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ABSTRACT: This paper proposes a new PI/PID controller tuning method within filtered Smith
predictor (FSP) configuration in order to deal with various types of time delay processes including
stable, unstable and integrating delay dominant and slow dynamic processes. The proposed PI/PID
controller is designed and tuned based on the IMC principle and a new constraint without requiring any
approximation or model reduction techniques. To have an enhanced disturbance rejection for integrating
processes, an improved IMC filter is adopted to design a PID controller. Meanwhile, the set-point
weighting method plays a vital role in achieving satisfactory performance in both servo and regulatory
problems. The trade-off between robustness and regularity performance is easily adjustable by tuning

Review History:

Received: 2019-02-03
Revised: 2020-01-31
Accepted: 2020-02-01
Available Online: 2020-06-01

Keywords:
Time delay

only one parameter. Simulation results corroborate the effectiveness of the proposed method based on

different performance indices including IAE, total variation, overshoot and the maximum peak of error

performance indices.

Filtered Smith predictor
IMC-PI/PID
Set-point weighting

Performance/robustness trade-off

1. INTRODUCTION

The presence of time delay in many industrial processes
makes their control difficult using classical controllers mainly
because of imposing severe limitations on control performance
and stability [1, 2]. Using dead-time compensators like Smith
predictor (SP) [3] and double controller scheme (DCS) [4],
which are shown in Fig. 1, the time delay can be eliminated
from the characteristic equation of the closed-loop system,
and therefore, the closed-loop performance of the system can
be improved [5, 6]. Unfortunately, they cannot be directly
used for unstable time delay processes [7, 8]. Moreover,
the SP is not robust enough against variations in process
parameters, especially in time delay, leading to performance
degradation or even instability [9]. Besides, the standard
SP is essentially equivalent to the one-degree-of-freedom
internal model control (ODF IMC) for time delay processes
[10]. Hence, not only regulatory capability is limited, but also
robustness is coupled to dynamic response performance. In
contrast, the servo response of the DCS is decoupled from
its regulatory response, resulted in better robustness against
model uncertainties [4] at the expense of poor regulatory
performance [9].

Over past decades, several modified dead-time
compensators have been introduced to obviate the structural
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shortcomings of the SP and DCS. Majhi and Atherton [11]
introduced a modified SP (MSP) that combines the standard
SP with the DCS. It has an inner loop to stabilize the unstable
or integrating process, as shown in Fig. 2a, and employs
two more controllers to take care of servo and regulatory
responses. Matausek and Ribic [12] showed that the MSP is a
PID controller in series with a second-order filter, defined by
the dead-time and an adjustable parameter. The characteristic
equation of the nominal load disturbance transfer function
not only is delay-dependent but also involves all three
controllers. Hence, it is a considerable challenge to tune them
simultaneously to reject the load disturbances in an optimal
way [13]. Moreover, the servo response is coupled with the
regulatory response when tuning the stabilizing and servo
controllers. Besides, how to compromise between the servo
and load regulatory responses is another challenge [14]. Kaya
[15] proposed a new PI-PD controller based on the MSP
structure and ISTE performance criteria. Padhan and Majhi
[16] presented a simple version of the MSP for controlling
stable, integrating and unstable processes with time delay.

Lu et al. [17] presented a double two-degree-of-freedom
(TDF) control scheme with four controllers for enhanced
control of integrating and unstable processes with time delay.
As shown in Fig. 2b, the double TDF scheme is motivated by
the MSP and uses the error of the real process and the process
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Fig. 1. The SP (a) and DCS (b) structures

model as the feedback signal in both the servo and load
regulatory loops. It has the advantage of decoupling the servo
and load regulatory responses. However, not only the structure
is not simple enough to analyze, but also the designed control
systems are very sensitive to time delay variations [18]. Liu et
al. [13, 19] proposed a TDF control scheme, as a simplified
version of the double TDF scheme, for enhanced control of
integrating and unstable processes with time delay. The TDF
uses the error of the real process and the process model as the
feedback signal in the servo loop, while the regulatory loop is
still a conventional feedback loop.

Ahmadi and Nikravesh [20] proposed a robust Smith
predictor (RSP) which is a TDF SP based on a simple
disturbance observer. Liu et al. [21] presented a new predictor
and TDF control scheme for time delay processes based on
an undelayed output estimation. Similarly, Normey-Rico
et al. [22] suggested a unified dead-time compensator for
SISO processes with multiple dead times. Torrico et al. [23]
offered a simplified dead-time compensator for multiple
delay SISO systems. Sanz et al. [24] proposed a generalized
SP for unstable time-delay SISO systems. Giraldo et al. [25]
proposed a decoupled predictive scheme for square MIMO
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systems with multiple time delays.

A major improvement seems to be the FSP (Fig. 3a) [26]
which is based on adding two additional filters to the standard
SP.In this structure, P(s) = GpeiL”‘S and P, (s)=G, e "’
are process transfer function and its model, respectively, C(s)
is the central controller, F(s) is the set-point filter used to
improve the servo response and F(s) is the predictor filter
used to enhance the quality of prediction. These filters allow
decoupling the servo and load regulatory responses to achieve
an appropriate trade-off between performance and robustness.
Furthermore, they pave the way for controlling unstable time
delay processes [26]. For all considerable improvements in
performance, the controller design procedure is complicated
and results in two or more tuning parameters. Furthermore, it
shows poor performance for integrating processes, as well as
stable processes with slow dynamics.

It can be concluded from the literature that there are a
few systematic control designing procedures viable to a
whole gamut of time delay processes while suffering from
complexity, additional tuning parameters or limited scope
of application imposed by approximation. Hence, this paper
presents a unified IMC based PI/PID controller tuning
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Fig. 2. Majhi’s MSP (a) and double TDF (b) structures

framework within the FSP configuration possessing the
following contributions.

1. The proposed framework, in contrast to the aforementioned
approaches, is not limited to a special class of processes.
Indeed, it provides a unified yet straightforward method to
control stable, slow dynamic, unstable, integrating and double
integrating time delay processes.

2. The proposed design procedure does not require any
approximation or model reduction to design the PI/PID
controllers.

3. To have an enhanced disturbance rejection for integrating
processes, an improved IMC filter is adopted to design a PID
controller.

4. Using the set-point weighting method and a new constraint,
the proposed method independently controls servo and
regulatory problems.

5.Thetrade-offbetweenrobustnessand regularity performance
is simply adjustable by tuning only one parameter.

6. Guidelines are provided for the selection of the tuning
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parameter based on the maximum sensitivity value.

This paper is organized as follows: Section 2 reviews the
required background. Section 3 presents the proposed design
procedure. Performance assessment and tuning rules are
provided in Section 4. Illustrative examples are presented
in Section 5 to demonstrate the superiority of the proposed
method. Finally, conclusions are drawn in Section 6.

