
www.elsevier.com/locate/jprocont

Journal of Process Control 16 (2006) 809–818
Analytical method of PID controller design for parallel cascade control

Yongho Lee a, Mikhail Skliar b, Moonyong Lee c,*

a GS-Caltex Oil Corp., Yeosu 550-600, Republic of Korea
b Department of Chemical Engineering, University of Utah, Salt Lake City, UT 84112, USA

c School of Chemical Engineering and Technology, Yeungnam University, Daedong 214-1, Kyongsan, Kyongbuk 712-749, Republic of Korea

Received 1 October 2005; received in revised form 6 March 2006; accepted 7 March 2006
Abstract

An analytical method of PID controller design is proposed for parallel cascade control. Firstly, a general structure for parallel cascade
control is proposed that takes both setpoint and load disturbance responses into account. Analytical tuning rules for the PID controllers
are then derived for the general process model by employing the IMC design procedure. The proposed method offers a simple and effec-
tive way to obtain the PID controller rules for parallel cascade control system which takes into account the interaction between primary
and secondary control loops. The simulation results illustrate the application of the proposed method and demonstrate its superiority
compared to several alternatives.
� 2006 Published by Elsevier Ltd.
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1. Introduction

In process industries, cascade control is widely used to
reduce the effects of possible disturbances and to improve
the dynamic performance of the closed-loop system. In
the traditional series cascade control, both the manipulated
variable and the disturbance affect the primary output
through the intermediate (secondary) output. The cascade
control of the parallel type (Fig. 1) arises when the manip-
ulated and disturbance variables simultaneously affect pri-
mary and secondary outputs (y1 and y2). Parallel cascade
control was first considered by Luyben [1]. The overhead
composition control of a distillation column (Fig. 2), cas-
caded onto the control of a tray temperature, is a typical
example of a parallel cascade control system. The reflux
flow rate (manipulated variable) and the feed flow or com-
position (disturbance, d) affect, both, the purity of the over-
head product (primary output, y1) and the tray
temperature (secondary output, y2). The control objective
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is to maintain the overhead composition at the setpoint.
The output of the composition controller resets the set-
point for the temperature controller. By controlling the
tray temperature in the cascade manner, the variation in
the feed can be compensated before it disturbs the product
composition. In general, parallel cascade control is appro-
priate when the secondary loop has a faster dynamic
response and the rejection of the disturbance in the second-
ary output reduces the steady state output error in the pri-
mary loop. The parallel cascade control is also beneficial
when measurements of the primary output are sampled
infrequently and/or with long time delays.

Despite clear benefits of the parallel cascade control and
its wide-spread use in process industries, the design on the
parallel cascade control systems has attracted relatively lit-
tle research. Yu [2] proposed an efficient interaction mea-
sure to determine whether the parallel cascade control is
advantageous or detrimental to load response. He also
used the index to quantify the margin of improvement over
conventional single loop control. Shen and Yu [3] applied
these results to the selection of the secondary measurement
in parallel cascade control. Brambilla and Semino [4] intro-
duced a nonlinear filter in order to partially separate the
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Fig. 2. Example of parallel cascade control: an overhead composition
control in the distillation column.

Fig. 1. Parallel cascade system.
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dynamics of the primary and secondary loop in parallel
cascade control. They also developed a combined structure
to avoid interactions between the primary and secondary
loops. Specifically, they proposed to use a conventional
feedback controller in the secondary loop and an IMC con-
troller in the primary loop [5].

A design issue that has not yet been addressed in prior
research is the tradeoff (water-bed effect) between the per-
formance of the setpoint and load responses in parallel cas-
cade control systems. For example, disturbance rejection in
the primary loop depends on the disturbance rejection and
setpoint tracking in the secondary loop. In the conven-
tional parallel cascade system, when the disturbance rejec-
tion in the secondary loop is optimized, the setpoint
response is often found to be poor (and vice versa), which
may lead to the deterioration of the disturbance rejection in
the primary loop. The difficulty of simultaneously achiev-
ing good disturbance rejection and setpoint tracking also
occurs in the design of the primary controller.

