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ABSTRACT

An analytical method for the proportional-integral-derivative (PID) controller cascaded with
a high-order filter is proposed based on the reputable internal model control (IMC) design
principles. The proposed method is mainly used to improve the disturbance rejection of the
second-order stable processes with time delay. Analytical tuning rules for the proposed PID
controller are derived to cope with both the disturbance rejection and set-point tracking
problems by using a two degree of freedom (2DOF) control scheme in a simple manner.
Several simulation examples are studied for various stable second order plus time delay
(SOPDT) processes and the results are fairly compared with those of recently renowned
methods. The robustness of the controller is also investigated by inserting perturbation
uncertainty in all process parameters simultaneously. The results demonstrate the superior
performance of the proposed IMC-PID controller in both nominal and robust cases.

Keywords: Proportional-Integral-Derivative (PID) controller, High-order filter, Two degree
of freedom (2DOF) control scheme, Second order plus dead time (SOPDT).

TOM TAT

Phwong phap phan tich dé thiét ké bo diéu khién PID két hop voi b loc bdc cao dwoc deé xudt
dira vao cdc nguyén tdc thiét ké ciia phwong phdp néi tiéng IMC. Phwong phdp dé xudt diroc
si dung chii yéu dé cai thién ddc tinh khir nhiéu cia hé én dinh bdc hai c6 thoi gian tré. Céc
quy ludt diéu chinh ciia phwong phdp dé xudt dwoc thanh ldp véi muc dich dp dung cho ca hai
huong thiét ké chinh la theo ddc tinh khir nhiéu va theo dac tinh gia tri dat bcing viéc su dung
chién hege diéu khién hai bdc tw do (2DOF) theo hwéng don gian. Nhiéu nghién ciru mé
phong da dwoc thiee hién cho nhiéu qud trinh béc hai c6 thoi gian tré, trong do két qua nghién
citu dwoc so sanh mét cach khdach quan véi cac phwong phdp néi tiéng khdc. Tinh 6n dinh bén
vitng ciia b diéu khién ciing dwegc nghién ciru bang viéc dong thoi dwa cdc nhiéu loan khéng
xdc dinh vao tat cd cdc bién qud trinh. Két qua mé phong chitng minh khd ndng thue thi virot
troi cua bo diéu khién IMC-PID duwoc dé xudt trong cd truong hop hé th(fng hoat dong binh
thwong va bat thuong.

Tir khéa: Bé diéu khién PID, Bé loc bdc cao, Chién lwoc diéu khién hai bdc tir do (2DOF),
Hé bdc hai cé thoi gian tré (SOPDT).
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1. INTRODUCTION

The PID controller is one of the most
common and successful control tools in the
process industries because of its simplicity,
robustness, powerfulness, as
optimality. For the industrial problems, the
PID controller affords sufficiently well the
disturbance rejection and set-point tracking
for various control schemes. Therefore, the
design area of the PID controller has
currently attracted much attention of
numerous academic and control engineers.

well as

A number of PID tuning rules have been
introduced frequently over the recent
decades and one of the best known is
possibly the internal model control (IMC)
structure contains the internal model of
controlled plant, which was spread mainly
by Garcia and Morari [1]. The advantages of
IMC-PID tuning rules are that the tradeoffs
between the closed-loop performance and
robustness can be directly obtained by using
only one user-defined tuning parameter,
which is introduced by Rivera et al. [2], and
it is so-call as the closed-loop time constant.
However, the main inconvenience of
IMC-PID tuning rules has been found out as
the possibility of obtaining the sluggish
rejection which
becomes severely for the process with a
small time-delay/time constant ratio (Morari
and Zafiriou [3]), despite that the disturbance
rejection is much more important than the
set-point tracking for many process control
applications. To overcome these problems,
the two degree of freedom (2DOF) control
strategies seem to be one of the best
solutions.

disturbance response,

For enhanced disturbance rejection, Chen
and Seborg [4] demonstrated that the direct
synthesis (DS) can adequately achieve the
disturbance rejection, wherein the PID
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controller parameter can be obtained by
computing the ideal feedback controller that
gives the desired closed-loop response. It is
well known that the 2DOF control scheme
can be used to improve the disturbance
performance for varied time-delay processes.
Lee et al.’s method [5] is extended the IMC
design approach for the two degree of
freedom controller, where two controllers are
systematically combined in the way that a
first IMC controller for the set-point changes
and a second IMC type of controller
designed to shape the disturbance response,
and the set-point filter specified as the
inverse of the IMC controller for disturbance
rejection also included to improve the
set-point response. Horn et al. [6] found
out that the modified IMC filter for deriving
the low-order controller (i.e., the PID
controller in series with a second-order filter)
can provide good disturbance rejection.
Obviously, the significant improvement of
set-point responses can be obtained by using
either modified IMC or SP methods.

