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Abstract:

This paper presents a tuning approach for a 2DOF PI-PID controller to be used with second-order-
like processes. The MATLAB computer program is used through its optimization toolbox to tune the
controller subjected to four functional constraints. The functional constraints are selected to produce good
performance of the control system regarding the transient and steady state characteristics. The tuning
technique used is compared with another technique and the effectiveness of the controller was investigated

through comparison with using other two controllers.
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I. INTRODUCTION

This is one of the controllers investigated by the
author to improve the performance of linear control
systems and get red of the kick characteristic
encountered with the use of the conventional PID
controller.

Araki and Taguchi (2003) in their paper about
2DOF PID controllers presented a structure of the
2DOF PID controller with a PD sub-controller in a
feedforward loop and a PID sub-controller in the
forward path of the control system. They tuned the
controller for seven types of processes [1].
Viteckova and Vitecek (2008) studied the tuning
process of 2DOF controller used with integral plus
time delay plants. They used a second order filter
receiving the reference input signal and a PID sub-
controller in the feed forward path receiving the
error signal [2]. Alfaro, Vilanova and Arrieta (2009)
presented some considerations on set-point weight
choice for 2DOF PID controllers. The 2DOF
controller structure they used consisted of a PI sub-
controller receiving the reference input signal and a
PID sub-controller with derivative filter in the
feedback path. Their analysis considered the
robustness of the control system [3]. Viteckova

and Vitecek (2010) investigated the tuning of PI
and PID controllers with 2DOF using the multiple
dominant pole method. The 2DOF controller
structure they used had a first order filter receiving
the reference signal and a PI sub-controller
receiving the error signal in the forward path [4].
Ruiz (2012) in his Ph. D. Thesis about trade-off
issues in 2DOF PID control design tuned 1DOF and
2DOF PI and PID controllers. He considered a filter
receiving the reference input signal and a PI or PID
sub-controller receiving the error signal of the
control system considering control system
robustness [5]. Alfaro and Vilanova (2013)
presented a simple robust tuning of 2DOF PID
controller from performance/robustness trade-off
analysis. They considered a 2DOF controller
structure having a PI sub-controller receiving the
reference input and a PID sub-controller receiving
the error signal. They used the desired robustness
level to tune the 2DOF controller [6], Kumar and
Patel (2015) in their tuning technique for 2DOF
PID controller used with second order processes
used a controller structure with PI sub-controller
receiving the reference input signal of the control
system and a PID sub-controller set in the feedback
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path of the control system and receiving the process
output signal as its input [7].

Abdelaty, Ahmed and Ouda (2018) studied the
analysis and design of a set point weighting 2DOF
PID controller. They used a 2/2 sub-controller
receiving the reference input signal with set point
weight on the proportional and derivative terms and
a PID sub-controller in the forward path receiving
the error signal of the control system with filter on
its derivative part [8]. Hassaan (2018) studied the
tuning process of a 2DOF PID controller for use
with second-order-like processes. He used a 2DOF
controller consisting of PD sub-controller receiving
a reference input signal and set in a feedforward
loop and a PID sub-controller set in the forward
path of the control system receiving the error signal
of the system. He tuned the controller for use with
second order-like processes of damping ratio from
0.05 to 2 and a natural frequency up to 10 rad/s [9].

II. PROCESS

The controlled process is second-order-like process
having the transfer function, Gy(s):

Gy(s) = (oan2 / (s2 + 2Lwns + conz)
Where:

ey

o, = process natural frequency
{ = process damping ratio
The damping ratio of the process classifies the
process as an underdamped, critically damped or
overdamped one.

III. ' THE PI-PID CONTROLLER

The structure of a 2DOF PI-PID controller for the
control of a process is shown in Fig.1 [1]. The PI-
PID controller shown in Fig.1 has two sub-
controllers: one in the feed forward path with R(s)
as its input with G¢;(s) transfer function and another
sub-controller in the main forward path of the

PI-PID coniroller

: Process
} - )! D(s)

— ‘O
Geas) I ; m

Fig.1 PI-PID controller structure [1].

