Ms for the perturbated process model (6.5). The calculated parameters (6.8)
were applied to the PI controller. Then, the maximum sensitivity Ms was measured for a
+ 20% change of the process steady-state gain, time-constant, and time delay. Figures 6.11
and 6.12 show the corresponding Ms values for the PI controller with 6 = 0 and b = 0.5,
respectively. As can be seen from the figures, the closed-loop robustness deteriorates with
positive process parameters change, i.e., Ms is the highest when the corresponding process
parameters change for + 20%. The phenomenon is more pronounced for the PI controller
with b = 0.
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Figure 6.9: The frequency-domain robustness test for the PI controller with b = 0. The
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Maximum sensitivity (Ms) vs. process parameters change
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Figure 6.11: Contour plots of Ms for Gpi(s) and PI controller parameter b = 0. Values are
for the process parameters perturbation of + 20%. Nominal Ms = 2.1014. The lower figure
shows an anaglyph (3D) representation of the upper figure (can be seen with red-cyan
glasses).
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Next, the robustness of the proposed PID tuning method (PIDy, and PIDg controllers)
is investigated for the process model (6.5). For this purpose, the parameters of the PIDy
controller for b = 0.5 and b = 0 were calculated by using Expressions (5.10), (5.13) and
(6.7):

b=0.5,Kp = 0.46336, K; = 0.062992, K, = 0.5563,

b=0,Kp =0.51394, K; = 0.083446, K1, = 0.58265. (6.9)

In addition, the parameters of the PIDg controller reference filter were calculated using
Expression (5.43) (for chosen Kc. = 3) and characteristic areas Ap—As (6.6):

bps = 8.2389, by, = 25.8477, by = 27.1014, by = 15.97,bp; = 5.6589, (6.10)
Ty, =1,Tc;, =1.0155,n = 2. ’

The calculated parameters were applied to the PID;, and PIDg, controllers. Robustness
was examined by assuming a + 10% change in the steady-state gain and time delay of the
process (6.5). Figures 6.13 and 6.14 show the corresponding responses on the reference step
change (r = 1) and the input disturbance step change (d = 1) for the PID,, controller with
b = 0.5 and the PIDg, controller, respectively.

As can be seen from the process output responses, a change in the process gain or time
delay has no significant influence on tracking or disturbance-rejection performance.
Nevertheless, the PIDg controller appears to be somewhat more sensitive to process
perturbations (especially to increased process gain).

Next, the robustness of the system closed-loop was checked by measuring the maximum
sensitivity Ms for the process model (6.5). The calculated parameters (6.9) were applied to
the PID,, controller. Then, the maximum sensitivity Ms was measured for & 20% changes
of the process steady-state gain, time-constant, and time delay. Figures 6.15 and 6.16 show
the corresponding Ms values for the PID,, controller with b = 0 and b = 0.5, respectively.
As shown in the figures, the closed-loop robustness deteriorates with positive process
parameters change, i.e., Ms is the highest when the corresponding process parameters
change for + 20%. The phenomenon is more pronounced for PID, controller with b = 0.
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Maximum sensitivity (Ms) vs. process parameters change

20 -
15 3

10 3

steady-state gain change [%]
o
/

0
10 -1
time-delay change [%] 20 -20 time-constant change [%]

Figure 6.15: Contour plots of Ms for Gpi(s) and PID, controller parameter b = 0. Values
are for the process parameters perturbation of + 20%. Nominal Ms = 2.6858. The lower

figure shows an anaglyph (3D) representation of the upper figure (can be seen with red-
cyan glasses).
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Maximum sensitivity (Ms) vs. process parameters change
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Figure 6.16: Contour plots of Ms for Gpi(s) and PID,, controller parameter b = 0.5. Values
are for the process parameters perturbation of & 20%. Nominal Ms = 2.2288. The lower
figure shows an anaglyph (3D) representation of the upper figure (can be seen with red-
cyan glasses).
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6.3 Noise Sensitivity

In this subchapter, the noise sensitivity of the calculated characteristic areas from the open-
loop time-responses on the process is analysed. The robustness tests were performed on the
process model (6.5). Nominal characteristic areas Ao—As, calculated with Expression (2.8),
are given in (6.6).

First, the influence of high-frequency noise on the computation of the characteristic
areas was investigated. The process time response with normally distributed random noise
(MATLAB function randn) with an amplitude level of 0.1 is shown in Figure 6.17. Note
that times #—f; (at 2, 8, 14 and 22 s) are marked with dashed lines in the figure.
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Figure 6.17: The Gpi(s) open-loop response with normally distributed random noise with
an amplitude level of 0.1.

At time £, a step-change was applied to the process input. The process output reached
a constant rate of change at time &. Therefore, the process signals at time intervals #—t
and t—t; were used to obtain the initial and final rates of the process change. The
integrations, given in Expressions (2.9), were applied to the process signals at time interval
tlftz.

Then, the calculation of the characteristic areas from the process signals with noise was
repeated 100 times using Expressions (2.9)—(2.11). The histograms of the calculated areas
are shown in Figure 6.18. The blue colour represents the computed areas from the noisy
signal (hereafter referred to as Noise), and the dashed red lines represent the computed
areas without added noise (hereafter referred to as Without noise, no filtering). As can be
seen from the figure, the noise affects the calculation of the characteristic areas. The
phenomenon is more pronounced for higher areas (A,-Ai) due to the recursive signal
integrations. This is confirmed by the standard deviation of the calculated areas shown in
Table 6.1.
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However, the influence of high-frequency noise on the calculation of the characteristic
areas can be reduced by filtering the process input and output signals.

For example, process input and output signals, represented by Figure 6.17, were filtered
with the low-pass filter:

1

Gip, = ——

(6.11)

where
Tr =0.5. (6.12)

Subsequently, the calculation of the characteristic areas from the filtered process signals
(with the addition of normally distributed random noise) was repeated 100 times. Note
that identical time intervals #—t; were used to calculate the areas. The histograms of the
areas calculated from the filtered process time responses (hereafter referred to as Filtered
noise) are shown in cyan in Figure 6.18. In addition, the dashed black lines represent
computed areas from filtered signals without added noise (hereafter referred to as Without
noise, with filtering). As can be seen from the figure, filtering significantly improves
computational precision despite the presence of high-frequency noise. This is confirmed by
significantly reduced standard deviation values, which are shown in Table 6.1.
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Figure 6.18: Histograms of the calculated characteristic areas for Gpi(s). Normally
distributed random noise with an amplitude level of 0.1 was added to the process response.
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Table 6.1: Mean and standard deviation of the calculated characteristic areas.

Ao A1 Az A3 A4
no filtering 0.99411 2.9171 5.055 6.7153  7.4451
with filtering 0.9899 2.8629 4.8059  6.0452 6.1828

Without noise

M Noise 0.99392 2.93 5.1153  6.8889  7.7874
ean

Filtered noise ~ 0.98943 2.8651 4.8011  6.0391  6.1817
Standard Noise 0.027343  0.17445 0.61128 1.7114  3.3378

deviation Filtered noise  0.0028737 0.020952 0.076274 0.18268 0.30198

Note that the red and black dashed lines (area values calculated without additional
noise) do not overlap. The signal filtering introduces a systematic error, i.e., an additional
time delay has been added to the process output signal. Since identical time intervals (2,
8, 14 and 22 s) were used for the calculation of both sets of characteristic areas, the filtered
process step response was obviously not settled at ¢t = .