2. PRELIMINARIES
2.1. Process Model

Various time delay processes are considered in this
paper. First Order Plus Time Delay (FOPTD) processes are
considered in both stable and unstable cases

km
r,st1

e L,s

(1)

B,(s)=

Integrating processes, i.e. processes with pure integral
action, are considered as Integrating Plus Time Delay (IPTD)
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Fig. 3. The FSP structure (a) and its TDF IMC form (b)
k, ., parts of the model, respectively. P (s) usually contains the
B, (s)= Te " (2) time delay and all right-half plane zeros of £,(s) while £, (5)

Integrating First Order Plus Time Delay (IFOPTD)

k,
P ()= —n oot 3)
s(z,s+1)
and Double Integrating Plus Time Delay (DIPTD)
Ky -,
AOE (4)
s

where k_ is the process gain, L is the time delay, and 7_is
the process time constant representing the system inertial, i.e.
large 7 results in a sluggish response.

2.2. Internal Model Control

Recently, various IMC-PID design methods have been
proposed [27-34]. They offer an elegant trade-off between
performance and robustness, accomplished with only one
tuning parameter [35]. The typical IMC design procedure
includes factorizing the process model as £,(s)=F ()P _(s),

m’

where P _(s) and P _(s) are the non-invertible and invertible
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is minimum phase. The IMC controller can be defined as
Onc() =P () () where f(s) is the well-known IMC filter
which is widely used in the form of

f(s)= (5)

(As+1y

A is a tuning parameter that controls the trade-off between
the performance and robustness, and r is selected sufficiently
large to make the IMC controller proper [36-38]. The IMC
filter and its parameters have a pivotal role in the closed-loop
performance [35]. Experimentally, r = 1 or 2 satisfies the
simplest and frequently required performance characterized
by smooth monotonic response (or equivalently, in the linear
case, a positive impulse response) [36]. This approach in
designing the IMC filter results in an appropriate performance
in delay dominant processes, i.e. those whose time delay is
significantly larger than their time constant, but not in special
cases including slow dynamic stable, unstable and integrating
processes [37, 39]. In order to address these constraints, a
modified IMC filter as f(s)=(Q. as' +1)/(As+1) has been
introduced [26], where m is the number of poles to be canceled.
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This modified filter requires time delay to be approximated
(using approximating methods like Pade, Taylor or Maclaurin
series) in order to derive IMC-PID controller parameters,
which restricts its application to processes with only small
time delays [40]. Moreover, all the IMC approaches generally
utilize some kind of model reduction techniques to convert
the ideal IMC controller to the low order PID controller, in
which results in further approximation errors [35]. Instead
of applying these approximations, our proposed framework
is equipped with appropriate constraints leading to a unified
design procedure for various types of time delay processes
including stable, unstable and integrating delay dominant and
slow dynamic systems.

Remark 1: The IMC method can be adopted to design
a controller for unstable processes, if only the following
conditions are satisfied for the internal stability of the closed-
loop system [10]:

1. Q. stable

2. PQ, . stable

5.P(1-PQ,,) stable

which vyields the well-known standard interpolation
conditions [40]

e The RHP poles of P must be canceled by the zeros of
Q,,c [condition (2)].

e The RHP poles of P must be canceled by the zeros of (1
- PQ,,,) [condition (3)]

2-3-Set-point Weighting
Using the set-point weighting method, a PID controller
can be implemented as

u(®)=K,{er@)-y@)+
(6)
dr(t) _dy(t)
dt dt

@ - @+ T, B

where u is the control variable and ¢ and ¢, are set-point
weights. We have

Uls)=K,(1+ L T O F)RGs)-Y(s)] ™)
where Tis
F(s) = e IT;s" +eTs+1 ()

TT,s* +Ts+1

Equation (7) indicates that the set-point weighting method
acts as a traditional set-point filter. It can manipulate the set
of zeros to achieve an improved transient response [41]. This
technique is used in the FSP structure (Fig. 3b), where F(s)
and F (s) are utilized to improve the servo and regulatory
responses, respectively.

3-  PROPOSED

FRAMEWORK
In the case of perfect model,i.e. G, " =G, , the closed-

loop servo transfer function of Fig. 3b can be expressed as

IMC BASED PI/PID TUNING

L
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_Y(s) _ F(s)C(s)P(s)
" R(s) 1+C(5)G,(s)

H,(s) 9)

and the closed-loop regulatory transfer function can be
obtained as

Y(s)
D(s)

H,(s)=

P(S){l _E (S)C(S)P(S)} (10)

1+C(s)G,,(s)

The IMC controller can be expressed as

___C)
QIMC(S)_1+C(S)Gm(S) (11)
Consequently, the ideal controller can be obtained as
C(S) — QIMC (S) (12)

1= 04,0 (5)G,,(5)

The rest of this section adopts IMC design and set-point
weighting techniques to provide a straightforward IMC based
PI/PID controller tuning approach for various types of time
delay processes.

3-1- First Order Plus Time Delay Processes

For delay dominant stable FOPTD processes (Eq. (1)), a
convenient strategy is to use the conventional filter given by
Eq. (5) with r = 1, and F(s) = F,(s) = 1, which leads to

7,5+1
= 13
One ) k,(As+1) (13)
and consequently results in a PI controller
T 1
Cls)=—(1+—
(s) kmﬂ( Tms) (14)

While this tuning works well for delay dominant processes,
it results in sluggish responses for slow dynamic FOPTD
(SDFOPTD) processes [38]. To deal with slow dynamic
processes, it is of course ideal to eliminate the dominant poles
from the characteristic equation [38]. This idea can be written
mathematically as the following asymptotic constraints

lim |, (1-T'(s))=0

m

(15)

And

lim  (1-T(s))=0 (16)

where 7(5)= £, (5)0,,c (s)P(s) and T'()=F()0uc(5)G,(s)
are the nominal closed-loop complementary sensitivity
function and its delay free part, respectively. In other words,
there is no need to consider time delay term in the design
of servo controller. This is what makes the proposed method
free from approximation or model reduction techniques and
result in better confronting with slow dynamic processes.

Remark 2: Constraint given by Eq. (15) makes the
proposed method compatible with delay free processes,
including unstable and integrating process. Indeed, dead-time
compensators obviate the need for considering time delay in



A.H. Ahmadi et al., AUT J. Elec. Eng., 52(1) (2020) 31-52, DOI: 10.22060/eej.2020.15765.5266

T A .
— =T [1-(1-\ 2 grr -~ -
87,19 =T [1-(1-A/T7,)"] Ly ]
- a=\ i
3r,/4. |
2,/3- |
571u/9- _
8 Tm/2- : —
'
Err & -
T3 ] 0 i
] -
ol (z(:rr' > -
-
-
-
0 \ | |
0 /3 2 2 /3 $r,9 T
A

Fig. 4. Relation between L and a

eliminating dominant poles from servo response. Nonetheless,
time delay must be taken into account in removing dominant
poles from regulatory problems. Here, F (s) bridges between
servo and regulatory problems via constraint given by Eq.
(16) and the set-point weighting method.