Another issue is the tuning of PID controllers. For a
given parallel cascade control structure, closed-loop perfor-
mance is determined by tuning the PID controllers in both
loops. The simplest solution of independently tuning pri-
mary and secondary controllers based on the correspond-
ing process models, p1 and p2, is often ineffective because
it ignores strong interaction between the two loops. A
widely used alternative is to use a two-step approach simi-
lar to the standard procedure for tuning of the series cas-
cade system. First, the secondary controller is tuned
based on the dynamic model of the secondary process with
the primary controller in manual mode. The primary con-
troller is then tuned using the dynamic model obtained
with the secondary loop in automatic. In this approach,
however, if the secondary controller is retuned for some
reason, an additional identification step is essential for
retuning the primary controller, which is often cumber-
some in practice [6].

In this paper, we propose a general approach to cope
with both setpoint tracking and disturbance rejection in
the parallel cascade control. The IMC design is used to
obtain controllers for each loop. The designed IMC con-
trollers are then approximated by the PID controllers.
The tuning rules for primary and secondary PID control-
lers are summarized in the analytical form, which simplifies
the implementation. Numerical simulations are used to
compare different designs.

2. General structure for parallel cascade control and

corresponding IMC structure

The parallel cascade control structure is shown in Fig. 1,
where p and G refer to the transfer functions of the process
and the controller, respectively; r, d and y are setpoint, dis-
turbance and output variables. The disturbance rejection in
the primary loop depends on, both, disturbance rejection
and setpoint tracking in the secondary control loop. When
disturbance rejection (setpoint tracking) in the secondary
loop is optimized, the corresponding setpoint response (dis-
turbance rejection) may be poor, which leads to the degra-
dation of disturbance rejection in the primary loop. To
address this difficulty, we propose to use two-degree-of-
freedom (2DOF) controllers in both loops, where qf1 and
qf2 in Fig. 3 are setpoint filters, and develop an IMC-based
procedure for design of primary and secondary controllers.



Fig. 3. General structure for a parallel cascade control system.
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The IMC implementation of the general parallel cascade
control structure is shown in Fig. 4, where q refers to the
transfer function of the IMC controller and ~p refers to
the transfer function of the process model.

For the nominal case of no plant-model mismatch, the
secondary and the primary outputs for the system in
Fig. 4 are equal to

y2 ¼ p2q2qf 2r2 þ ð1� p2q2Þpd2d ð1Þ
y1 ¼ q2qf 2p1q1qf 1r1 þ ð1� q2qf 2p1q1Þðpd1 � pd2q2p1Þd ð2Þ

Note that the primary process model pp is equal to q2qf2p1.
We assume the nominal case throughout this paper.

3. IMC controller design

3.1. IMC controller for the secondary loop

According to the IMC parameterization [7], the process
model of the secondary loop is decomposed into two parts:

p2ðsÞ ¼ p2mðsÞp2aðsÞ ð3Þ
where p2m is the part of the model inverted by the control-
ler and p2a is the portion of the model that controller does
not attempt to invert. The noninvertible part usually in-
cludes the portion of model with time delays and right half
plane zeros and has an allpass form.
Fig. 4. IMC implementation of the general stru
3.1.1. Case A: process contains poles sufficiently slower

than the desired closed-loop response

To achieve fast closed-loop response for a process with
slow open-loop dynamics, the IMC controller q2 should
satisfy the following conditions:

• If the process model p2 has slow poles at z1,z2, . . .,zm,
then q2 should have zeros at z1,z2, . . .,zm.

• If the process model pd2 has slow poles at zd1,zd2, . . .,zdm,
then 1 � p2q2 should have zeros at zd1,zd2, . . .,zdm.