Next, the effect of high-frequency noise on the tracking and disturbance-rejection
performance of the controllers (PI, PID, and PIDg) is investigated. The controllers'
parameters were calculated using both sets (Noise and Filtered noise) of the calculated
characteristic areas. In addition, for comparison, the controllers' parameters were also
computed from “ideal” characteristic areas computed without noise (Without noise, no
filtering). Note that for the PID, and PIDg controllers, the a-priori selected filter time
constant TF = 0.01 s was used.

The closed-loop responses of process Gpi for the proposed controllers PI b= 0, PI
b= 0.5, PID, b = 0.5, and PIDg, to a reference step change (7 = 1) and process input step-
disturbance (d = 1) are shown in Figures 6.19-6.22, respectively.

From the experimental results, it is evident that the high-frequency noise strongly
affects the closed-loop performance. However, the detrimental effect of the noise was
reduced by filtering the process time-responses before calculating the characteristic areas.
Note that the cyan (Filtered noise) closed-loop responses do not match the red (Without
noise) ones. This is due to the systematic error introduced by filtering the process signals
when using the same set of times f—.

Since the PI controller requires only areas Ay—A» for computation of controller
parameters, it is more robust to the noise. On the contrary, since the calculation of the
reference filter parameters (PIDg, controller) is based on the process model estimated from
the characteristic areas (see Chapter 5.4.2), the tracking performance of the PIDg, controller
is most affected by the process high-frequency noise.
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Figure 6.19: The time-domain robustness test for the PI controller with b = 0.
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Figure 6.20: The time-domain robustness test for the PI controller with b = 0.5.
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Figure 6.21: The time-domain robustness test for the PID, controller with b = 0.5. Note
that, for clarity, the controller output response is zoomed in for the reference step change.
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Figure 6.22: The time-domain robustness test for the PIDy, controller.
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As the last step, we investigated the influence of the different low-pass filters on the
computation of the characteristic areas from the noisy signals. The tests were performed
with the first-order filter (6.11) and the second-order filter defined by the next transfer
functions:

1
Grpo = ——F =
6.13
(1 + % s) (6.13)
The following filter time-constants:
TFl — 0‘27TF2 — 0‘57TF3 — 1, (6.14)

have been applied to both filters. The calculation of the characteristic areas from the
filtered process signals (with the addition of normally distributed noise) was repeated 100
times using filters Gipi and Gre, with all three filter time-constants (6.14).

Histograms of the areas calculated from the filtered process time responses (Gipi) are
shown in Figure 6.23. In addition, the areas calculated from the signals without filtering
and added noise are indicated with the dashed red lines. As can be seen from the figure,
the filter time-constant has a significant effect on the calculated areas, i.e., a higher filter
time-constant reduces the standard deviation of the calculated areas. This is also confirmed
by calculated standard deviation values presented in Table 6.2 (see the values marked by
Grr1). However, the mean values of the areas do not overlap with the dashed red lines. The
reason for the systematic error is, as mentioned above, the signal filtering, i.e., the process
step responses were not settled at ¢ = t. This error increases with the value of the filter
time-constant. The relative difference between the areas calculated without noise ( Without
noise, no filtering) and the mean values of the areas calculated with applied filter Grp: are
shown in Table 6.3.

A similar result is shown in Figure 6.24, which shows the computed areas' histograms
when second-order filter Gips is used. However, as can be seen from the values in the figure,
the systematic error becomes smaller.
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Figure 6.23: Histograms of the calculated characteristic areas for Gpi(s). Process input and
output signals were filtered with filter Grei (6.11) with time constants T~ Trs (6.14).
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Figure 6.24: Histograms of the calculated characteristic areas for Gpi(s). Process input and
output signals were filtered with filter Gips (6.13) with time constants Twi—Trs (6.14).



96 Chapter 6. Stability, Robustness and Noise Sensitivity

Table 6.2: Standard deviation o of the calculated characteristic areas. Process input
and output signals were filtered using different filters with time-constants Tri—Trs (6.14).
For the last table entry, times % and #;, specified for the area calculations, were increased
by the value of Tf.

filter Time-constant Ay A A, As Ay
T 0.0047439 0.031139 0.11395 0.29679 0.53501
Gir1 Tty 0.0029504 0.019703 0.069948 0.17015 0.28351
Trs 0.0020695 0.014017 0.04187 0.085768 0.1166
Tr 0.0047346 0.032319 0.12271  0.32351  0.58707
Grp2 Tro 0.0029413 0.019939 0.074639 0.1836  0.31099
T3 0.0020919 0.014479 0.043522 0.088488 0.12606
Grp2 T 0.0048971 0.033101 0.12884  0.3478  0.65073
+ t3 Trs 0.0028449 0.020628 0.081113 0.21598 0.39351
increase Tr; 0.0018689 0.015822 0.05251  0.13347 0.23061

Table 6.3: Relative difference between the areas computed without noise and the mean
values of the areas computed from filtered signals. Process input and output signals were
filtered using different filters with time-constants Tri—T¥s (6.14). For the last table entry,
times #, and t;, specified for the area calculations, were increased by the value of Tr.

filter ~ Time-constant Ao Ay A As Ay
T -0.0016262 -0.0062182 -0.01697 -0.033441 -0.055198
Gip Tt -0.0046511 -0.019198 -0.051571 -0.10351  -0.17422
Tr3 -0.015665  -0.066235 -0.17398  -0.3455  -0.57088
T -0.002084 -0.0064669 -0.018077 -0.035123 -0.057306
Grp2 Trs -0.0041209 -0.016431 -0.043401 -0.085028 -0.13956
Trs -0.011356  -0.047285  -0.12084 -0.23165  -0.3705
Grp2 T -0.0003211  0.0003678  -0.00089 -0.001541 -0.001929
+ t3 Tty -0.0004725 -0.001056 -0.004394 -0.00968 -0.01794
increase Tr; -0.001511  -0.006540 -0.022154 -0.052512 -0.10332

Next, as a rule of thumb, times ¢, and #; were increased by a value of Ty, where TF is
the time-constant (6.14) of the currently used filter Gip, (6.13). This means that the step
response of the filtered process has nearly settled at t = f. As the integration time
increases, larger standard deviations can be expected due to the additional high-frequency
noise. However, as mentioned above, the systematic error should decrease.

The calculation of the characteristic areas from the filtered process signals (adding
normally distributed random noise) was repeated 100 times for each filter time-constant
(6.14). Histograms of the areas calculated from the filtered process time responses are
shown in Figure 6.25. The mean values of the calculated areas are now much closer to the
dashed red lines. A comparison of the relative standard deviations for all experiments,
presented in Table 6.2, shows that the Gip, filter with additional time (Gips+ b3 increase)
is the best compromise between systematic error and dispersion of the calculated areas.
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Figure 6.25: Histograms of the calculated characteristic areas for Gpi(s). Process input and
output signals were filtered with filter Gip, (6.13) with time constants Te—Trs (6.14). Times
t» and 15, specified for the area calculations, were increased for Tr value.