In order to implement the idea of eliminating the
dominant poles from the characteristic equation, an extra
adjustable zero should be added to the IMC filter as

(17)

where « is an adjustable parameter. As a result, the IMC
controller becomes

(r,s+D(as+1)

Onie ()= s vy

(18)

Clearly, by c0n51der1ng F(s) = 1, condition Eq. (15) is
satisfied if «==d- ‘**H . Hence, the controller derived from
Eq. (12) and Eq. (18) will be a PI controller, namely

Cs)=—2 (141

k,2A-a) as (19)

From Eq. (9) and by setting F(s) = 1, the servo closed-
loop transfer function in the perfect model condition can be
obtained as

as+1 ¢
(/Is+1)2

~L,s

H,(s)= (20)

which introduces a zero in the servo transfer function
leading to an undesirable overshoot in the servo response.
According to the set-point weighting method, this problem
can be avoided by modifying the set-point filter as

F(s)=

g, as+1

as+1 (21)

where ¢_is another adjustable. As can be understood from
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Fig. 4, setting ¢_= A/a results in a monotonic response

H.(s)= e (22)
and sbfvtd the overshoot problem.
In order to satisfy the requirement for regulatory problem
(Eq. (16)), we select the predictor filter as

ds+1
Cas+l1

E.408+ 1 (23)

E(s)=—"——

as+1

d=g,[1-(-S et
T”,

where 1, which results in the closed-loop
regulatory transfer function in the perfect model condition
to be

ds+1
(As+1)°

For sufficiently small time delay, i.e. when ¢ ™' ~1-L,s,
Eq. (24) can be simplified as (See Appendix A)

H,(s)=P,(s)(1~ e (24)

H,(s )—(MH) e (25)
Where
y=k,2A-d+L,)) (26)

It means that the nominal closed-loop regulatory response
is the same as the impulse response of a critically damped
second order system. It concludes that for FOPTD processes,
the IMC structure in Fig. 3b equipped with controller C(s)
in Eq. (19) and filters F(s) and F (s) in Eq. (21) and Eq. (22)
satisfies both the servo and regulatory requirements.

Remark 3: Taking the inverse Laplace transform of Eq.
(25), the regulatory response for a step change can be derived
as

<rL>
, t>L

w(ty=L (’/lf n) 27)

m
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The peak time of the regulatory response (£) can be
obtained by solving dv() _ ; which yields
dt

t,=L,+4 (28)
It shows that the peak time of the regulatory response
increases monotonically with A.
Remark 4: Following the same procedure for unstable
FOPTD (UFOPTD) processes leads to a PI controller

a 1

:km(a—u)(HZ)

C(s) (29)

A

with *=%l0+29771 Set-point and predictive filters should
be respectively in the form of Eq. (21) and Eq. (23) with
d:rm[m:;)zeh = 1. This supports the results of [26].

3-2- Integrating Plus Time Delay Processes

The following asymptotic constraint guarantees a
satisfactory servo response

. d ,
lim_,,—(1-T'(s))=0 (30)
ds

Using the same procedure as Section 3.1, the controller

will be the following PI controller

a
k A

m

C(s)= a +i) (31)

as

where a= 2A. The set-point filter will be the same as
described by Eq. (21). However, the following asymptotic
constraint should be satisfied in order to reject a step-type
load disturbance

. d
lim_,,—(1-T(s))=0 (32)
ds

Hence, the predictor filter should be chosen as given by
Eq. (23) with d = 21 + L . Subsequently, the nominal closed-
loop transfer function of load disturbance can be obtained as

ds+1 .k
H,(s)=(1- e
4 ()= ( (ﬂsﬂ)ze )S e (33)
For sufficiently small time delay, Eq. (33) can be simplified
as
s ~L,s
H — -
4(5) st 1) e (34)
Where
y =k, (A’ —dL,) (35)

Remark 5: It can be shown in the same way as Remark 3
that in the proposed architecture for IPTD processes, the peak
time of the regulatory response increases monotonically with
respect to A.

3-3- Integrating First Order Plus Time Delay Processes

In this case, we select the following IMC filter in order to
satisfy the asymptotic constraints given by Eq. (15) and Eq.
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(30), simultaneously.

)_ﬂs2+as+1

36
SO ==y (36)
As a result, the IMC controller will be
_s(r,s+1)(Bs’ +as+1)
O ()= k (is+ 1)3 (37)
and the controller becomes a PID controller
a 1 g
C)=——(1+—+%&
(s) km(W—ﬂ)( +as+as) (38)

A
with & = 31 and # = %% +T"21[(1_Z)3 =11 1t can be shown that
a set-point filter in the form of

e, B +e,as+1

F(s)=
<) Bs* +as+1

(39)

where ¢ = 2a/f and £, = A*/p results in a desired servo
response. In addition, in order to reject a step-type load
disturbance and reduce the influence of the large time constant
on the closed-loop response, asymptotic constraints given by
Eq. (16) and Eq. (32) should be satisfied, simultaneously. This
can be done using the following predictive filter

euBs’ +e as+l o5’ +ds+1

= (40)
Bs” +as+1 Bs’ +as+1

F(s)=

where d = 31 + L and ":dfm”i[(l%)"ﬁ*”. Subsequently,
by using Eq. (40) and Eq. (10) the closed-loop regulatory
transfer function in the perfect model condition will be

es® +ds+1 L k L

Gs+1y  sGostl)

H,(s)=(1~ (41)
Specially, for sufficiently small time delay, Eq. (41) is
simplified as

H(s)=—2>—e™, y=k, (34> +dL, —c)

(As+1)’ (42)

It means that the nominal closed-loop regulatory response
is the same as the impulse response of a third order system.
Similar conclusions in the same way can be drawn for [FOPTD
processes as demonstrated in Remark 3.

Since a DIPTD transfer function can be approximated by
an IFOPTD transfer function, the proposed method for the
IFOPTD transfer functions can be also applied to the DIPTD
transfer functions. Table 1 summarizes the proposed method
for various types of time delay processes.

4- PERFORMANCE ASSESSMENT AND TUNING
GUIDELINES

4-1- Performance assessment

Various performance indices are typically used to measure
the performance of a given control system. In this paper, the
closed-loop performance is evaluated in terms of Integral
Absolute Error (IAE), defined as
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Table 1. The proposed IMC based PID Controller Tuning Rules

Controller settings Filter settings
Models K. T: Ty a, B, d, ¢, en and e
T
FOPTD" = T, _ _
k A
SDFOPTD* a
a - A A
= Tm[l _(1 __)2]9 grr =
k 2A-a) ;
Ao
d r [1 (1 _ )2 L,/t, ]
z-I'}'l
UFOPTD" a _ A A
a
—_— 0{=Tm[(1+—)2 -1], ¢, =—
k (a—22) ]
d=z,[(1+— )ZeLm”m —1]
a A
IPTD* > o _ | a=24,d=2A+L,, ¢, =—
k,,A a
IFOPTD’ ﬁ ﬂ a 2 12
_— — g, =—, &, =——
k,(3A* —a) p Toal "B
a=34,d=3A+L,
A
p=az,+7,[(1-—) ~1]
T
m
A3 1,
c=dr, +7.[(1-) e ™™ 1]
Tm
g as+1 ds+1
“ Sel-point {iller: F(S) = ———— and predictive filter: FF(S) =
as+1 as+1
2 2
g, Ps” +e& as+1 cs” +ds+1
# Sel-poini filler: F(S) = drﬁ 2 7 and predictive filter: E(S) =
Ps” +as+1 pPs” +as+1
. HE, =k A+ L, +7,[1-(1+ 2~ ]) (43)
IAE = jo le(0)| e (43) n
= 2 2 46
The performance indices for servo and regulatory controls HE, = 0.5k, (L, + 4L, A +247) (46)
denoted by IAE_ and IAE, , tively. In th d 3
are denoted by JAE_ an » respectively. In the propose JAE, =k (A+L,) (47)

method, the closed-loop transfer functions of the servo
problem for FOPTD, UFOPTD, IPTD, IFOPTD and DIPTD
processes are given by Eq. (22). Hence, assuming a unit step
change in the reference input, the performance index for servo
control can be calculated as JAE_ = A + L . In addition, the
closed-loop transfer functions of the regulatory problem for
FOPTD, UFOPTD and IPTD processes are given by Eq. (24),
and for IFOPTD and DIPTD processes are given by Eq. (41).
Hence, assuming a unit step change in the load disturbance,
the IAE,, for FOPTD, UFOPTD, IPTD and IFOPTD can be
computed as [42]

(44)

IAE, =k, (2A+L, —7,[1—- (1——)2 't ])

m

38

Id

respectwé’ly It can be concluded from Egs. (44) - (47) that
bigger values of A increase IAE,, and slow down the regulatory
response.