Cs)

In our present work, the first sub-controller is
selected as a PI controller while the second sub-
controller is selected as a PID controller. The
transfer functions of both sub-controllers are:

Gei(s) = Kpcl +Kii /s ()

And  Ge(s) = Kper + (Kin/s) + Kqz s 3)
Where:
It has five parameters:
- Proportional gains, K1 and Ky
- Derivative gains, Ky
- Integral gain, Kj; and Ki,

IV.  CONTROL SYTEM TRANSFER

FUNCTION

Using the block diagram of the closed-loop
control system shown Fig.l1 with R(s) as the
reference input, and C(s) is the process output
and the process transfer function of Eq.1 and the
sub-controllers transfer functions of Egs.2 and 3,
the transfer function of the closed-loop control
system for set-point tracking is M(s) = C(s)/R(s)
given by:

M(s) = (bos” + bis + by) / (s* + a;s” + as+as)

“4)

closed-loop control system with the error signal E(s) Where:

as its input with Gg,(s) transfer function. The output
signal of the controller is U(s) superimposed by a
disturbance signal D(s) all fed to the process to be
controlled.

bo = 0,” Kz

bl = wnz(Kpcl + Kch)
by= o, (Kt + Kip)
a; = 2{o, + on” Ka
Q= wni (1 + Kpc2)
a3 =0, K;
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V. CONTROLLER TUNING AND SYTEM TABLE 1
TIME RESPONSE 2D0OF PI-PID CONTROLLER. TUNINGFOR. £=0.03
o 35 I 35 3 73 10
i : , (radk)
The controller has five parameters: K1, Kii , Kyeo, T oew | TS | US| US| USeT | 55T
Kj; and Ky, The controller parameters are tuned as Ku 00102 | 001 001 | 00199 | 001 | 0.0191
. K, | 203567 | 68.9448 | 2.0847 | 2.0077 | 490726 | 27.1385
follows: o R, | 10101 ] 10088 | 10088 | L0005 | 305521
- The control and optimization toolboxes of Ko 4986831 4565?4D S.Dgﬁl 5.0361 64.3;£>$ 10.%985
MATLAB are used to assign the five (24)
T.(s) | 00367 | 001 | 00541 | 00541 | 0.0012 | 0.0038
parameters of the controller [10]. e 00l _| 001 | 081 | 001 | 001 | 00006

- The integral of time multiplied by absolute
error (ITAE) is chosen as an objective

. . . . ‘ILqBLE:
function for the optimization process. DOF PLBID CONTROLLER TUNING EOR £=0.1
- Four functional constraints are set for the c;;%fs) 0.5 1 23 5 73 10
closed—loop control system: maximum Ko 06375 | 00627 | 00510 | 00724 | 009650 | 00313
. . Ko | 00793 | 001 0.0 0.01 001 | o0lil
percentage overshoot, settling time , a K | 126604 | 125078 | 43923 300 500 | 499937
. . . 3 2
Stablllty constraint derived from the Routh- Kz 7.0320 1.0032 0.0281 1.00 1 1.1008
. o o Ko | 991406 | 452206 | 6362 | 500 | 279930 | 67.0861
Hurwitz criterion for control system stability o5 5 3 5 3 3 5
- i (%)
and a steady-state error constraint. T(s) | 00371 | 001 | 003 | 0.0004 | 00025 | 0.0006
- The step response of the closed-loop control L& 001 [ 001 [ 0011 ] 001 | 001 | 000
system is plotted using the command 'step’
of MATLAB [11].
. . TABLE 3
- The controller is tuned using the above JDOF PLPID CONTROLLER TUNING FOR £ = 0.25
1 @ 03 I 15 5 73 10
approach for second order-like processes (radis)

: : : i K. | 09604 | 09156 | 09387 | 09674 | 09700 | 09700
having equivalent damping ratio in the . e o o - o
range: 0.05 < £ < 2 and equivalent natural Koo | 130.872 | 234154 | 499.986 | 500 | 499932 | 499.991