In the end, the influence of the different low-pass filters on the PIDy, closed-loop tracking
and disturbance-rejection performance is investigated. The controller parameters were
calculated using two sets (Gipi and Gres + t3 increase) with time constant T, (0.5). For
comparison, the controller parameters were also calculated from the characteristic areas
without noise (Without noise, no filtering). Note that the a-priori selected PID controller
filter time constant Tr = 0.01 s was added to the PIDy, controller.

The closed-loop responses of process Gpi with the calculated PID,, b = 0.5 controller on
a set-point step change (r= 1) and the process input step-disturbance (d = 1), when
applying filters Gipi and Gip, with increased # and #; in the calculation of characteristic
areas, are shown in Figures 6.26 and 6.27, respectively. It can be seen that in contrast to
filter Grei, the closed-loop responses of filter Grps (cyan colour) align with the red colour
(Without noise).

As has been shown, the influence of high-frequency noise on the calculation of
characteristic areas can be reduced by filtering the process input and output signals with
a low-pass filter. Since the filtering significantly improves the precision of the characteristic
area calculation, further tests will be carried out in the future, and the structure and
parameters of the low-pass filter will be optimized.
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Figure 6.26: The process Gpi closed-loop responses for applied filter Gipi with time
constant Ty, (0.5). Note that, for clarity, the PIDy, b = 0.5 controller output response is
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Figure 6.27: The process Gpi closed-loop responses for applied filter Grp: with time
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Chapter 7

Comparisons With Other Methods

A large part of this chapter was originally published in Kos, T. et al., Applied Sciences
(2020), 10: 4, and T. Kos et al., Applied Sciences (2020), 10: 17.

As far as we are aware, no other tuning method for IPs provides tuning based on both
the measurement of a simple process open- or closed-loop time response in the time domain
and a general process transfer function of arbitrary order with time delay. This means that
the proposed tuning method has a significant advantage over alternative tuning methods
for PI/PID controllers.

Nevertheless, this chapter compares simulations of different IP models, which are
frequently found in the literature, with other PI/PID tuning methods for IPs. It should be
noted that the selected tuning methods are not model-free controller tuning methods. Some
methods cannot be applied to arbitrary IP models. However, all selected methods provide
analytical tuning formulas for calculating the controller parameters.

Reference-tracking (r = 1) and disturbance-rejection responses (d = 1) were measured
for all processes. The following criteria evaluated the tracking and disturbance-rejection
performance of the tuning methods:

IAE:/|e|(t)dt,
0

7 (7.1)
IATQE:/tQ-Ie\(t)dt,

0

RVy x TAE,

where RVy is the relative variance of the process output signal:

oo |dy(t)
b P ‘dt

RVy(tracking) = m,

) (7.2)
oo |dy(t

£ 2

ly1 = y(0)] + lyo — y1| + |y(00) — y5)I’

RVy(disturbance) =

and gy and 4 are the first and second extrema of the process output signal. RVy for tracking
becomes 1 for a monotonic process output signal. For any other response (overshoots,
undershoots, or oscillations), the value becomes larger. RVy for disturbance becomes 1 for
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the process output signal that has only one maximum and one minimum. This is an ideal
disturbance-rejection response. Since the RVy measure favours monotonic responses and
IAE favours fast responses, the combined measure (RVy x TAE) provides the best tradeoff
between speed and monotonicity.

The RVy measures are based on the TV0y and TV2y measures introduced in [81], [225].
Note that the TVOy and TV2y measures are 0 for monotonic responses (or responses with
one maximum and one minimum). Since we multiply RVy by IAE, RVy is modified to be
1 instead of 0 under ideal circumstances. Like RVy x TAE, the integral of the squared time
absolute error (IAT?E) measure favours fast and non-oscillatory responses.

Note that the criteria measurements were made after the process output was completely
settled, i.e., the simulations were longer than the closed-loop responses shown below.

7.1 Experiments on the PI Controller

Simulations of four different IP models commonly found in the literature are compared
with other PI tuning methods for IPs.

The proposed tuning method for the PI controller was compared with three other
methods [18], [97], [105]. The first one was the Astrom’s method [18] for 2-DOF PI
controllers. This method is based on the choice of the maximal sensitivity value Ms = 1.4
(hereafter referred to as Astrom 1.4) or Ms = 2.0 (hereafter referred to as Astrom 2). The
second method was that of Taguchi and Araki (hereafter referred to as Taguchi) [105] for
2-DOF PI controllers. This method calculates the controller parameters to optimize the
settling time while keeping the overshoot below 20 %. The third method was that of Ali
and Majhi (hereafter referred to as Ali-Majhi) [97] for 1-DOF PI controllers. This method
optimises the integral-square-error (ISE) criterion and the shape of the Nyquist curve. Note
that these methods use different controller structures.

In the proposed tuning method, controller parameter b = 0.5 was used in all four cases.
This represents a trade-off between tracking and disturbance-rejection performance. The
reference-tracking or disturbance-rejection performance of the proposed method can be
improved /adjusted by changing parameter b.

The closed-loop tracking (r= 1) and disturbance-rejection (d = 1) responses were
measured on all four process models.

The calculated controller parameters (for all presented tuning methods and the
proposed tuning method) for all four IP models can be found in Appendix A.1.

Case 1
The first comparison was performed on the first-order process with a relatively small
delay:

6—0.055

Gp,(s) = sA1s) (7.3)

The closed-loop tracking and the disturbance-rejection responses between the
aforementioned tuning rules are compared in Figure 7.1. The criteria values of the tuning
rules are shown in Figure 7.2.

According to the IAE criterion, the proposed controller ranked third, and according to
the IAT?E and RVy x IAE criteria, it ranked first in tracking performance. The Astrom 2
method showed a somewhat large overshoot, while the Taguchi and Ali-Majhi methods
exhibited oscillatory behaviour.
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Figure 7.1: The process Gpi closed-loop responses. The PI controllers were tuned by the
MOMI, Taguchi [105], Ali-Majhi [97], Astrém 2, and Astrém 1.4 [18] methods. Note that,
for clarity, the controller and the process output response is zoomed in for the reference
step change, and that for clarity, the Ali-Majhi controller output response is not shown.
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The Taguchi method and the Ali-Majhi method obtained the lowest criteria for
disturbance-rejection. The proposed tuning method ranked fourth. However, the Taguchi
method and the Ali-Majhi method exhibited oscillatory behaviour.

Due to a relatively high degree of oscillation, neither the Taguchi method nor the Ali—
Majhi method could be considered the most suitable for the Gpi process. This is confirmed
by the high Ms values (5.21 and 18.3).

Case 2
The second comparison was performed on the process with pure time delay:

Grals) = — (7.4)

Figure 7.3 compares the tracking and the disturbance-rejection closed-loop responses
between the aforementioned tuning rules. The criteria values of the tuning rules are shown
in Figure 7.4.