4-2- Robustness/performance trade-off tuning

According to the small-gain theorem [23], a perturbed
closed-loop system with process multiplicative uncertainty is
robustly stable if and only if [L,7()[, <1, where |A|, <7,. An
uncertain FOPTD process can be presented as

(s) = ﬂ e Ln*ALn)s

(r, s +D(At, s+1)

(48)
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Table 2. Controller settings and u values of the proposed method for all examples

Example A 7 K Ti Ta Fi(s) F(s)
3.4328s+1 1.24s+1
1 1.24 2 1.604 2.462 _— _—
2.462s+1 2.462s +1
75.92545+1 20.2s+1
2 20.2 2 3.2648 44,3577 _— _—
44.3577s +1 44.3577s +1
23s+1 7.8s+1
3 7.8 2 1.282 15.6 S E— s
15.6s+1 15.6s+1
] 2.9687s°+3.4465+1 10.97465°+6.169s+1
4 1.723 2 20.21 5.169 1.475
7.6274s+5.169s+1 7.6274s°+5.169s+1
4.3497s°+4.1712s+1 | 19.55355°+7.2568s5+1
5 2.282 2 0.69 6.257 2.071
12.95855°+6.2568s+1 | 12.95855%+6.25685+1
effectiveness of the proposed framework. To evaluate the
1 (s) can be expressed as robustness to variations in plant parameters, a perturbation of
20% in all parameters of the model is considered as the worst-
I (s)= [P(s)= P, (5) _ 1+ Ak, Tk, oM _] (49) case scenario. To make a fair comparison, throughout this

P (s) At s+1

Then, using the proposed method, the tuning parameter
should be chosen in such a way that

2
(}; + 11) the others (50)
1 s +
bl [T || (as+1y
il IFOPTD

Clearly, I increases if A increase, which gives a better
robustness. Simultaneously, to ensure that the closed-loop
performance is robust and has robust regulatory performance,
the following constraint should be met
|2, ()T (s)+w, 1-T(s)| <1 (51)

where [ (s) is a weight function of the closed-loop
sensitivity. A is the design parameter to achieve a compromises
between the nominal performance and robust stability of the
closed-loop.

In practice, A can be adjusted by utilizing Eq. (50) if the
uncertainty information is known. Otherwise, it can be tuned
by using a robustness measurement such as the maximum
sensitivity [42]. As an effective robustness measure, the
maximum sensitivity (u) has been defined as ;—mm
Since p is the inverse of the shortest distance from the Nyquist
curve of the open-loop transfer function to the critical point
(-1, 0), the less it is, the more robust the system will be, and
vice versa.

5- SIMULATION RESULTS
In this section, simulation studies are carried out
on various processes to demonstrate the simplicity and
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section, A is adjusted to have the same robustness level as y =
2 for all methods. Parameters of our proposed controller for
all examples are provided in Table 2. Through comparisons,
IAE, overshoot (MP), maximum peak of error, maximum
sensitivity (4) and total variation (TV) are considered as
performance measures.

5-1- Example 1.
The following lag time dominant FOPTD process is
considered [43]

100
e
100s +1

Fig. 5 demonstrates how the proposed method offers an
elegant trade-off between performance and robustness by
adjusting y. From Fig. 5, a relation can be established between
Aand p, as 4 =0.1408," —1.88554 +9.4576° —21.3636,+18.9647
. Here, the proposed method is compared with methods
suggested by Normey-Rico and Camacho [26], Rao et al.
[43] and Padhan and Majhi [16]. Controller parameters for
Normey-Rico and Camacho [26] method are given as k_ = 0.5,

7, = 100.5, the set point filter is F(s):l(z)g:ll and the predictor
filter is F(5)= 6.86555° +5.4328s +1 _ )
S 1534652 +2.47765+1

=5

Pm (S) = (52)

In Rao et al. [43] method, the corresponding controller
parameters are given as k_= 23.58, 7, = 100.5 and 7, = 0.497.
For Padhan and Majhi [16] method, the controller settings are
obtained as k, = 0.517, 7, = 10.97, 7,= 0.151 and the setpoint
tracking controller is G.()=" lﬁl

The closed-loop servo and regulatory responses and also
control signals in the nominal and perturbed conditions
are compared in Figs. 6 - 9, respectively. The corresponding
performance indices are provided in Table 3 for both servo
and regulatory problems. While the method presented by Rao
et al. [43] produced an undesirable overshoot, the proposed
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Table 3. Performance indices of closed-loop responses for Example 1

Servo responses Regulatory responses
Tuning methods Nominal system Perturbed system Nominal system Perturbed system
TV 1AE MP(%) v IAE MP(%) TV 1AE Peak v IAE Peak
Proposed .52 223 0 (.83 2.25 1.57 1.22 4.383 127 1.43 4383 1.47
Normey-Rico 0.001 101 0 G.005 101 0 1.22 4.383 1.27 1.43 4383 1.47
Padhan 0.23 3 0 0.24 298 0 0.60 19.99 1.86 G.73 10.98 2.05
Rao et al. 1.87 257 38.69 2.66 3.063 64.6 1,22 4342 1.28 1.42 4354 1.48

control system unmistakably presents the fastest servo
response with a minimum overshoot. It is also successful in
regulatory problem and provides a proper response. From
Fig. 7 and total variation values reported in Table 3, it can
be seen that control signals of all comparative methods are
smooth enough for the successful operation. Note that the
Normey-Rico and Camacho [26] method results in a sluggish
servo response because their proposed method provides too
large integral gains for slow dynamic processes. Finally, for
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a perturbation of 20% in all three parameters of the model,
Fig. 8 dictates the efficiency and robustness of the proposed
method both for the servo and load disturbance responses.
5-2- Example 2.