_ K | L0011 | 21503 ] ] ] ]
frequency in the range: 0.5 <, < 10 rad/s. Kz | 200701 | 236803 | 310278 | 163017 | 283113 | 200446
. i DS 0 0 0 7 0 0
- The time-based specifications of the closed- (%)
. T(s) | 00366 | 00173 | 00024 | 00011 | 00005 | 00002
loop control system are extracted using the T 001 [ 001 | 001 | 0l | 001 | 00006
MATLAB command 'stepinfo' [12].
. TABLE 4
- The tuning parameters of the 2DOF PI-PID SOF FLFID CONTEOLLER TUNDRI FOR £=05
controller and some of the performance ) 03 1 3 s 73 10
measures of the closed-loop control system Ko | 06603 | 05669 | 09760 | 05639 | 09653 | 02701
' ) K, | 0079 | 00l 001 001 0.0 001
incorporating the controller and the second I;;,: 41856{993 4311481 SE-D 499.1989 ?.‘-.11300 499.1990
. . . i - 2
order-like process are given in Tables 1 Ky | 319308 | 270010 | 184083 | 012807 | 77331 | 384433
O0S0m 0 0 0 0 0 0
through10. (5)
T(s) | 00483 | 00108 | 0004 | 00020 | 00036 | 00002
& 001 | 001 | 0011 | 0981 | 001 | D0l
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. TABLE 0
TABLE J ] . + 2DOF PI-PID CONTROLLER TUNINGFOR. £=1.73
2DOF PI-PID CONTROLLER TUNINGFOE. £=0.73 @ 05 1 75 5 75 10
iy 0.5 1 15 5 1.5 10 (rad/s)
! _ _ _ _ K,y | 00967 | 09601 | 009623 | 096370 | 00640 | 0064

(radfs)

_E?_,l 0.6943 0.9639 0.9703 0.9632 0.9702 0.9699 R 00117 00101 7ol 001 X 001
Kq 0.07 0.01 0.01 0.01 0.01 0.01 K,: | 980530 | 406500 | 405372 | 490.033 | 400076 | 408871
Ii?d 488 811 | 485488 | 490200 | 490930 | 400001 | 401419 Ko 1.165 10112 1 1 1 1
Ky 10014 1 1.0006 1 1 0.9993 Ko | 277033 | 190478 | 30.607 | 37640 | 18.807 | 203017
Ky | 301654 | 310406 | 300851 | 6335310 | 285.176 | 280408 050 ] ] i i ] i

OSum 0 ] 0 0 0 0 (%)

(%) Ty | 00638 | 00535 | 00153 | 0.0065 | 00043 | 00019
Tz) | 00317 | 00147 | 0.0025 | 0.002¢ | 0.0005 | 0.0002 rn 001 001 001 |00 i}l D0l
e 0.01 0.01 001 001 0.01 0.01
TABLE 10
TABLE 6 2DOF PI.PID CONTROLLER TUNING FOR. £=2
2DOF PL.PID CONTROLLER TUNINGFOR £=1 @ 0.5 I 13 5 75 10
@ 05 I 1% 3 735 10 (rad/s)

(rads) K,q | 00431 | 08376 | 009620 | 00632 | 09638 | 09632
o 07620 | 00616 | 00641 | 09647 | 00647 | 00700 Ky 0.0119 0.01 001 | o0 001 | o0
a 0.0523 0.01 0.01 0.01 0.01 0.0L j 400080 | 493716 | 450.145 | 490007 [ 4909005 | 273126
Ko | 296252 | 400068 | 400804 | 400080 | 500 | 409.007 _ 4 §

K 32230 1 1 1 1 0.0006 Ky 1.1943 1 1 1.0023 1 1
Ko | 205017 | 232307 | 811038 | 38570 | 323683 | 283338 Ko | 243600 [ 62404 | 44.021 | 19078 | 16364 | 5113
(%0}