Since the IMC controller q2 is designed as q2 ¼ p�1
2mf2,

the first condition is satisfied automatically. The second
condition can be satisfied by requiring that the IMC filter
f2 satisfies the following equality:

f2 ¼
Pm

i¼1aisi þ 1

ðk2sþ 1Þr2
ð4Þ

where k2 is the adjustable parameter which controls the
tradeoff between performance and robustness of the sec-
ondary loop; r2 is selected large enough to make the IMC
controller q2 (semi-)proper; m is the number of dominant
poles to be canceled and usually on the order of one or
two; ai’s are determined from Eq. (5) to cancel the domi-
nant poles in pd2:

1� p2q2js¼zd1;...zdm
¼ 1� p2að

Pm
i¼1aisi þ 1Þ

ðk2sþ 1Þr2

�����
�����
s¼zd1;...; zdm

¼ 0

ð5Þ

The designed internal model controller

q2 ¼ p�1
2mf2 ¼ p�1

2m

Pm
i¼1aisi þ 1

ðk2sþ 1Þr2
ð6Þ

results in the following closed-loop response of the second-
ary output:
cture for a parallel cascade control system.
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y2 ¼
p2að

Pm
i¼1aisi þ 1Þ

ðk2sþ 1Þr2
qf 2r2 þ 1� p2að

Pm
i¼1aisi þ 1Þ

ðk2sþ 1Þr2

 !
pd2d

ð7Þ
The lead term in transfer function for the closed-loop set-
point response may cause an excessive overshoot and large
settling time, which may lead to the degradation of the pri-
mary loop performance. To eliminate the overshoot, the
setpoint filter qf2 is designed as

qf 2 ¼
1Pm

i¼1aisi þ 1
ð8Þ

which gives the following expression for the output of the
secondary loop:

y2 ¼
p2a

ðk2sþ 1Þr2
r2 þ 1� p2að

Pm
i¼1aisi þ 1Þ

ðk2sþ 1Þr2

 !
pd2d ð9Þ

It is apparent that k2 is the desired closed-loop time con-
stant for the setpoint response of the secondary loop. A
smaller k2 provides faster response but at the expense of
a more active control inputs; with a larger k2 the control
is less aggressive but the closed-loop response is slower.

3.1.2. Case B: all open-loop poles are faster than the
desired closed-loop response

For the open-loop process dynamics that is as fast as the
desired closed-loop response, there is little benefit in pole
cancellation introduced by the IMC design. In fact, such
cancellation unjustifiably complicates the controller, which
may cause larger errors when it is later approximated by a
PID controller. Therefore, in case B, the IMC and the set-
point filters are designed simply as

f2 ¼
1

ðk2sþ 1Þr2
; qf 2 ¼ 1 ð10Þ

This is the case of a conventional 1DOF parallel cascade
structure, for which the secondary output is obtained by
setting ai = 0 in Eq. (9).

3.2. IMC controller for the primary loop

With the designed secondary controller, a primary pro-
cess model pp used in the design of the primary IMC con-
troller becomes

pp ¼ q2qf 2p1 ¼
p�1

2m

ðk2sþ 1Þr2
p1 ð11Þ

which is then factored as

pp ¼ ppmppa ð12Þ

where the invertible part is

ppm ¼
p�1

2mp1m

ðk2sþ 1Þr2
ð13Þ

while the noninvertible part ppa is equal to p1a which is the
noninvertible part of p1.
The primary output, Eq. (2), can now be expressed as

y1 ¼
p�1

2m

ðk2sþ 1Þr2
p1q1qf 1r1

þ 1� p�1
2m

ðk2sþ 1Þr2
p1q1

 !
pdpd ð14Þ

where pdp = pd1 � pd2q2p1.

3.2.1. Case A: process contains poles sufficiently slower

than the desired closed-loop response
This is the case when the dominant open-loop dynamics

of the primary process is significantly slower than the
desired closed-loop dynamics. With the same logic used
in the secondary loop in Section 3.1, the filter f1 should
be designed as

f1 ¼
Pn

i¼1bis
i þ 1

ðk1sþ 1Þr1
ð15Þ

where k1 is the filter parameter for adjusting performance
and robustness of the primary loop; r1 is selected large en-
ough to make the primary IMC controller (semi)proper; n
is the number of poles to be canceled, which in many prac-
tical situations is equal one or two; bi is determined to can-
cel the dominant poles vd1,vd2, . . .,vdn in pdp and is found
from the solution of the following equation:

1� ppq1js¼vd1;...vdn
¼ 1�

ppað
Pn

i¼1bis
i þ 1Þ

ðk1sþ 1Þr1

�����
�����
s¼vd1;...vdn

¼ 0

ð16Þ
The primary IMC controller is then equal to

q1 ¼ p�1
pm

ð
Pn

i¼1bis
i þ 1Þ

ðk1sþ 1Þr1
ð17Þ

and the closed-loop transfer function describing the re-
sponse of the primary loop to the setpoint change becomes

y1

r1

¼ ppq1qf 1 ¼
ppað

Pn
i¼1bis

i þ 1Þ
ðk1sþ 1Þr1

qf 1 ð18Þ

An overshoot caused by the lead term in Eq. (18) can be
eliminated by designing the setpoint filter, qf1, as

qf 1 ¼
1Pn

i¼1bisi þ 1
ð19Þ

The primary output of the closed-loop system is then given
by

y1 ¼
ppa

ðk1sþ 1Þr1
r1 þ 1�

ppað
Pn

i¼1bis
i þ 1Þ

ðk1sþ 1Þr1

 !
pdpd ð20Þ
3.2.2. Case B: all open-loop poles are faster than the
desired closed-loop response

Slow sampling rate and time delays in the measurements
of primary output may limit practically achievable speed of
the closed-loop response to that determined by the domi-
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nant process time constant. In this case, the IMC and the
setpoint filters are selected as

f1 ¼
1

ðk1sþ 1Þr1
; qf 1 ¼ 1 ð21Þ

The expression for the primary process output is obtained
by setting bi = 0 in Eq. (20).

4. PID controller design

In practical applications, the PID controllers are prefer-
able to more complex designs. In this section, the devel-
oped IMC structure for the parallel cascade control
system is approximated with PID controllers, and the ana-
lytical PID tuning rules are derived.

4.1. Equivalent feedback controller

The proposed IMC control system described in the pre-
vious section can be represented by the classical feedback
structure as shown in Fig. 3. Here, the equivalent feedback
controllers, Gc, are related to the IMC controllers as

Gc ¼
q

1� pq
ð22Þ

Substitution of Eqs. (3) and (6) into (22) gives the equiva-
lent feedback controller of the secondary loop:

GcsðsÞ ¼
p�1

2mð
Pm

i¼1aisi þ 1Þ
ðk2sþ 1Þr2 � p2að

Pm
i¼1aisi þ 1Þ

ð23Þ

Similarly, using Eqs. (12) and (17) in (22) obtains the equiv-
alent feedback controller of the primary loop:

GcpðsÞ ¼
p�1

pmð
Pn

i¼1bis
i þ 1Þ

ðk1sþ 1Þr1 � ppað
Pn

i¼1bisi þ 1Þ
ð24Þ

If either a secondary or primary loop belongs to case B,
then the equivalent feedback controller is simplified by set-
ting ai = 0 or bi = 0.

4.2. PID approximation of the equivalent feedback
controllers

The PID approximation of controllers (23) and (24) is
obtained following the method of Lee et al. [8]. To simplify
the notation, the subscripts s, p, indicating the secondary
and primary loops, are dropped. Taking into the account
that the steady state gain of noninvertible part of the pro-
cess model is equal to 1, it is easy to verify by inspection
that controllers given by in Eqs. (23) and (24) have a pole
at the origin. Therefore, both controllers can be expressed
as

Gc � gðsÞ=s ð25Þ

The PID approximation of Gc can now be obtained using
Maclaurin series approximation of g as a function of s:
GcðsÞ ¼
1

s
gð0Þ þ g0ð0Þsþ g00ð0Þ

2!
s2 þ � � � þ gðiÞð0Þ

i!
si þ � � �

� �
ð26Þ

The series approximation truncated to the first three terms
can be interpreted as the standard PID controller given by