The proposed PI controller received the lowest criteria for tracking. The Astrom 2
method ranked second, and the Taguchi method ranked third. The criteria gave
significantly higher values to the Astrém 1.4 method. The Taguchi method exhibited some
undershoot and the Ali-Majhi method some overshoot.

For the disturbance-rejection performance, the criteria favoured the Taguchi method.
The Astrom 2 method was ranked second, and the proposed method third (close to Astrom
2). As for tracking, the Taguchi method exhibited some undershoot.

Concerning sensitivity Ms, the proposed method gave a value of 1.98, while the Taguchi
method gave the highest value (2.82). Since the Astrom method is based on the Ms values,
the expected values were obtained.
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Figure 7.3: The process Gpo closed-loop responses. The PI controllers were tuned by the

MOMI, Taguchi [105], Ali-Majhi [97], Astrom 2, and Astrom 1.4 [18] methods.
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Figure 7.4: Criteria values for process Gps.

Case 3
The third comparison was performed on the second-order process with time delay:

—S

Gps () = - (7.5)

(14 s)%

Figure 7.5 compares the tracking and the disturbance-rejection closed-loop responses
between the aforementioned tuning rules. The criteria values of the tuning rules are shown
in Figure 7.6. The Ali-Majhi method is missing because it is not suitable for higher-order
process models.

The proposed PI controller received the lowest criteria for tracking. The Taguchi
method was ranked second, and the Astrém 2 method was ranked third. The Taguchi
method exhibited some undershoot.

For the disturbance-rejection performance, the criteria favoured the Taguchi method.
The proposed method ranked second, and the Astréom 2 method ranked third. As for
tracking, the Taguchi method exhibited some undershoot.

Concerning sensitivity Ms, the proposed method gave a value of 1.82, and the Taguchi
method gave the highest value (2.71). As expected, the Ms values were lower for the Astrém
method since it is based on Ms values.
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Case 4
The last comparison was performed on the high-order process:

Gpy(s) = !

"~ 5(140.258)% (7.6)

Figure 7.7 compares the tracking and the disturbance-rejection closed-loop responses
between the aforementioned tuning rules. The criteria values of the tuning rules are shown
in Figure 7.8.

Only the proposed and Astrom methods were suitable for the high-order process.
According to the criteria, the proposed controller ranked first in tracking and disturbance-
rejection performance.

Concerning sensitivity Ms, the proposed method gave a value of 1.89. As expected, the
Ms values were lower for the Astrom method since it is based on Ms values.

The experimental results showed that the proposed MOMI method provided excellent
closed-loop responses for a wide range of process models compared to some other methods.
The disturbance-rejection and tracking responses were relatively fast and stable, with
relatively small overshoots. As mentioned earlier, the tracking or disturbance-rejection
performance can be further improved by changing controller parameter b accordingly.
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Figure 7.7: The process Gps closed-loop responses. The PI controllers were tuned by the
MOMI, Astrém 2, and Astrom 1.4 [18] methods.
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7.2 Experiments on the PID Controller

Simulations of five different IP models commonly found in the literature are compared with
other PID tuning methods for IPs.

The proposed tuning method for the PIDg and PIDg, controllers has been compared
with five other methods [25], [97], [104], [105], [116]. The first method is Ali and Majhi’s
method [97] (hereafter referred to as Ali-Majhi) for 1-DOF PID controllers. This method
achieves optimal load disturbance-rejection for IPs with minimisation of the Integral of the
Squared Error (ISE) criterion with Nyquist curve constraints, e.g., the slope has a certain
slope at the gain crossover frequency. The second method is that of Taguchi and Araki
[105] (hereafter referred to as Taguchi) for 2-DOF PID controllers. This method optimises
the settling time while keeping the overshoot below 20%. The third is the method of
Medarametla and Manimozhi [104] (hereafter referred to as Medarametla), which is based
on the loop sensitivity transfer function. This controller consists of a 1-DOF PID controller
with a second-order Lead/Lag filter and a fourth-order reference filter that cancels some
controller zeros. The fourth method is that of Anil and Padma Sree [116] (hereafter referred
to as Anil-Padma), which uses a pole-placement strategy, and the tuning parameter is Ms.
The controller consists of a 2-DOF PID controller with a first-order Lead/Lag filter. The
last one is the method of Astrom and Hagglund [25]. This method is based on selecting a
maximal sensitivity value Ms = 1.4 (hereafter referred to as Astrom 1.4) or Ms = 2.0
(hereafter referred to as Astrém 2). In this method, a 2-DOF PID controller is used. Note
that these methods use different controller structures.

The closed-loop tracking (r= 1) and disturbance-rejection (d = 1) responses were
measured on all five process models. In all cases, the a priori chosen time constant of the
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controller filter was Ty = 0.01 s, except for the Ali-Majhi method, where the time constant
was set to the suggested value T = T x 0.1.

The calculated controller parameters (for all presented tuning methods and the
proposed tuning method) for all five IP models can be found in Appendix A.2.

Case 1
The next pure integrator plus time delay is chosen as

678

Gpi(s) = 5 (7.7)

Figures 7.9 and 7.10 compare the tracking and the disturbance-rejection closed-loop
responses between the aforementioned tuning rules. The criteria values of the tuning rules
are shown in Figure 7.11.

According to the IAE criterion, the proposed controllers ranked first, and according to
the TAT?E criterion, they ranked first and third in tracking performance. The proposed
PIDg controller also ranked first in the RVy x IAE criterion. The Ali-Majhi method
showed a large overshoot, and the Astrém 2 method exhibited a somewhat oscillatory
behaviour.

The Taguchi method received the lowest criteria for disturbance-rejection. The
proposed tuning method was ranked second. However, the Taguchi method exhibited a
slightly oscillatory response.

Concerning sensitivity Ms, Anil-Padma and Medarametla suggested Ms = 2 for
processes without zero, while the proposed method gave values below 3.3.
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Figure 7.9: The process Gp1 closed-loop responses. The PID controllers were tuned by the
PIDg, PIDg, Taguchi [105], Anil-Padma [116], and Medarametla [104] methods.
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Figure 7.10: The process Gp1 closed-loop responses. The PID controllers were tuned by the
PIDp, PIDs, Ali-Majhi [97], Astrom 2, and Astrém 1.4 [25] methods.
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Case 2
The following slightly delayed first-order process is chosen:
670'355
G = 7.8
p2(5) s(1 4 1.35s) (78)

Figures 7.12 and 7.13 compare the closed-loop tracking and disturbance-rejection
responses for all the above tuning rules. The criteria values of the aforementioned tuning
rules are shown in Figure 7.14.

The proposed PIDg controller received the lowest criteria for tracking. The
Medarametla method ranked second, and the PIDg ranked third. The Taguchi and the
Ali-Majhi methods exhibited somewhat oscillatory behaviour.

For the disturbance-rejection performance, the criteria favoured Medarametla’s method.
However, the proposed method was ranked second, close to Medarametla. As for tracking,
the Taguchi and Ali-Majhi methods also exhibited oscillatory behaviour.