The following lag time dominant FOPTD process is
considered [43]

3433
103.15—1

—20s

£,(5) (53)
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Table 4. Performance indices of closed-loop responses for Example 2

Servo responses Regulatory responses
Tuning methods Nominal system Perturbed system Nominal system Perturbed system
v IAE MP{%) v IAE MP{%) v IAE Peak v IAE Peak
Proposed 0.011 40.2 1 0.011 45.1 107 0.01 53.3 0.91 0.01 55.43 1.05
Normey-Rico 0.011 40.2 1 0.011 45.1 1.07 0.01 53.3 0.91 0.01 55.43 1.05
Shams. et al. 0.152 59.3 1 0.152 62.1 1.01 0.96 56 0.96 0.38 61.72 1.11
Wang et al. 610.4 61.2 1 610.4 64.5 1 0.93 67.7 0.93 0.43 67.72 1.08

Table 5. Performance indices of closed-loop responses for Example 3

Servo responses Regulatory responses

Turning methods Nominal system Perturbed system Nominal system Perturbed system
TV IAE MP(%) TV IAE MP(%) v IAE Peak v IAE Peak
Proposed 0.085 152 0 0.085 17.55 9.3 G.41 40.73 1.82 .41 46.61 2.45
Normey-Rico 0.085 152 0 0,085 17,55 9.3 (.41 40.73 182 (.41 46,61 2,453
Jin & Liu 0.012 216 0 0.012 2324 69 0.095 93,19 2,67 0.09 §5.45 3.32
Anil & Sree 0.976 19.5 43.49 0.976 28.21 88.9 0.35 53.75 1.95 0.36 55.04 2.56
Shamsuzzoha 0.237 18.44 7.35 0.237 19 17.52 0.39 49.30 1.95 0.44 49.88 2.54

in order to investigate the case of an unstable process.
The performance of the proposed method is compared with
the methods proposed by Normey-Rico and Camacho [26],
Shamsuzzoha et al. [44] and Wang et al. [45]. The controller
settings for Normey-Rico and Camacho [26] method are given
ask_=3.2945, 7, = 43.8797, the set point filter is v -3>"~ and
the predictor filter is ¢ g g 3 i1 The controller
settings for Shamsuzzoha et al. [44] method are given as k_
= 1.4985, 7, = 83.587, T,= 7.0956 and the set point filter is
Fn@'>=%. The corresponding controller parameters
for Wang et al. [45] method are given as k. = 1.494 and 7, =

101.2383 and 7,= 8.1745 while the set point filter is used as

F(s) = 41.3784s° +20.2477s +1
827.56725” +101.2383s +1
The closed-loop servo and regulatory responses and also

control signals in the nominal and perturbed conditions are
compared in Figs. 10 - 13, respectively. The corresponding
performance indices are provided in Table 4 for both servo
and regulatory problems. The closed-loop performance of
the proposed method and Normey-Rico and Camacho [26]
is superior to the other reported methods with less IAE,
overshoot and peak error values. Based on provided results,
the control signals of all comparative methods are smooth
and limited except for Wang et al. [45]. The better robustness
of the proposed method is supported by the smaller values of
performance indices reported in Table 4.

5-3- Example 3.
An IPTD process expressed by [36, 46, 47]

Pm (S) — %877'45
N

(54)

is considered. The performance of the proposed method is
compared with the methods proposed by Normey-Rico and
Camacho [26], Shamsuzzoha and Lee [46], Jin and Liu [36]
and Anil and Sree [47]. The controller settings for Normey-
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Rico and Camacho [26] method are given as k= 0.6757 and
the predictor filter is 1, - 1226+ The controller settings for
Shamsuzzoha and Lee [46] method are given as k = 0.531, 7,=
24.533 and 7,= 2.467 and the set point filter is Fo) =
. The corresponding controller parameters for Jin and Liu
[36] method are given as k= 0.384 and 7, = 35.788 while the
set point filter is used as F(s)zfjfgg:l. For Anil and Sree [47]
method, the controller settings are obtained as k = 0.5643, ,
=30.323 and 7, = 2.6311.

The closed-loop servo and regulatory responses and also
control signals in the nominal and perturbed conditions are
compared in Figs. 14 - 17, respectively. The corresponding
performance indices are provided in Table 5 for both servo
and regulatory problems. The closed-loop performance of
the proposed method and Normey-Rico and Camacho [26]
outperform the others with less IAE, overshoot and peak
error values while Normey-Rico and Camacho [26] method
employs a P controller with a second order predictor filter (i.e.
two tuning parameters) and the proposed method uses a PI
controller with a first order predictor filter. Based on obtained
results, the proposed method shows significant advantages

both in nominal and perturbed cases.

5-4- Example 4.
An IFOPTD process studied by [46, 47]

0.2

S(T_H)e"Y (55)

B, (s)=

is considered. The performance of the proposed method
is compared with the methods proposed by Normey-Rico
and Camacho [26], Jin and Liu [36] and Anil and Sree [47].
The controller settings for Normey-Rico and Camacho
[26] method are given as k. = 10 and the predictor filter is
12255 Tn Jin and Liu [36] method, the corresponding

57 +2s+1

controller parameters are obtained as k= 3.686, 7, = 10.392

F.(s)=
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Table 6. Performance indices of closed-loop responses for Example 4

Servo responses Regulatory responses
Tuaning methods Nominal system Perturbed system Nominal system Perturbed system
v IAE MP(%) TV IAE MP(%) TV 1AE Peak v 1AE Peak
Proposed 42,14 2,72 0 42,14 2,72 0 3.06 .72 112 443 0.72 13.11
Normey-Rico 5.373 6.44 47.2 5.373 15.1 64.3 423 2.30 32 10.7 4.62 36.76
jin & Liu 37.53 413 0 37.53 412 8 1.80 2.82 25.3 2.19 2.82 28.27
Anil & Sree 46.25 441 51.9 46.25 5.13 78.75 217 1.11 17.4 3.01 1.06 20.05
Table 7. Performance indices of closed-loop responses for Example 5
Servo responses Regulatory responses
Tuning methods Nominal system Perturbed system Nominal system Perturbed system
v IAE MP(%) v IAE MP{%) v IAE Peak ™v IAE Peak
Proposed 44.40 3.28 0 48.09 3.33 0.46 402 1544 2.64 5.14 1547 2.96
Jin & Lin 10.02 7.80 0 10.05 7.82 0.04 0.88 232.4 10.5 0.91 232.4 10.2
Anil & Sree 55.36 5.24 60.7 55.96 5.36 88.05 1.21 35.29 451 1.62 35.52 4.68
Kumar & Sree 37.49 3.80 0 37.95 3.88 0.41 1.38 2496 3.39 2.20 25.02 3.47

and T,=2.473. The set point filter is also used as m):fﬁ_‘f*&
2575 +10.3925 +1

. For Anil and Sree [47] method, the controller settings are
obtained as kc =5.7422, 1,= 5.9046, 7,= 1.9519, a = 0.632 and
B =0.4915.

The closed-loop servo and regulatory responses and also
control signals in the nominal and perturbed conditions are
compared in Figs. 18 - 21, respectively, whereby the higher
performance of the proposed method is substantiated. It also
demonstrated by smaller values of indices given in Table 6.
Moreover, performance indicators of total variation, IAE and
overshoot remain smaller values under model parameters
variations, which means the proposed method has stronger
robustness against model parameters changes than the
reported methods. While Jin and Liu [36] method lead to
a proper regulatory response besides an undesirable servo
response, the proposed method yields superior servo and
regulatory response. Simulation results explicitly illustrate
how the proposed method offers an elegant trade-off between
performance and robustness as well.