GcðsÞ ¼ Kc 1þ 1

sIs
þ sDsþ � � �

� �
ð27Þ

where the analytical expressions for the PID constants are
given by

Kc ¼ g0ð0Þ; sI ¼ g0ð0Þ=gð0Þ; sD ¼ g00ð0Þ=2g0ð0Þ ð28Þ

When process has a dominant lead term, the PID tuning
according to Eq. (28) may lead to negative values of inte-
gral and derivative time constants irrespective of the
selected filter time constant, k. To address this problem,
the equivalent feedback controller, Gc, can be approxi-

mated as a lagged PID controller: Kc 1þ 1
sIsþ sDs

� �
=

ðsF sþ 1).
To obtain the parameters of the PID Æ lag controller, we

rewrite Gc as

Gc � ½gðsÞðsF sþ 1Þ�=sðsF sþ 1Þ ð29Þ

By expanding [g(s)(sFs + 1)] into the Maclaurin series, one
obtain:

GcðsÞ ¼
1

sðsF sþ 1Þ fgð0Þ þ ½g
0ð0Þ þ sF gð0Þ�sþ ½g00ð0Þ

þ 2sF g0ð0Þ�s2=2!þ ½g000ð0Þ þ 3sF g00ð0Þ�s3=3!þ � � �g
ð30Þ

The third-order term in Eq. (30) is eliminated by setting the
lag parameter, sF, equal to

sF ¼ �g000ð0Þ=3g00ð0Þ ð31Þ

which gives the following tuning parameters for the lagged
PID controller:

Kc ¼ g0ð0Þ þ sF gð0Þ; sI ¼ Kc=gð0Þ;
sD ¼ ½g00ð0Þ þ 2sF g0ð0Þ�=2Kc ð32Þ

An alternative way to approximate the equivalent feed-
back controller for the process with a dominant lead term
using the PID Æ lag controller is to, first, obtain the PID
controller from Eq. (28) for the process model with ignor-
ing the lead term, and then add a lag with the time constant
sF equal to the time constant of the ignored dominant lead
term. The resulting PID Æ lag controller will be nearly the
same as the one by Eqs. (31) and (32) while the more simple
and compact tuning rule can be obtained.

4.3. PID controller tuning for FOPDT process

To illustrate the application of the developed method,
consider a special case when both p1 and p2 are modeled
as first-order plus dead time (FOPDT) processes:
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p2ðsÞ ¼ pd2ðsÞ ¼
K2e�h2s

s2sþ 1
ð33Þ

p1ðsÞ ¼ pd1ðsÞ ¼
K1e�h1s

s1sþ 1
ð34Þ

Beginning with the secondary loop, factor the process
model as

p2m ¼
K2

s2sþ 1
; p2a ¼ e�h2s ð35Þ

For the case A, the IMC filter is

f2 ¼
asþ 1

ðk2sþ 1Þ2
ð36Þ

Therefore, the equivalent feedback controller of the sec-
ondary loop becomes

Gcs ¼
ðs2sþ 1Þðasþ 1Þ

K2½ðk2sþ 1Þ2 � e�h2sðasþ 1Þ�
ð37Þ
Table 1
PID controller tuning rules for the FOPDT model in parallel cascade control

Secondary loop Case A

Process model
p2 ¼

K2e�h2s

s2sþ 1

Reference trajectory
y2

r2
¼ e�h2s

ðk2sþ 1Þ2

Kc Kcs ¼
sIs

K2ð2k2 þ h2 � aÞ

sI sIs ¼ s2 þ aþ
k2

2 þ h2a� 1
2 h2

2

2k2 þ h2 � a

sD sDs ¼
s2a�

1
6h

3
2�1

2h
2
2a

2k2þh2�a

sIs
�

k2
2 þ h2a� 1

2 h2
2

2k2 þ h2 � a

Set-point filter qf 2 ¼
1

asþ 1
; a ¼ s2 1� 1� k2

s2

� � 

Primary loop Case Aa

Process model
p1 ¼

K1e�h1s

s1sþ 1

Reference trajectory
y1

r1
¼ e�h1s

ðk1sþ 1Þ2

Kc Kcp ¼
sIp

K1

K2
ð2k1 þ h1 � bÞ

sI sIp ¼ s1 þ bþ
k2

1 þ h1b� 1
2 h2

1

2k1 þ h1 � b

sD sDp ¼
s1b�

1
6h

3
1�1

2h
2
1b

2k1þh1�b

sIp
�

k2
1 þ h1b� 1

2 h2
1

2k1 þ h1 � b

Set-point filter qf 1 ¼
1

bsþ 1
; b ¼ s1 1� 1� k1

s1

� � 

a In case A, a PID Æ lag controller is always used, the lag filter is set as 1
s2sþ1.