Concerning sensitivity Ms, Anil-Padma and Medarametla suggested Ms = 2 for
processes without zero, while the proposed method gave values below 3.
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Figure 7.12: The process Gp: closed-loop responses. The PID controllers were tuned by the

PIDg, PIDg, Taguchi [105], Anil-Padma [116], and Medarametla [104] methods.
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Figure 7.13: The process Gp: closed-loop responses. The PID controllers were tuned by the
PIDp, PIDy, Ali-Majhi [97], Astrom 2, and Astrém 1.4 [25] methods.
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Case 3
The next second-order process with time delay is chosen:

678
GP3<S) =

~ s(1+1.58)% (7.9)

Figure 7.15 compares closed-loop tracking and disturbance-rejection responses between
tuning rules. Some methods are missing because they are not suitable for second-order
process models. The criteria values of the tested tuning methods are shown in Figure 7.16.

The tracking criteria gave the lowest values for the proposed controllers. The Astrom
methods ranked second. Again, the Taguchi method exhibited oscillatory behaviour.

The lowest disturbance-rejection criterion was also given for the proposed controllers,
closely followed by the Astrom 2 method.

Regarding sensitivity Ms, the proposed method gave values lower than 2.5. As expected,
the Ms values were lower for the Astrom methods since they are based on Ms values.
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Figure 7.15: The process Gps closed-loop responses. The PID controllers were tuned by the
PIDp, PIDg, Taguchi [105], Astrom 2, and Astrom 1.4 [25] methods.
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Case 4
The following high-order non-minimum phase process is chosen:

0.5(1 —0.5s)e 078
s(1+0.4s)(1+0.1s)(1 +0.5s)

Gpa(s) = (7.10)

An experiment using this process has already been carried out by Medarametla and
Manimozhi [104] (Medarametla) and Anil and Padma Sree [116] (Anil-Padma).

Figures 7.17 and 7.18 compare closed-loop tracking and the disturbance-rejection
responses between the aforementioned tuning rules. Some methods are missing because
they are not suitable for higher-order process models. The criteria values are shown in
Figure 7.19.

The lowest IAE and TAT®E criteria for tracking were obtained with the PIDg, controller.
The Medarametla method ranked second, and the proposed PIDy controller ranked third.
Similarly, the RVy x TAE criterion favoured the proposed PIDg controller, the Anil-
Padma method was ranked second, and the Medarametla method was ranked third.

Similar results were obtained for the disturbance-rejection performance. The proposed
PIDg and PIDg, controllers ranked first, and the Medarametla method ranked second.

Concerning sensitivity Ms, Anil-Padma and Medarametla suggested Ms = 2.81 for this
process, while the proposed method gave values below 3.2. As expected, Ms values were
lower under the Astrém methods because the tuning method is based on Ms values.
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Figure 7.18: The process Gps closed-loop responses. The PID controllers were tuned by the
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Case 5
The next high-order process is chosen:

1

Crs(s) = 00350

(7.11)

The tracking and the disturbance-rejection closed-loop responses between the chosen
tuning rules are compared in Figure 7.20. The criteria values are shown in Figure 7.21.

Only the proposed and Astrém methods were suitable for the high-order process.
According to the criteria, the proposed controllers (PIDg and PIDg,) ranked first in tracking
and disturbance-rejection performance. As expected, the Ms values were lower under the
Astrém methods because the tuning method is based on the Ms values.

All the experimental results showed that the proposed PIDs and PIDg, controllers have
excellent tracking and disturbance-rejection performance for various process models
compared with some other tuning methods based on similar tuning procedures. The
proposed controllers ranked first in most cases. The closed-loop responses were stable and
fast, with only small overshoots.
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Figure 7.20: The process Gps closed-loop responses. The PID controllers were tuned by the
PIDp, PIDs, Astrém 2, and Astrom 1.4 [25] methods.
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Chapter 8
Real-Time Experiments

A large part of this chapter was originally published in Kos, T. et al., Applied Sciences
(2020), 10: 4, T. Kos et al., Applied Sciences (2020), 10: 17, and T. Kos et al., ATP Advances
(2019), 9: 3.

In this chapter, real-time experiments in the time domain are presented. Some
experiments were performed with the PI and some with the PID controller. In order to test
as wide a range of processes or practical problems as possible, the chosen real-time systems
differ significantly from each other.

8.1 Hydraulic Laboratory Plant

The proposed PI controller's tuning method was tested on a hydraulic laboratory plant, as
shown in Figure 8.1. The plant consisted of three water tanks. Figure 8.2 shows a schematic
diagram of the setup. The process input was the voltage at pump P;, and the process
output was the level of filtered-water in the first tank (hi). The valve Vi, was closed (see
Figure 8.2). Since the water flowed from tank T into the main tank, located below the
three tanks (valve Vi was open), the process did not include an integrator. However, since
the main time constant was very large, the process could be considered an approximation
of an integrating system. Water levels were measured using pressure sensors. A custom-
built USB-DAQ card was used for data acquisition, and the closed-loop control was
implemented in MATLAB and Simulink software packages. More information on this
particular laboratory setup can be found in [226].

The open- and closed-loop experiments were performed on the setup. First, a voltage
step-change was applied to pump P;. The voltage (process input) and the water level in
reservoir T (process output) are shown in Figure 8.3. The actual water level (in mm) could
be determined by multiplying the measured process output value by 0.5.

From the measured open-loop responses, the following characteristic areas were
calculated using Expressions (2.9)-(2.11):

Ag = 0.476, A, = 0.994, A, = 1.57. (8.1)
Expressions (4.6) and (4.4) were used to calculate the next PI controller parameters:
Kp = 0.54, K, = 0.069, (8.2)

where, to improve disturbance-rejection performance, factor b =0 was chosen (b= 0
corresponds to a 2-DOF controller).

The closed-loop responses to two reference changes and artificially added step-
disturbances at process input (d) are shown in Figure 8.4. From the response in Figure 8.4,
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it can be seen that the proposed method results in a quite efficient control of the hydraulic
plant. The non-linear behaviour of the plant can be seen from the different responses to
positive and negative references and the changes in the input step-disturbance.

Figure 8.1: Hydraulic laboratory setup.

h,
T T2 Ts

hs

P (INl)@

ol
< <

v, X Vi v, Vas Vs X

Reservoir ‘

Figure 8.2: Schematic diagram of the hydraulic laboratory setup.
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Figure 8.3: Hydraulic process open-loop response. Process input (voltage on the pump in

%) and output (water level in mm multiplied by a factor of 2) signals during the
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8.2 Industrial Autoclave

The proposed PI controller's tuning method was also tested on an industrial autoclave, as
shown in Figure 8.5. An autoclave is used for the production of plastics. The process input
is the electrical power of the heaters (from 0 to 100%), and the process output is the
internal temperature (in °C). The process was supervised by a SCADA system connected
to the underlying PLC controllers with a sampling time of 1 s.

Figure 8.5: Industrial autoclave.

The process was self-regulatory with a main time constant of more than one day.
However, the desired closed-loop time constant was less than 30 min. On the other hand,
in the first few minutes, the process open-loop step-response was similar to the IP with
delay (see Figure 8.6). Therefore, only the first part of the process open-loop response was
used to calculate the controller parameters.