5-5- Example 5.
A DIPTD process studied by [30, 36, 47]

I
P, (s) =7¢ (56)

which can be approximated by an IFOPTD model as [36]

B =00 e
(1005 +1)

-5

(57)

is considered. The performance of the proposed method
is compared with the methods proposed by Jin and Liu [36],
Kumar and Sree [30] and Anil and Sree [47]. In Jin and Liu
[36] method, the corresponding controller parameters are
obtained as kf 0.046, 7, = 21.381 and 7,=7.255. The set point
filter is used with proportional and derivative weights as e =
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0.298 and f = 0.635. The controller settings for Kumar and
Sree [30] method are given as k.= 0.188, 7, = 9.4 and 7, =
3.45, a = 0.5, B = 2199 and the set point filter is £ - 20
. For Anil and Sree [47] method, the controller settings are
obtained as kE= 0.1378, 7,= 9.7264 and 7,=3.8211,e=1.0761
and f=1.0392 and the set point weighting is considered as 0.5.

The simulation results are shown in Fig. 22, and the
corresponding control action responses are shown in Fig.
23. The performance comparison in terms of TV, IAE and
overshoot are prepared in Table 7. It can be seen from the
simulation results that the proposed method gives better
performances for IFOPTD process. The perturbed system
responses are depicted in Fig. 24 while the corresponding
control action responses are shown in Fig. 25. The results
certify that the proposed method facilitates superior
robustness for both the servo and regulatory problems than
the other methods.

6- CONCLUSION

The PI/PID controller design based on IMC principles for
FOPTD, UFOPTD, IPTD, IFOPTD and DIPTD processes is
proposed with robustness/performance considerations. As
the main contribution of this paper, tuning rules are obtained
for various types of time delay processes without using
approximation methods or model reduction techniques.
To have an enhanced disturbance rejection for integrating
processes, an improved IMC filter is adopted to design a PID
controller. The performance comparison in terms of various
performance indices indicates that the proposed method
performs superior to the recently reported methods for both
regulatory and servo problems, particularly for integrating
processes and stable processes with slow dynamics. Italso offers
an elegant trade-off between performance and robustness,
accomplished by only one tuning parameter. Guidelines are
provided for the selection of the tuning parameter based on



A.H. Ahmadi et al., AUT J. Elec. Eng., 52(1) (2020) 31-52, DOI: 10.22060/eej.2020.15765.5266

2 —
15+
2
=
=4
=)
S
f 1r o =
3 K
§ v’
.
£ [
0.5
{I === Proposed
{I ==== Normey-Rico & Camacho
=== Shamsuzadeh et al.
’ =  Wang et al.
0 | | | | [ [ |
0 100 200 300 400 500 600 700

Time(seconds)

Fig. 10. Nominal closed-loop responses to a unit step change in set-point and disturbance for an UFOPTD system

700 -
===Proposed
====.Normey-Rico & Camacho
600 === Shamsuzadeh et al.
= Wang et al.
500 -
g 400!
20
w
= 300}
E
g 200 -
&)
100}
1
0
I
_100 1 L L L L L L |
0 100 200 300 400 500 600 700

Time(seconds)

Fig. 11. Nominal control signals to a unit step change in set-point and disturbance for an UFOPTD system

25
2 -
2
=1
215F
g
A )
2 “ &
@
9o 1 - g
g P> =4
A 7
]
os- [7 —Proposed
Vi ==== Normey-Rico & Camacho
]I' === Shamsuzadeh et al.
’ = Wang etal.
0 1 1 1 1 1 1 |
0 100 200 300 400 500 600 700
Time(seconds)

Fig. 12. Perturbed closed-loop responses to a unit step change in (left) set-point and (right) disturbance for an UFOPTD system

44



A.H. Ahmadi et al., AUT J. Elec. Eng., 52(1) (2020) 31-52, DOI: 10.22060/eej.2020.15765.5266

700
=== Proposed
==s= Normey-Rico & Camacho
600 |- === Shamsuzadeh et al.
== Wang et al.
500
E 400
2P
w2
= 300}
]
S 200
Q
100}
0 ]
_100 1 1 1 1 1 1 |
0 100 200 300 400 500 600 700

Time(seconds)

Fig. 13. Perturbed control signals to a unit step change in (left) set-point and (right) disturbance for an UFOPTD system

4
===Proposed
==== Normey-Rico & Camacho /’\‘
3.5 |m= Jin & Liu FAR
= Anil & Sree ¥ \
3 - |*==='Shamsuzzoha 1 \‘
2 * \
Sacl %
= b\
g &N
& o2 ALY
g R\
g15- SN
R A
1- I L] '..““:“ =
, y
05 ¢ .’i
0 | | | | |
0 50 100 150 200 250
Time(seconds)

Fig. 14. Nominal closed-loop responses to a unit step change in set-point and disturbance for an IPTD system

2.5
===Proposed
----- Normey-Rico & Camacho
2 == Jin & Liu
== Anil & Sree
1.5 e Shamsuzzoha
:": 1
7 05 Vy
£
g 0
Q \-s
-0.5
-1
_1.5 1 1 1 |
0 50 100 150 200 250

Time(seconds)

Fig. 15. Nominal control signals to a unit step change in set-point and disturbance for an IPTD system

45



A.H. Ahmadi et al., AUT J. Elec. Eng., 52(1) (2020) 31-52, DOI: 10.22060/eej.2020.15765.5266

4.5
=== Proposed
4l ==s= Normey-Rico & Camacho /\\
== Jin & Liu ro
35|~ Anil & Sree Lo\
*~ | |[===='Shamsuzzoha \ ‘\
3 3 iy
- ko
g2s- oA
[ E \
& E Y
% t
g 2 [ ;o
g | \ - Y
1.5 ] ) =
- - \ ) =
I (Yo ¥
1 e <
/4
0.5 1fi
0 : ; ‘ ‘ ‘
0 50 100 150 200 250
Time(seconds)

Fig. 16. Perturbed closed-loop responses to a unit step change in (left) set-point and (right) disturbance for an IPTD system

3

=== Proposed

==== Normey-Rico & Camacho
2 === Jin & Liu

== Anil & Sree

==== Shamsuzzoha

Control Signal
=) [

1
)

)

-3

0 50 100 150 200 250
Time(seconds)

Fig. 17. Perturbed control signals to a unit step change in (left) set-point and (right) disturbance for an IPTD system

1.6
l\ A
14+ : ." ‘-__ .
i ! ."—l\

1201 HEA W ~ ?‘\
% 1: % DN %, ~\~
= | "= \: S . ke P
s 1 I H Aand rans® w
= : // )
] I L
Hos-'fs
/] ¥
7] I I
b4 5
E 0.6-1 ii

0.4

l ===Proposed
N E ===:2 Normey-Rico & Camacho
02 == Jin & Liu
== Anil & Sree
0 L L L L L L 1 1 |
0 10 20 30 40 50 60 70 80 920

Time(seconds)

Fig. 18. Nominal closed-loop responses to a unit step change in set-point and disturbance for an IFOPTD system

46



A.H. Ahmadi et al., AUT J. Elec. Eng., 52(1) (2020) 31-52, DOI: 10.22060/eej.2020.15765.5266