b In case B, when a PID Æ lag controller is used, the lag filter is set as 1
s2sþ1. T
For the case B, the IMC filter is simply set to

f2 ¼
1

k2sþ 1
ð38Þ

and the equivalent feedback controller of the secondary
loop is equal

GcsðsÞ ¼
s2sþ 1

K2ðk2sþ 1� e�h2sÞ ð39Þ

Expanding Eq. (37) (or Eq. (39)) into a Maclaurin series
and using Eq. (28) gives the tuning rules for the secondary
PID controller for the case A (or B). The result is summa-
rized in Table 1.

Now, consider the primary PID controller. With the sec-
ondary controller designed, the primary model is given by
Eq. (11), where

pp ¼
p�1

2m

ðk2sþ 1Þr2
p1 ¼

s2sþ 1

K2ðk2sþ 1Þr2

K1e�h1s

s1sþ 1
ð40Þ
Case B

p2 ¼
K2e�h2s

s2sþ 1

y2

r2
¼ e�h2s

k2sþ 1

Kcs ¼
sIs

K2ðk2 þ h2Þ

sIs ¼ s2 þ
1
2 h2

2

k2 þ h2

sDs ¼ h2
2

2ðk2 þ h2Þ
1�

1
3 h2

sIs

� �
2

e
�h2
s2

!
qf 2 = 1

Case Bb

p1 ¼
K2e�h1s

s1sþ 1

y1

r1
¼ e�h1s

k1sþ 1

Kcp ¼
sIp

K1

K2
ðk1 þ h1Þ

sIp ¼ s1 þ k2 � s2 þ
1
2 h2

1

k1 þ h1

sDp ¼
1
2 h2

1

k1 þ h1
þ

s2
2 þ s1k2 � k2s2 � s2s1 �

1
6h

3
1

k1þh1

sIp

2

e
�h1
s1

!
qf 1 = 1

he tuning rule is then modified simply by setting s2 = 0.



Y. Lee et al. / Journal of Process Control 16 (2006) 809–818 815
which we factor into

ppm ¼
K1ðs2sþ 1Þ

K2ðk2sþ 1Þr2ðs1sþ 1Þ
; ppa ¼ e�h1s ð41Þ

When the time constant s2 in the lead term is large
(dominant), the PID Æ lag design is recommended for the
primary controller. As mentioned earlier, a reasonable tun-
ing for the PID Æ lag controller is obtained by using Eq. (28)
for the process model with the ignored lead term [8], and
then setting sF equal to s2.

Consider the case A (i.e., the desired closed-loop
response of the primary loop is much faster than the
open-loop system). To obtain a compact tuning rule, we
utilize the simplified method for the PID Æ lag controller
design by ignoring s2. Furthermore, since the secondary
loop is typically tuned to be sufficiently faster than the pri-
mary loop (i.e., k2� k1� s1), Eq. (41) is simplified for
controller design as

ppm ¼
K1

K2ðs1sþ 1Þ ð42Þ

The IMC filter is set to

f1 ¼
bsþ 1

ðk1sþ 1Þ2
ð43Þ

Therefore, the equivalent feedback controller of the pri-
mary loop becomes

Gcp ¼
K2ðs1sþ 1Þðbsþ 1Þ

K1½ðk1sþ 1Þ2 � e�h1sðbsþ 1Þ�
ð44Þ

In the case B, which often occurs when the primary out-
put is measured with a long time delay, the IMC filter is
simply set to

f1 ¼
1

ðk1sþ 1Þ ð45Þ

and the equivalent feedback controller for the primary loop
is equal to

Gcp ¼
K2ðk2sþ 1Þðs1sþ 1Þ

K1ðs2sþ 1Þðk1sþ 1� e�h1sÞ : ð46Þ

When a PID Æ lag controller is used, the equivalent feed-
back controller is modified simply by setting s2 = 0 in
Eq. (46).
Table 2
PID tuning values for Example 1