First, a step-change was applied to the process input (change of electrical power from
0% to 2%). Figure 8.6 shows the process response (temperature). From the measured open-
loop responses, using Expressions (2.9)—(2.11), the following characteristic areas were
calculated:

Ay = 0.0044, A, = 0.3651, A, = 17.86. (8.3)
Expressions (4.6) and (4.4) were used to calculate the next PI controller parameters:
Kp = 1.55, K; = 0.052, (8.4)

where factor b = 0 was chosen to improve disturbance-rejection performance.

Since the closed-loop test was performed during plastic production, disturbance-
rejection performance could not be tested. Therefore, only the tracking performance was
tested. Figure 8.7 shows the closed-loop responses to a reference change. From the obtained
closed-loop responses, it can be seen that the proposed method results in a quite efficient
temperature control of the autoclave.



8.2. Industrial Autoclave 121

Process input [%]

255

25

Process output [°C]

285 ——1

0 20 40 60 80 100 120 140 160 180 200
time [s]

Figure 8.6: Industrial autoclave open-loop response. Process input (electric power in %)
and output (temperature in °C) signals during manual experiment within the first 3
minutes.
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Figure 8.7: Industrial autoclave closed-loop response. Process input (electric power in %)
and output (temperature in °C) signals during the experiment.
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8.3 Solid-Oxide Fuel Cell

Experimental evaluation was also performed on a solid-oxide fuel cell (SOFC) system
shown in Figures 8.8 and 8.9. As explained in [227], “The system is comprised of two
modules: a stack and a balance of plant (BoP). The 80-cell stack is sealed in an insulating
housing and connected to the BoP module. The system can generate up to 10 kW of electric
power from a single 80-cell SOFC stack. The feasible operating range for the unit in
question is defined by the following variables: an airflow rate in the range of 700-1600 l/min
and a natural gas flow rate up to 35 l/min, while the mazimum operating temperature is

850 °C at the exhausts and 800 °C at the inlets.”

Figure 8.8: The solid-oxide fuel cell (SOFC) power generating unit. The unit is installed
at the VI'T Technical Research Centre of Finland [227].
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The proposed tuning method was tested on the temperature control loop of an air heat
exchanger (Air HEX) of a SOFC by using a PI controller. The process input was the flow
rate of natural gas (NG) in standard litres per minute. The process output was the
temperature of the heat exchanger in degrees Celsius. The control was performed with a
Mitsubishi PLC controller [227] with a sampling time of 1 s.

The open-loop measurement is shown in Figure 8.10. The available measurements were
not long enough to find a reliable process model. However, since the process resembles the
IP with a delay at the beginning of its response (between 0 and 900 s), the controller
parameters were calculated using the proposed tuning method for PI controllers.
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Figure 8.10: Open-loop response of Air HEX control loop.

From the measured open-loop response, using Expressions (2.9)—(2.11), the following
characteristic areas were calculated:

Ay = 0.0204, A, = 4.667, A, = 610.96. (8.5)

Using Expressions (4.6) and (4.4), the next PI controller parameters were calculated
for b = 0:

Kp =0.122,K; = 1.517- 1074, T}, = 804 s, (8.6)

where Ty stands for the first-order reference filter time-constant. Here, we were using
reference filtering instead of the reference weighting approach, as discussed in Chapter 4.2.

The closed-loop experiment was performed by decreasing the reference temperature of
Air HEX from 652 to 642 °C. Figure 8.11 shows the closed-loop responses to a reference
change. From the obtained closed-loop responses, it can be seen that the proposed method
results in a quite efficient control of the temperature of Air HEX, i.e., the closed-loop
response is stable and smooth.
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Figure 8.11: Closed-loop response of Air HEX control loop.

8.4 Control System for Charge- Amplifier Drift

Compensation

The proposed tuning method was applied to a control system for drift compensation of
charge-amplifier. It should be noted that the charge amplifier is intended for low-level
electric charge measurements. Therefore, it is a very precise, low-noise instrument with
stable characteristics.

The charge amplifier's main drawback is its sensitivity to DC input current, which
causes a DC drift until the amplifier saturates due to cumulative summation. This
saturation results in the inability to measure the output voltage of the charge amplifier.
This problem is particularly severe for long-term DC or quasi-static measurements and for
low-frequency periodic measurements [43]-[45], [228].

The studied drift compensation control system was part of a custom-built measurement
system for automated low-frequency (1 kHz — 2 mHz) and high-temperature (25 °C —
450 °C) polarisation measurements of dielectric materials (Figure 8.12). Note that this type
of setup is frequently used to characterise dielectric and piezoelectric materials because it
is inexpensive and allows measurements at low driving frequencies, which allows the
assessment of the electrical conductivity of the samples [55], [62]. This system consists of
a Stanford Research Systems SR830 lock-in amplifier, a Kistler 5018 A commercial charge-
amplifier, and a temperature-regulated furnace to heat the measured samples. As an
example, we represent the sample impedance Zs as resistance R and capacitance C in a
parallel configuration. Characterization takes place as follows.

A low voltage sinusoidal signal from the lock-in amplifier is applied to the electrodes of
the sample. This voltage signal generates an electric field on the sample, and a charge
amplifier measures the resulting charge @ of the sample. The output signal of the charge
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amplifier is then analyzed with a lock-in amplifier. For more information about this concept
of dielectric-material characterization, see [55], [62]. It should be noted that the control
system for drift compensation enables measurement in the extended frequency and
temperature range. In addition, the signal-to-noise ratio (SNR) is increased, which
improves measurement precision.

The control system for drift compensation consists of a PID controller, a supervisory
controller, and measurement of the mean value of the charge amplifier output voltage (DC
value calculator). The primary task of the supervisory controller is the supervision of all
system components. The controller is connected to the existing software for automated
dielectric measurement. Depending on the output frequency of the sinusoidal generator,
the controller adjusts the sampling frequency of the data acquisition card. It also includes
automatic tuning of the controller parameters depending on the properties of the measured
samples, the charge amplifier charge-voltage conversion ratio and the measured signal
frequency.

The DC drift is compensated by an additional DC component with an opposite value
at the charge-amplifier input. Charge amplifier output voltage U; is sampled by an
analogue-to-digital converter (ADC), whose sampling frequency is a multiple of a sinusoidal
generator frequency. The sampled points of one sinusoidal period of output voltage U, are
then averaged to calculate a mean (DC) value, denoted as y. DC signal is then fed into
feedback input y of the PID controller. Since the offset voltages of the operational amplifier
and the sinusoidal generator are relatively small (up to a few mV), voltage u of the PID
controller output is reduced by the voltage divider (consisting of Rp and the internal
resistance Rg of the sinusoidal generator).

Charge amplifier

(DUT)
Sample

Lock-in
m Zs

| — R(0)| .
| Lock-in
LK Clw) Input
r
||, PIDyorPID;
controller y y=DC(U;)

Figure 8.12: Custom-made measurement system for low-frequency and high-temperature
polarisation measurements of dielectric materials with a charge-amplifier drift
compensation control system. The measurement system is located at the Electronic
Ceramics Department at the Jozef Stefan Institute.