20
===Proposed
===z Normey-Rico & Camacho
15 === Jin & Liu
= Anil & Sree
= 10 =
= =
20 20
w2 w2
= ]
£ E
= = .
o S ]
© e © :
Y i
=. _.: ===Proposed
K HE Normey-Rico & Camacho
iy == Jin & Liu
% |= Anil & Sree
. . . , 2 . I I )
20 30 40 50 50 60 70 80 920
Time(seconds)

Time(seconds)
Fig. 19. Nominal control signals to a unit step change in set-point and disturbance for an IFOPTD system

1.8
n ~
1.6~ | \_: %
14+ ! .'l -= e :"\
Pivy o i3
Q H H sy s, x
gl2 s Y Y . \‘?\ o,
g R : s S RS o Nad Y o
H . N - - % s v, " e s o
g 1 — . H % s oy s 5 4‘ ' Ttagust
& P Y PN s W
08 | i,' RER :
S P *
= .
& 0.6 i i
' kY
0.4 ‘ w==Proposed
i ===z Normey-Rico & Camacho
0.2 === Jin & Liu
== Anil & Sree
0 L L L L L L 1 1 |
0 10 20 30 40 50 60 70 80 90

Time(seconds)
Fig. 20. Perturbed closed-loop responses to a unit step change in (left) set-point and (right) disturbance for an IFOPTD system

20

===Proposed

==== Normey-Rico & Camacho
15 == Jin & Liu

= Anil & Sree

= =
= g
.20 20
7} w2
£ £ i
= = H
Q =} »
&) Q »os
4 g
2+ ".. :: === Proposed
‘\:' ==== Normey-Rico & Camacho
=== Jin & Liu
= Anil & Sree
‘ ‘ ‘ ‘ ‘ -2.5 ‘ ‘ ‘ :
0 10 20 30 40 50 50 60 70 80 920
Time(seconds) Time(seconds)

Fig. 21. Perturbed control signals to a unit step change in (left) set-point and (right) disturbance for an IFOPTD system

47



A.H. Ahmadi et al., AUT J. Elec. Eng., 52(1) (2020) 31-52, DOI: 10.22060/eej.2020.15765.5266

]

IS

===Proposed

==== Jin & Liu

=== Anil & Sree
= Kumar & Sree

-

(2]
T
———-

\“l‘“g

-

[ ]
-
—

Process Response
-
- -
L

">
==

Y
Y
o

!
50

150
Time(seconds)
Fig. 22. Nominal closed-loop responses to a step change in set-point (unit) and disturbance (with a magnitude of 0.5) for a DIPTD

system
20
=—=Proposed
=== Jin & Liu
== Anil & Sree
15¢ = Kumar & Sree
=10
20
n
e
g5
=
e
&)
0 .,
-5
L L |
0 50 100 150
Time(seconds)
Fig. 23. Nominal control signals to a step change in set-point (unit) and disturbance (with a magnitude of 0.5) for a DIPTD system
Sr : 3
H . == Proposed
F 1) 4 ssex Jin & Liu
i ) Y == Anil & Sree
4 ' % == Kumar & Sree
i \
3 i
= v 1Y
23 \ %
8 Y
& \
8
Q2
)
1]
A~
t....
1 LU
0 1 1 |
0 50 100

150
Time(seconds)
Fig. 24. Perturbed closed-loop responses to a step change in set-point (unit) and disturbance (with a magnitude of 0.5) for a DIPTD

48



A.H. Ahmadi et al., AUT J. Elec. Eng., 52(1) (2020) 31-52, DOI: 10.22060/eej.2020.15765.5266

system
20
1 ===Proposed
l ==sn Jin & Liu
=== Anil & Sree
15¢ Kumar & Sree
|
S10k
o |
)
e 1
£ st
g 1
e
(SR |
M m = = m R e o
_5}»
| ! :
0 50 100 150
Time(seconds)

Fig. 25. Perturbed control signals to a step change in set-point (unit) and disturbance (with a magnitude of 0.5) for a DIPTD system

the maximum sensitivity value.

REFERENCES

[1] A. Shariati, H.D. Taghirad, PD Controller Design with Heo Performance

for Linear Systems with Input Delay, AUT Journal of Electrical

Engineering, 42(1) (2010) 57-64.

A. Sheikhlar, M. Zarghami, A. Fakharian, M. Menhaj, Delay

compensation on fuzzy trajectory tracking control of omni-directional

mobile robots, AUT Journal of Electrical Engineering, 45(2) (2015) 57-

64.

O.J.M. Smith, A controller to overcome dead time, ISA Transactions,

6(2) (1959) 28-33.

Y.-C. Tian, E. Gao, Double-controller scheme for control of processes

with dominant delay, IEE Proceedings-Control Theory and Applications,

145(5) (1998) 479-484.

J.E. Normey-Rico, E.F. Camacho, Dead-time compensators: A survey,

Control engineering practice, 16(4) (2008) 407-428.

B. Zhang, W. Tan, J. Li, Tuning of Smith predictor based generalized

ADRC for time-delayed processes via IMC, ISA transactions, (2019).

D.E Novella-Rodriguez, B.d.M. Cuéllar, J.E. Marquez-Rubio, M.A.

Hernandez-Pérez, M. Velasco-Villa, PD-PID controller for delayed

systems with two unstable poles: a frequency domain approach,

International Journal of Control, 92(5) (2019) 1196-1208.

Y. Chen, T. Liu, P. Garcia, P. Albertos, Analytical design of a generalised

predictor-based control scheme for low-order integrating and unstable

systems with long time delay, IET Control Theory & Applications, 10(8)

(2016) 884-893.

D. Vrecko, D. Vrandié, D. Juricié, S. Strmenik, A new modified Smith

predictor: the concept, design and tuning, ISA transactions, 40(2) (2001)

111-121.

[10] M. Morari, E. Zafiriou, Robust process control, Morari, 1989.

[11]S. Majhi, D. Atherton, Modified Smith predictor and controller for
processes with time delay, IEE Proceedings-Control Theory and
Applications, 146(5) (1999) 359-366.

[12] M.R. Matausek, A.L. Ribi¢, Control of stable, integrating and unstable
processes by the Modified Smith Predictor, Journal of Process Control,
22(1) (2012) 338-343.

[13] T. Liu, Y. Cai, D. Gu, W. Zhang, New modified Smith predictor scheme
for integrating and unstable processes with time delay, IEE Proceedings-
Control Theory and Applications, 152(2) (2005) 238-246.

[14]S. Majhi, D.P. Atherton, Obtaining controller parameters for a new Smith

[2]

[3]
[4]

[5]

[6]

[7]

(8]

[9]

49

predictor using autotuning, Automatica, 36(11) (2000) 1651-1658.

[15]1. Kaya, A new Smith predictor and controller for control of processes
with long dead time, ISA transactions, 42(1) (2003) 101-110.

[16] D. Padhan, S. Majhi, Modified Smith predictor and controller for time
delay processes, Electronics letters, 47(17) (2011) 959-961.

[17]1X. Lu, Y.-S. Yang, Q.-G. Wang, W.-X. Zheng, A double two-degree-
of-freedom control scheme for improved control of unstable delay
processes, Journal of process control, 15(5) (2005) 605-614.

[18] W. Tan, Analysis and design of a double two-degree-of-freedom control
scheme, ISA transactions, 49(3) (2010) 311-317.