Secondary loop

Kcs sIs sDs qf2

Yu 1 10 0

Proposed (case B) 10 10 0

Proposed (case A) 19 1.9 0
1

1:9sþ 1
The PID controller, which approximates Gcp given by
Eq. (44) or (46), is obtained using the tuning parameters
given by Eq. (28). The result in the analytical form is
listed in Table 1. The proposed tuning rules depend on
k1 and k2, which are the desired closed-loop time con-
stants of the primary and the secondary loops. The selec-
tion of k1 and k2, which control the tradeoff between
robustness to plant-model mismatch and the achievable
closed-loop performance, may require several iterations.
In process control practice, the closed-loop time con-
stants are rarely selected to be smaller than a tenth of
the dominant open-loop time constant. The selection of
k should also depend on process time delays. Our expe-
rience suggests the following initial choice of k: For the
case A, k1/h1 P 1 and k2/h2 P 1; For the case B, k1/
h1 P 0.5 and k2/h2 P 0.5.
5. Simulation study

Example 1. Consider the process [1] with

p1 ¼ pd1 ¼
e�4s

ð20sþ 1Þ

p2 ¼ pd2 ¼
1

ð10sþ 1Þ

Though both the primary and the secondary processes are
lag dominant, we design PID controllers using rules for
both cases A and B and compare their performance. The
PID Æ lag controller is used as a primary controller because
the time constant of the secondary process is significant.
We select k2 = 1 and k1 = 4. The resulting tuning parame-
ters are listed in Table 2.

During computer simulations, the unit step disturbance is
applied at t = 0. The closed-loop response of the primary
output is shown in Fig. 5 with the IMC controllers for cases
A and B, and their PID approximations. The response with
the design developed in [1] is also shown. As expected, the
IMC controller based on case A design shows the best
performance. When approximated by the PID controller,
the response becomes more oscillatory but still better than
the alternatives. The responses with the IMC controller for
the case B design and its PID approximation are essentially
identical. Note that performance of the PID controller with
Primary loop

Kcp sIp sDp Lag qf1

3.24 22 0

2.75 22 1.85
1

10sþ 1

4.41 10.9 1.24
1

10sþ 1

1

9:52sþ 1



816 Y. Lee et al. / Journal of Process Control 16 (2006) 809–818
1DOF parallel cascade structure (i.e., case B) is still superior
to the alternative design.

The quality of the PID approximations of the equivalent
feedback controllers was also characterized in the fre-
quency domain. Fig. 6 shows that for the case B design, the
Fig. 6. Comparison of frequency plots for the equivalent feedback
controller and the proposed PID controllers for Example 1.

Fig. 7. Example 1: Comparison of the closed-loop responses to a load
change under process model uncertainty.

Fig. 5. Example 1: Comparison of the closed-loop responses to a load
change.

Table 3
PID tuning values for Example 2

Secondary loop

Kcs sIs sDs qf2

Semino and Brambilla 0.77 34.5 0
Proposed (case 1) 0.76 32.9 2.63

Proposed (case 2) 1.35 18.5 3.27
1

14:6sþ 1

Proposed (case 3) 1.35 18.5 3.27
1

14:6sþ 1
approximation is excellent over the entire range of
frequencies. The case A design leads to a more complex
form of the IMC controller, which can be accurately
approximated by the PID controller only at low
frequencies.

To investigate robustness of the proposed controller, we
suppose that there exists ±40% error for estimating process
model parameters in both the primary and secondary loops.
For instance, the process gain, the time constant and the
time delay are actually 40% larger (or smaller) than those in
the nominal model. The closed-loop response by the
proposed controller (case A) is provided in Fig. 7 in
comparison with that by [1]. Fig. 7 shows that the proposed
controller holds the control system robust stability as well in
the presence of the severe process uncertainty.