The PIDy, PIDg, and PIDg, controllers were implemented using the LabVIEW software
package, and data acquisition was performed using a NI USB-6001 card. The process
output and input signals were limited between —10 and 10 V. The sampling time of the
closed-loop control was 5 ms.
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First, a step-change (input voltage signal 0 to —1 V) was applied to the process input.
Figure 8.13 shows the open-loop response of the process.

Then, the following characteristic areas (with and without the added PID controller
filter time constant, Tr) were calculated using Expressions (2.9)—(2.11):

Ay =—8.5309, A, = —1.0748, A, = —0.0880,

Ay = —5.7974 x 1073, A, = —3.1956 x 1074, (8.7)

T = 0.02, Agp = —8.5309, A, = —1.2454, A, = —0.11291,

Agp = —8.0556 x 1075, A,;p = —4.8067 x 107, ®.8)

Based on the calculated characteristic areas (8.7), and according to Expression (5.34),
the following second-order model of the process was calculated [216]:

—8.5309¢ 001795
(1+0.1081s + 0.0035s2)°

Gu(s) = s (8.9)

The comparison between the model (Gu) and the actual process time responses is shown
in Figure 8.13.
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Figure 8.13: The open-loop response of the control system for charge-amplifier drift
compensation and its second-order model.

The next PID,, controller parameters for b =0 and b= 0.5 were calculated with
Equations (5.10) and (5.13) using the calculated characteristic areas (8.8):

b=0,Kp = —1.1655, K; = —3.7512, K = —0.063854, (8.10)

b=0.5,Kp—1.0688, K, = —2.8916, K, = —0.061832. (8.11)
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Next, using Expressions (5.14) and (5.32)-(5.43), the reference filter parameters for the
PIDy, controller

bps = 3.8442 X 1075, bpy = 2.1293 x 1074, bpy = 4.1389 x 1073,
bpy = 4.5521 X 1072, by = 0.30178, (8.12)
Ty = 1.7874 x 1072, K¢y, = 1.2, Ty, = 0.1244,n = 2,

and for the PIDg controller
bpy = 1.3029 X 1072, by = 0.16143, (8.13)

were calculated. Note that for the PIDg and PIDg, controllers, the PID, controller gains
were calculated for b = 0 (8.10).

The process closed-loop responses of the calculated PIDy, PIDs, and PIDg controllers
with a reference step change (r=0.5) and an artificially added process input step-
disturbance (d = 1) are shown in Figure 8.14. As can be seen, the proposed method results
in efficient drift compensation control. The comparison illustrates the superior tracking
performance of the PIDy and PIDg controllers. As expected, the disturbance-rejection
performance of the PIDy and PIDg, controllers is equal to that of the PIDy, controller with
b = 0. This is confirmed by the criteria values shown in Figure 8.15. The IAT?E measure
is generally not recommended for noisy measurement signals. However, in our case, the
noise of the process output was negligible.
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Figure 8.14: The control system for the charge-amplifier drift compensation closed-loop
response.
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Figure 8.15: Criteria values for the charge-amplifier drift compensation.
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Chapter 9
Conclusions and Outlook

The thesis presents a comprehensive study of the MOMI tuning method extension for
integrating processes using different 2-DOF PI/PID control structures. The developed
method remains nonparametric, i.e., it does not require an explicit process model to
compute the controller parameters. This is an attractive approach since an intermediate
step to compute the process model, which could be affected by a possible mismatch of the
process model, can be eliminated. The controller parameters can be calculated from the
characteristic areas, which can be calculated analytically from the time response of the
process or from the transfer function of a general order with time delay. Both approaches
are equivalent. In addition, two approaches are presented for the realization of a 2-DOF
controller, i.e., with reference weighting or reference filtering. The calculation of the
controllers' parameters is based on simple algebraic expressions, which makes the proposed
method suitable for less demanding hardware, such as slower PLC controllers.

Furthermore, the developed extension of the tuning procedure provides an additional
option to emphasize either noise rejection or tracking performance using the reference
weighting parameter. In order to achieve the best overall closed-loop performance (optimal
tracking and disturbance-rejection performance), two reference filter structures are
presented. The main advantage of using a reference filter is that such a filter can
significantly improve the tracking performance without degrading the disturbance-rejection
performance. The parameters of the reference filter are also calculated using the
characteristic areas, so the process model is not needed.

In addition, equations have been proposed to calculate the average closed-loop residence
time, i.e., a measure that defines the speed of the control loop. The advantage of this
measure is a prediction of the closed-loop tracking and disturbance-rejection speed.
Furthermore, an additional parameter was provided to modify the closed-loop speed by
changing the average closed-loop residence time. Based on this parameter, the user has the
ability to recalculate the controller parameters to speed up or slow down the closed-loop
response. For example, if the closed-loop response is too aggressive, the average closed-loop
residence time can be increased, and the controller parameters can be recalculated. Thus,
the less aggressive controller is obtained. It is worth mentioning that the mentioned
additional speed parameter can also be calculated from the characteristic areas.

Furthermore, the thesis investigated the stability of the proposed tuning method and
its robustness to changes in the process parameters (gain, time constants and time delay).
It was shown that a change in the process gain or the time delay does not degrade the
tracking or disturbance-rejection performance. Furthermore, the robustness of the
calculated characteristic areas in a noisy environment was investigated, and a new
approach to reduce the influence of high-frequency noise on the calculation of the
characteristic areas was proposed.
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Moreover, this work also proposed a method to identify a lower-order process model
directly from the characteristic areas, i.e., from the nonparametric description of the
process (in time-domain) or from the general order transfer function with a time delay (in
frequency-domain).

The proposed controllers were also compared with other PI/PID tuning methods for
integrating processes. The comparison showed superior control performance compared to
the other tuning methods currently proposed.

In the last part of the thesis, the proposed tuning method was also tested on the
following laboratory and industrial setups: a charge amplifier drift compensation system, a
laboratory hydraulic system, an industrial autoclave, and a solid oxide fuel cell temperature
control system. The closed-loop responses were fast and sufficiently damped in all
experiments.

Numerous topics remained to be addressed. Of them, the following are of the greatest
interest:

e Introduction of an optimisation criterion that includes both the average closed-loop
residence time (speed of the closed-loop response) and the high-frequency noise
attenuation. This criterion can be chosen to find the optimum between the speed
of the closed-loop response and the measurement noise attenuation.

e Using higher-order controller filters in order to find the filter that provides the best
high-frequency noise attenuation according to the given controller sampling time
(1),

o Further testing and optimisation of the proposed signal filtering in the calculation
of the characteristic areas from the process time responses.

Therefore, we will focus on answering these questions in our future work.
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Appendix A

Calculated Controller Parameters

A.1 The PI Controllers’ Parameters

This subchapter of the appendix shows all controllers' parameters in Chapter 7.1
(Comparison with other tuning methods for the PI controller).

Table A.1: The controller parameters for Astrom’s method [18]. The method is denoted
as Astrém 1.4 and Astrém 2. The method employs a two-degrees-of-freedom (2-DOF)
PI controller.