Consequently, several PID controller
tuning rules have been frequently proposed
However, due to the
difficulty of the time-delay process, the
design of a simple and effective controller
with  the perfect improvement of
performance has not been fully achieved for
a variety of time-delay processes. The
proposed method is aimed to design of the
PID controller cascaded with a higher order
compensator to fulfill the various control
purposes, such as simple tuning rules,
analytical form, model-based, and easy to
implement in the practice with the excellent
performance for both the regulatory and
servo problems, by utilizing the clever
reduction technique to convert the ideal
feedback controller to the low order PID
controller in a simple manner.

in the literature.
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Figure 1. Block diagram of feedback
control strategies. (a) Classical feedback
control. (b) Internal model control

Simulation studies have been fairly
considered to demonstrate the simplicity and
effectiveness of the proposed method in
compared with numerous prominent design
methods by using the same robustness level
(i.e., maximum sensitivity Ms value) for all
comparative controllers. The
results confirm that the proposed method can
afford the superiority of performance for
both the disturbance rejection and set-point
tracking.

2. PROPOSED METHOD

simulation

2.1. Design of generalized controller

Consider an open-loop single-input,
single-output (SISO) process with general

transfer function for the second order

stable/unstable and delay, which is
represented as follows:
Ke™
G = 1
 (5) (t,s+1)(1,5+1) M

where K denotes the process gain. t, and 1,

correspond to real poles in process model,
whereas 0 represents the delay.

For the feedback control system, the

equivalent feedback controller G_(s) is
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implemented for the process G, (s) From

the standard block diagram of the feedback
control strategies as shown in Fig.1, where
q(s), and f (s)denote the IMC controller
and the filter,
y(s),r(s),d(s), and u(s) correspond to

set-point respectively.

the controlled output, set-point input,
disturbance input, and manipulated variables.
If there is no model error (i.e.,

G, (s):GP (s) ), then the set-point and

disturbance responses in the IMC control
structure can be simplified as:

y(s)=Gy(s)a(s)f,(s)r(s)
+[1 - GP (s)q(s)] G, (s)d(s)

According to the IMC parameterization

(1)

[8], the process model G,(s) is factored

into two parts:
Gp(s)=pu(s)pa(s) 2)

where p,, (s) and p, (s) denote the portion

of the model inverted by the controller
(minimum phase) and the portion of the
model not inverted by the controller (it is the
non-minimum phase that may be included
the dead time and/or right half plane zeros
and chosen to be all-pass), respectively. The

requirement that p, (0)= 1 is necessary

for the controlled wvariable to track its
set-point.

The IMC controller can be designed as:
a(s) =p, (s)f(s) 3)

where the IMC filter f(s) is chosen to
fulfilled the condition by following form:

_ 2 ﬁisi +1
)=y @

where 4 is an adjustable parameter for the
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tradeoffs between the performance and
robustness. The integer n is selected to be
large enough for the IMC controller proper.
The parameter S is determined to cancel

the poles near zero in G, (s).

1-G, (s)q(s)

| pa()(Zn s 1) e
- (As+1)" N

S=Z41242 v Zdm

Substituting Eq. 4 into Eq. 3, the IMC
controller is obtained by:

Loz s+
= AN — A 6
a5)=pl (1 ©

The ideal feedback controller G, (s)that

yields the desired loop responses can be
constituted by:

a(s)
G, (s)=— =2
1-G, (s)q(s)
Thus, the ideal feedback controller for
achieving the desired loop response can be
easily found by:

Pa (5)(20 B +1)
(As+1)"~p, (S)(Z,-”:1 Bs' +1)

The resulting ideal controller given by
Eq. 8 does not have a standard PID-type
controller form, even it is physically
realizable. Therefore, this ideal feedback
controller should be converted into the
suitable PID-type controller form more
closely by using the clever approximation
technique. In this paper, we utilize the
low-order Padé approximation in the
different manner with previous design
methods in terms of the most closely
controller approximates the ideal feedback
controller.

(7

Gc(s)z

®)
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2.2. IMC-PID tuning rules for SOPDT
model

The stable SOPDT model is usually
considered to design the PID controller in
the process industries. The process transfer
function is given by Eq. 1.