[19]T. Liu, W. Zhang, D. Gu, Analytical design of two-degree-of-freedom
control scheme for open-loop unstable processes with time delay, Journal
of Process Control, 15(5) (2005) 559-572.

[20] A. Ahmadi, S. Nikravesh, Robust Smith Predictor (RSP), in: 2016 24th
Iranian Conference on Electrical Engineering (ICEE), IEEE, 2016, pp.
1510-1515.

[21] T. Liu, P. Garcia, Y. Chen, X. Ren, P. Albertos, R. Sanz, New predictor and
2dof control scheme for industrial processes with long time delay, IEEE
Transactions on Industrial Electronics, 65(5) (2017) 4247-4256.

[22]].E. Normey-Rico, R.C. Flesch, T.L. Santos, Unified dead-time
compensation structure for SISO processes with multiple dead times,
ISA transactions, 53(6) (2014) 1865-1872.

[23]B.C. Torrico, W.B. Correia, EG. Nogueira, Simplified dead-time
compensator for multiple delay SISO systems, ISA transactions, 60
(2016) 254-261.

[24] R. Sanz, P. Garcia, P. Albertos, A generalized smith predictor for unstable
time-delay SISO systems, ISA transactions, 72 (2018) 197-204.

[25]S.A.C. Giraldo, R.C.C. Flesch, ].E. Normey-Rico, M.Z.P. Sejas, A Method
for Designing Decoupled Filtered Smith Predictor for Square MIMO
Systems With Multiple Time Delays, IEEE Transactions on Industry
Applications, 54(6) (2018) 6439-6449.

[26]].E. Normey-Rico, E.F. Camacho, Unified approach for robust dead-time
compensator design, Journal of Process Control, 19(1) (2009) 38-47.
[27]K.G. Begum, A.S. Rao, T. Radhakrishnan, Enhanced IMC based PID
controller design for non-minimum phase (NMP) integrating processes

with time delays, ISA transactions, 68 (2017) 223-234.

[28] K.G. Begum, A.S. Rao, T. Radhakrishnan, Maximum sensitivity based
analytical tuning rules for PID controllers for unstable dead time
processes, Chemical Engineering Research and Design, 109 (2016) 593-
606.



A.H. Ahmadi et al., AUT J. Elec. Eng., 52(1) (2020) 31-52, DOI: 10.22060/eej.2020.15765.5266

[29] Q.B. Jin, Q. Liu, IMC-PID design based on model matching approach
and closed-loop shaping, ISA transactions, 53(2) (2014) 462-473.

[30]D.S. Kumar, R.P. Sree, Tuning of IMC based PID controllers for
integrating systems with time delay, ISA transactions, 63 (2016) 242-255.

[31]H. Najafizadegan, F. Merrikh-Bayat, A. Jalilvand, IMC-PID controller
design based on loop shaping via LMI approach, Chemical Engineering
Research and Design, 124 (2017) 170-180.

[32] M. Shamsuzzoha, M. Lee, PID controller design for integrating processes
with time delay, Korean Journal of Chemical Engineering, 25(4) (2008)
637-645.

[33] G.K.R.P. Vuppu, S.M. Venkata, S. Kodati, Robust design of PID controller
using IMC technique for integrating process based on maximum
sensitivity, Journal of Control, Automation and Electrical Systems, 26(5)
(2015) 466-475.

[34] Z.-c. Zhao, Z.-y. Liu, J.-g. Zhang, IMC-PID tuning method based on
sensitivity specification for process with time-delay, Journal of Central
South University of Technology, 18(4) (2011) 1153-1160.

[35] M. Shamsuzzoha, M. Lee, Enhanced disturbance rejection for open-loop
unstable process with time delay, ISA transactions, 48(2) (2009) 237-244.

[36]Q. Jin, Q. Liu, Analytical IMC-PID design in terms of performance/
robustness tradeoff for integrating processes: From 2-Dof to 1-Dof,
Journal of Process Control, 24(3) (2014) 22-32.

[37]1. Kaya, IMC based automatic tuning method for PID controllers in a
Smith predictor configuration, Computers & chemical engineering,
28(3) (2004) 281-290.

[38]T. Liu, F Gao, New insight into internal model control filter design
for load disturbance rejection, IET control theory & applications, 4(3)

(2010) 448-460.

[39] T. Liu, E Gao, Enhanced IMC design of load disturbance rejection for
integrating and unstable processes with slow dynamics, ISA transactions,
50(2) (2011) 239-248.

[40] W. Tan, H.J. Marquez, T. Chen, IMC design for unstable processes with
time delays, Journal of Process Control, 13(3) (2003) 203-213.

[41] M. Chidambaram, Set-point weighted PI/PID controllers for integrating
plus dead-time processes, in: Proc. National Symposium on Intelligent
Measurement and Control, Chennai, India, 2000, pp. 324-331.

[42]].E. Normey-Rico, R. Sartori, M. Veronesi, A. Visioli, An automatic
tuning methodology for a unified dead-time compensator, Control
Engineering Practice, 27 (2014) 11-22.

[43]PG.K. Rao, M. Subramanyam, K. Satyaprasad, Design of cascaded
IMC-PID controller with improved filter for disturbance rejection,
International Journal of Applied Science and Engineering, 12(2) (2014)
127-141.

[44] Q. Wang, C. Lu, W. Pan, IMC PID controller tuning for stable and
unstable processes with time delay, Chemical engineering research and
design, 105 (2016) 120-129.

[45] M. Shamsuzzoha, M. Lee, IMC— PID controller design for improved
disturbance rejection of time-delayed processes, Industrial &
Engineering Chemistry Research, 46(7) (2007) 2077-2091.

[46] M. Shamsuzzoha, M. Skliar, M. Lee, Design of IMC filter for PID control
strategy of open-loop unstable processes with time delay, Asia-Pacific
Journal of Chemical Engineering, 7(1) (2012) 93-110.

[47] C. Anil, R.P. Sree, Tuning of PID controllers for integrating systems using
direct synthesis method, ISA transactions, 57 (2015) 211-219.

Appendix A
ds+1 (ds+1)(1-L s)
H, (s)=P (s l-—————e ™ )=P (s)(1- m 7Yy =
() =P, (s)( Qs +1) )=F,(s)( Us +17 )
AP +dL, ol (58)
k,s (A*+dL )s+2A+L, —de,LmS _2A+L,-d k,2A+L —d)s ol
T, s+1 (As+1) T, s+1 (As+1)
Since dzrm[l—(l—i)ze_L”‘/T’"],we have
(l—i)2 (l—i)2 z'm(Lm+rm)—rfl(l—i)2
d=7 —7 —m __; _;? Tn_ Tn (59)
"o 1+L7,,, "L 4T, L +t,
Tm
Then we have
2 ﬂ“ 2 2 2 2
diL, +7,)=1,L, +7,)-7,0-——)" =L 7, +7, —(A-7,) =L 1, —A" +247, (60)
Tm
which yields
2

L

A +dL, =22t +L, T, —dr, :M:rm (61)
2A+L,—d

Finally, applying Eq. (61) to Eq. (58) gives
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A’ +dL,

A+l —d s
. — 1= H (5)=—L— e (62)
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where y = k,(22-d+Ly,).
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