Ms =14 Ms =2

Process Kp K b Kp K b
Gpi 0.38606  0.059555  0.3701 @ 0.73299 0.20251  0.7145
Gp2 0.33198  0.021211 0.60138 @ 0.57645 0.12928 0.38732
Gps 0.095403 0.0026051 0.60491 i 0.1539  0.010355 0.47995
Gbpy 0.13644 0.0049685 0.6559  0.21485 0.02059  0.44584

Table A.2: The controller parameters for Taguchi’s and Araki’s method [105]. The
method is denoted as Taguchi. The method employs a 2-DOF PI controller.

Process Kp K b
Gr 5.6676 1.2633  0.34396
Gr2 0.7662  0.18729  0.319
Gps 0.29137 0.023165 0.32429

Ghs / / /

Table A.3: The controller parameters for Ali’s and Majhi’s method [97]. The method is
denoted as Ali-Majhi. The method employs a one-degree-of-freedom (1-DOF) PI
controller.

Process Kp K
Gp1 12.6898  2.14342
G 0.48  0.091603
Grs / /

Gps / /

~ T~ = = [
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Table A.4: The calculated characteristic areas for process models.

Process Ay A A,
Gp1 1 1.05 1.0513

Grp2 1 1 0.5
Ghrs 1 3 5.5
Gbp4 1 2 2.25

Table A.5: The calculated controller parameters for the proposed PI controller.

Process Kp K b
Gr 0.48041 0.086549 0.5
Gr 0.55848 0.11696 0.5
Gps 0.181  0.012285 0.5
G, 0.27477 0.028313 0.5

A.2 The PID Controllers’ Parameters

This subchapter of the appendix shows all controllers' parameters in Chapter 7.2
(Comparison with other tuning methods for the PID controller).

Table A.6: The controller parameters for Ali’s and Majhi’s method [97]. The method is
denoted as Ali-Majhi. The method employs a 1-DOF PID controller.

Process Kr K Kp T
Gp1 1.03  0.32492 0.5047 0.049
Gr2 4.6318 2.4992 2.1229 0.045833

Ghs / / / /
Ghps / / / /
Ghs / / / /

Table A.7: The controller parameters for Taguchi’s and Araki’s method [105]. The
method is denoted as Taguchi. The method employs a 2-DOF PID controller.

Process Kp K Kp b c
Gp1 1.253  0.52471 0.51837 0.3358 0.3203
G 7.7503 5.5604 4.8194 0.3353 0.16557
Gps 1.0249 0.16716 2.3111 0.3334 0.22731

Gri / / / / /
Ghs / / / / /
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Table A.8: The controller parameters for Medarametla’s and Manimozhi’s method [104].
The method is denoted as Medarametla. The method employs a 1-DOF PID controller
with a Lead/Lag filter and reference filter.

Process Kp K Kp Ms m by b, P
Gr 0.8418 0.22851 0.13904 2 0.25 0.13049 / 0.67096
Gr2 4.2777  1.8486  2.7609 2 0.062884 0.0029418 0.0875 0.32734
Ges / / / / / / / /
Gra 1.0978 0.1576  1.0447 2.81 0.32 0.2941 0.049 0.9
Gs / / / / / / / /

Table A.9: The controller parameters for Anil’s and Padma Sree’s method [116]. The
method is denoted as Anil-Padma. The method employs a 2-DOF PID controller with
a Lead/Lag filter.

Process Kp K Kp b Ms « B

Gr 0.83518 0.20382 0.29696 0.4
Gro 3.2276  1.5841 2.169 04

Ghs / / / /
Gpy 1.003 0.15723 0.65927 0.4

Grs / / / /

2 / /
/ / /

~ O ~ O O

/ / /

2 0.21915 0.169

2.81 1.1608 0.549

Table A.10: The controller parameters for Astrém’s method [25]. The method is denoted
as Astrom 1.4 and Astrom 2. The method employs a 2-DOF PID controller. Note that

c=0.
Ms =14 Ms =2
Process Kp K Kp b Kp K Kp b
Gp1 0.75744  0.069015 0.015814 0.16209 . 1.5703  0.57756 0.34643 0.20601
G2 0.71797  0.11646 0.60513  0.37543 | 1.4744 0.4846  0.93961 0.37464
Grs 0.16477 0.0064618 0.33641 0.45974 = 0.35767 0.032304 0.72858 0.3435
G4 0.2779  0.0094486 0.054395 0.71258 i 0.71432 0.094751 0.55202 0.23398
Grs 0.18428 0.0086819 0.095989 0.64949 : 0.4441 0.063073 0.43352 0.28467

Table A.11: The calculated characteristic areas for process models.

Process A, A Ay As; A,
Gp1 1 1 0.5 0.16667 0.041667
G2 1 1.7 23563 3.1881 4.3045
Grs 1 4 10.25 21.9167 42.7292
Grs 0.5 1.1 1.2525 1.0333 0.7114
Gps 1 2 2.25 1.875 1.2891
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Table A.12: The calculated characteristic areas for process models with additional filter
time constant 7y = 0.01 s.

Process Ag  Air Agp Asp Ayr
Gr 1 1.01 05101 0.17177 0.043384
Gp 1 171 23733 3.2118  4.3367
Gbs 1 4.01 10.2901 22.0196 42.9494
G4 0.5 1.105 1.2635 1.046  0.72186
Gbs 1 201 22701 1.8977 1.308

Table A.13: The calculated PID controller parameters for the PIDp and PIDg, controllers
with filter time constant Ty = 0.01 s.

Process Kp K Kp
Gr 1.128  0.47494 0.33942
Gr 3.8867  2.3031 2.2796
Gps 0.42189 0.053533 0.66242
G 1.1228  0.22574 0.79237
Gbs 0.64575  0.1444  0.44386

Table A.14: The intermediate calculated parameters for the reference filters’
calculations.

Process Kp Kb Ky bim Tam Q1m A2m Kcr
Gr 0.74265  0.25007 1 0 1 0.0101 0 3
G 1.4017 1.8969 1 0 0.35 1.35 0 3
Ghs 0.267362 0.572123 1 0 1 3 2.25 3
Gry 0.72349 0.5989 0.5 -0.50961 0.739 0.95139 0.23772 3
Grs 0.42588  0.35601 1 0 0.8691 1.1309 0.38947 3

Table A.15: The reference filter parameters for the PIDp controller.

Process b2 br1
Gp1 0.52881 1.0284
G 0.4745 0.97417
Grs 8.5723  4.1406
Gbps 2.441 2.2095
Gbps 2.2552  2.1238
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Table A.16: The reference filter parameters for the PIDy, controller.

Process brs bry brs bra br1 Tam TeL n
Gr1 0.0036331 0.25639 0.93567  1.716 1.8749 1 0.44884 2
G 0.007054 0.12374 0.51052 1.1389 1.5126  0.35 0.23781 2
Gbrs 26.401 73.2914 60.0364 27.1967 7.38084 1 1.24675 2
G4 1.1367 6.4463  9.8454  8.2311 4.0948 0.739 0.92147 2
Gbs 1.7303 6.8381 9.8559 8.1185 4.0373 0.8691 0.7827 2
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