For the 2DOF control structure, the IMC
filter is reasonably selected as:
(Bos + B +1)

9
(ﬂ,s+1)4 ®)

f(s)=
Hence, the IMC controller is obtained by

qs) :(rls+1)(1:2s+1)( Bs +ﬁs+1) / Ks+)" (10)

Accordingly, the ideal feedback

controller is found as:

~ (t]s+1)(1:2s+1)(ﬂ232 +ﬂls+l)
VT K[(/ls +1)4 —e” (ﬁzsz +ﬂ1s+1)}

(11)

It should be noted that the values of p,
and p, are calculated to cancel out the

polesat 7, and 7, by solving the equation:

1B +Bs+) e /( As+1)| =0
Hence,
Al 2
s
4 T )
= 13
(1) =

B, =1 Klij e 1}@12 (14)
T,

The delay term e *in the denominator
can be reasonably approximated by 2/1 Padé
expansion as following:
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(15)

Substituting Eq. 15 into Eq. 11,
rearranging it, and comparing with the PID
controller in cascaded with the high order
compensator given by Eq. 12:

2
G, (s) =K, | 14+ 45 [LFESHIS
7,8 1+as+bs

_1K (1+’ES+’E T sz) —1+cs+ds2

s\ T, ! v 1+as +bs’
Finally, the analytical tuning rules of the
proportional, integral, and derivative terms

of the proposed PID controller can be
compactly obtained as:

B,

16)

Ke= X@no-p) a
T, =B (13)
B,
=2 19
T B, (19)
(6/12—(19;—,82+8/150+305ﬂ‘]
a= (@10-7) —(z,+7,) (20)

2
4+ H+E +€_392/31 3P
. 5 5 60 20 5

(42+6-5) @D
~55,—a(5,+7,)

26
5 (22)

92

d=— 23

20 (23)
The lead term (fs+1) can cause

excessive overshoot in the set-point response,

73

which can be eradicated by adding the
set-point filter as:

¢ (S)_yBs+1

T B+l %)

where 0<y<I1.
Some important remarks can be described as:

e y=0. For this extreme case, there is no
lead term in the set-point filter, which can
cause a slow servo response.

e y=1. For this case, there is no set-point
filter.

e 0<y<l. That means we adjust y online
to obtain the desired speed of the set-point
response.

3. PERFORMANCE
ROBUSTNESS MEASURE

AND

3.1. Integral absolute error (IAE) criteria

To evaluate the closed-loop performance,
the IAE criterion is considered here for both
the disturbance rejection and the set-point
tracking. The IAE is defined as
TAE = [|e(1)fdt (25)

0
The IAE value should be as small as
possible.

3.2. Overshoot

The overshoot is a good measure for the
evaluating the response that exceeds the
ultimate value following a step change in the
disturbance or the set-point.

3.3. Total Variation (TV)

To evaluate the required control effort,
the TV is a good measure of the smoothness
of a signal, which is computed the total
variation of the manipulated variable by
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considering the sum of all its moves up and
down.

TV = i|u,.+1 —u,| (26)
i=1

The TV should be as small as possible.
3.4. Maximum Sensitivity Criterion

To evaluate the robustness of the control
system, the peak value of the sensitivity
function Ms, which has many useful physical
interpretations, has been widely used by
many researchers. The Ms is defined as the
inverse of the shortest distance from the
Nyquist curve of the loop transfer function to
the critical point (-1, 0).

B 1
Ms = max (1+G, (iw)G. (jo))

(27)

In order to insure a fair comparison, the
model-based controllers should be tuned by
adjusting A so that the Ms values are the
identical. That means all
controllers are designed to have the same
robustness level in terms of the maximum

comparative

sensitivity.
4. SIMULATION STUDY

In this section, an illustrative example is
studied to confirm the simplicity and
effectiveness of proposed PID tuning rules.
Consider the following SOPDT process

(Chen and Seborg [4], Shams and Lee [8]):

2e"
10s+1)(5s+1)

G, (s)zGd (s)z( (28)