Example 2. The following process model was used by
Semino and Brambilla [5]:

p1 ¼ pd1 ¼
1:24e�33s

ð30sþ 1Þ

p2 ¼ pd2 ¼
3:1e�9s

ð30sþ 1Þ
The closed-loop time constants are selected as k2 = 5

and k1 = 17. The secondary process is clearly lag-time
dominant and thus belongs to case A. The primary pro-
Primary loop

Kcp sIp sDp Lag qf1

0.78 12 0
2.30 45.9 11.6

1

30sþ 1

2.30 45.9 11.6
1

30sþ 1

2.63 40.8 9.24
1

30sþ 1

1

28:1sþ 1
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change.

Fig. 9. Example 3: Comparison of the closed-loop responses to a load
change.
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cess is dead-time dominant and belongs to case B.
Because of significant dead time, the desired closed-loop
dynamics of the primary loop should not be selected suf-
ficiently faster than the open-loop dynamics. It is, there-
fore, expected that the cancellation of process pole will
give little benefit, but will result in a more complex
controller.

The design of the parallel cascade controllers was
carried out for the following three cases: (1) both the
primary and secondary controllers are designed using
the procedure for case B; (2) the case A design is used for
the primary loop, while the secondary controller is
designed using the case B procedure; (3) the case A design
is used to obtain, both, primary and secondary controllers.
The result for all three cases is summarized in Table 3, and
compared by computer simulations for the closed-loop
response to a unit change in the load disturbance applied at
t = 0. Fig. 8 shows the results for all designs, and compares
them with the response obtained with the controller
described in [5]. As expected, the PID design for the case
(2) gives the best performance and all our PID controller
designs outperform the alternative.

Example 3. Consider the following GPL splitter model [9]:

p1 ¼
�0:0067e�20s

105:8sþ 1
; pd1 ¼

0:05843e�20s

115:5sþ 1

p2 ¼
�5:217

101:6sþ 1
; pd2 ¼

44:15

109:5sþ 1
Table 4
PID tuning values for Example 3

Secondary loop

Kcs sIs sDs qf2

Semino and Brambilla �19.5 20.3 0
Proposed (case A) �38.8 1.99 0

1

1:99sþ 1
Since the process time constants are significantly larger
than the time delay, the process should be classified as case
A. The closed-loop time constants are chosen as k2 = 1 and
k1 = 10. The resulting tuning parameters are listed in Table
4. During simulation, a unit step change in the load distur-
bance has been introduced at t = 0. White noises are added
to the primary output to reflect the noise effect from real
process measurements. Note that a difference in the pole
location in p and pd causes a mismatch in pole-zero cancel-
lation when tuning rules of Table 1 are used to design the
controllers. Fig. 9 compares the primary output response
with the proposed controller and the controller designed
in [5], and shows a considerably improved performance
achieved with the developed approach.
6. Conclusions

We have developed an approach to the design of the
parallel cascade control systems which improve setpoint
tracking and disturbance rejection. Both primary and sec-
ondary loops are controlled by 2DOF controllers, which
are designed following the IMC paradigm. The details
of the IMC designs for two typical cases (with or without
cancellation of a pole in the process model) are
elaborated.

The designed IMC controllers may be complex and high
dimensional. Their PID approximation, following the
Primary loop

Kcp sIp sDp Lag qf1

195 10 0
5.6 E 3 43.2 7.73

1

101:6sþ 1

1

34sþ 1
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approach described in [8], simplifies the practical implemen-
tation of the proposed approach at the expense of often
minor performance degradation. Analytical tuning rules
for the primary and the secondary PID controller are
derived to approximate ideal feedback controllers designed
using IMC approach. Using several examples, it is shown
that the resulting PID controllers give an accurate approx-
imation of IMC designs in, at least, low frequency range.

The main advantages of the proposed method are: (a) its
ability to simultaneously improve setpoint tracking and dis-
turbance rejection, which leads to a marked improvement in
the closed-loop performance of the primary loop; (b) no
restrictions on the form of the process model are placed,
which implies broad applicability of the method; (c) simple
analytical tuning rules are developed, which simplifies prac-
tical implementation of the parallel cascade systems in pro-
cess industries; and (d) the method allows a simultaneous
tuning of primary and secondary control loops.
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