For this SOPDT process, Shams and Lee
[8] previously confirmed the superiority of
their method over the method of Chen and
Seborg [4]. In this simulation study, the
proposed controller was compared with these
controllers. In order to guarantee a fair
comparison, all controllers were tuned to

have the same robustness level by measuring
the Ms wvalue. For this example, the
closed-loop time constant A, were adjusted

to obtain Ms = 1.95 for all of comparative
design methods.
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Figure 2. Output responses of PID control

systems for the SOPDT process model

The resulting controller parameters
together ~with the performance and
robustness indices calculated by the

above-mentioned methods are tabulated in
Table 1. Unit step changes were introduced
in the set-point at t = 0 and in the disturbance
at t =25 as shown in Fig. 2, which compares
the set-point and load responses afforded by
all of above-mentioned methods. It is clear
that the set-point filter used for the set-point
response has a clear benefit. Therefore, the
2DOF controller using the set-point filter
was utilized in all methods except the Rivera
et al.’s method [2] to obtain an enhanced
set-point response. It should be noted that the
method of Rivera et al. [2] has been
suggested for the 1DOF controller with the
conventional lag filter and we, therefore,
used their method without any modification.
In the methods of proposed and
Shamsuzzoha and Lee [8], in the parameter
of set-point filter was selected as y = 0.45.
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Figure 3. Manipulated variables of PID
control systems for the SOPDT process model

It is indicated from Fig. 2 that the
proposed controller
well-balance response in compared with the

shows a fast and
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To demonstrate the robust performance
of the proposed method, the simulation study
is also done by inserting a perturbation
uncertainty of + 10% in the process gain,
time constant, and time delay in the worst
direction whereas  the
controller settings are those provided for the
nominal process. The simulation results for
the plant-model mismatch are listed in Table
2. It is obvious that the proposed method
consistently affords the advanced robust
performance both for the disturbance and
set-point changes.

simultaneously,

Table 2. Robustness analysis for the SOPDT
process model (+ 10%)

other methods. The wvalues of the Proposed Shims & (sihle)n &
formance indices in Table 1 also confirm = orE
per IAE,, | 3.146 4.040 4.526
the advanced performance of the proposed
method for the disturbance rejection as well OVTy | 0.089 0.025 0.050
Table 1. PID controller parameters and [4Es ]0.235 0.499 1.068
performance indices OVTa | 0.069 0.089 0.146
TVa 4.051 20.915 2.160
Shams & Chen & - -
Proposed Lee Seborg Noted: sp denotes set-point tracking; d
Ke 17.57 10.60 6.839 denotes disturbance rejection
u 3.869 5.215 7.300 Table 3. Robustness analysis for the SOPDT
A 0.745 1.115 2.278 — Chen &
ams en
@ 0.064 0032 |- Proposed |y e (2008) | Seborg
b 0.052 0.0 -
B 0.40 0,50 i IAE,, |2.907 4.001 4.344
d 0.05 0.0 R OVTy | 0.012 0.009 0.008
¥ 0.30 0.30 0.50 TVy | 49.779 168.381 10.023
Ms 1.950 1.950 1.950 IAE; | 0.223 0.497 1.070
[;5;’ é-ggi 3-3?‘1) 3-3(1);‘ ovr; 0058  |0.078 0.132
sp . . .
v, 3774 1587 10.49 TVa 4.023 20.955 1.777
IAE, | 0.221 0.495 1.065 Noted: sp. denotes set—poiqt tracking; d
OVT, |0.064 0.083 0.139 denotes disturbance rejection
Ve |3.174 20.35 1.873 Various kinds of SOPDT processes are

Noted: sp denotes set-point tracking; d
denotes disturbance rejection

also studied and the simulation results
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shows that the proposed IMC-PID
controllers can enhanced the stability and
performance of control systems for both

nominal and robust cases.
4. CONCLUSIONS

The analytical design methods for the
PID controller cascaded with the lead/lag
filter were proposed for a variety of the
FOPDT, the DIP, and the unstable FOPDT

process models. On the basis of the
renowned IMC theory, the proposed
controller can provide an excellent
improvement of performance for the

disturbance rejection. In order to enhance the
set-point response, the proposed method also
utilized a set-point filter like the 2DOF
controller introduced by a number of
above-mentioned authors. The simulation
results indicate that the proposed method
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consistently  affords more  advanced
performance with a fast and well-balanced
closed-loop time response for both the
disturbance rejection and set-point tracking
in compared with the other methods, since
the various controllers are all tuned to have
the same degree of robustness in terms of the
peak value of the sensitivity function. The
robustness study was also conducted by

inserting a perturbation uncertainty of £10%

in all three  process  parameters
simultaneously. The results showed that the
proposed control systems held robust

stability well in both the nominal and the
plant-model mismatch cases.
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