= = = = - T,s) | 00740 | 00414 | 0163 | 00081 | 0.0043 | 0.0068

T.(s) | 00546 | 00187 | 00087 | 00038 | 0.0025 | 0.00016

o D01 | 001 | 0011 | 0L | 001 | 00l g2 | 001 ] 001 | 001 ] 001 ] 001 | 00
- The step time response of the control system
for set-point tracking for a second order-like
TABLE 7 .
2DOF P1.PID CONTROLLER TUNINGFOR £=1.23 process using two sets of process parameters
o 0.5 1 25 s 75 10 and using a tuned 2DOF PI-PID controller
Qgﬂ 3 . . . .
K, | 00583 | 00600 | 00622 | 00644 | 006 | 09701 using Tables 1 and 10 is shown in Fig.2.
K 001 | 00118 | 00106 | 00l 0.01 0.01 .
K,; | 495586 | 400.076 | 400.095 | 460071 | 500 | 488.003 The process parameters are:
Ka 0007 | 11730 | 10635 | 1004 ] 00766 Set1: {=0.1 , ®,=2.5 rad/s
3 355067 | 267394 | 20847 | 34010 | 361704 | 384077

. — e 5 7 Set2:{=2.0, 0,=10 rad/s
(%)

T,(s) | 0.0518 | 00181 | 0.0125 | 0.0051 | 0.0031 | 0.0002
I 001 001 001 001 001 001 i

TABLE #
2DOF P1.PID CONTROLLER TUNINGFOR. £= 135
=N 0.8 1 13 H ] 10

(rad)s)

K,g | 00450 | 00615 | 00604 | 00640 | 00644 | 00642
Ka 00116 | 001 | 00104 | 001 0.01 0.01
K,; | 950036 | 400360 | 408518 | 499008 | 499065 | 500
Ka L1571 ] 10354 1 T.001 001
Kp | 296044 | 164607 | 284510 | 32018 | 31605 | 10.8017

[ 0 0 0 0 0 0
(%0}

T.s) | 00615 | 00277 | 00028 | 00055 | 0.0037 | 0.0055
I B0l D01 | 0011 | 001 Y]] ]|

— =01, w, =2.5 radls
—— (=2, w =t0radis | ]

0

0 002 004 006 008 01 012 014 016 018 02
time (s)

Fig.2 2DOF PI-PID controlled second order process
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COMPARIZON WITH MINIMUM

ITAE STANDARD FORMS TUNING

The parameters of the 2DOF PID controller
is tuned using the minimum ITAE standard
forms of Graham and Lathrop [13]. The
resulting controller parameters are:

Kpez = 0.9579
Ki» = 30.5541
Ky = 0.4210

The parameters K1, Ki; and Kj, are taken
as tuned in Table 1.

The step response of the closed loop control
system incorporating the 2DOF PI-PID
controller and the process with { = 0.05 and
o, = 10 rad/s is shown in Fig.3 for both
tuning techniques.

The performance characteristics of the
control system for both tuning techniques
are as follows:

The maximum percentage overshoot is zero
using the presented tuning technique
compared with 23.819 % using the
minimum ITAE standard forms of Graham
and Lathrop.

The settling time (within + 2 % band) is
0.0038 s compared with 0.236 s using the
minimum ITAE standard forms of Graham
and Lathrop.

1.4

1271

N

0.8

c(t)

0.6

0.4

0.2

= Present work
——ITAE

iard forms

0
0

02 025 03 035 04 045 05

time (s)

0.05 041 0.15

Fig.3 Comparison between two tuning techniques.

VII. COMPARIZON WITH OTHER
CONTROLLERS
- To investigate the effectiveness of the
studied controller, it was compared with
using a PI-PD controller [14] and a 2DOF-
PID controller [9] for a second order process
having 0.05 damping ratio and a 10 rad/s
natural frequency.
- The PI-PD controller was tuned by the
auther and had the tuned parameters [14]:
K. =18.9517
Ki= 1.0037
Ki=44.9216
Kg= 0.7119
- The 2DOF PID controller was tuned by the
author and had the tuned -controller
parameters [9]:
Kpe = 0.9990
K41 = 0.0100
Koz = 0.6140
Ki»=36.4770
- The unit step response of the closed loop
control system incorporating the three
controllers used with the highly oscillating
process is shown in Fig.4.
12
.
0.8
%DE

0.4

0.2

=——PI-PID controller
——— PD-PID controller
PI-PD controller

0.05 0.1 0.15
time (s)

Fig.5 Comparison between three controllers.
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- The time based characteristics of the control
system using the three controllers are
compared in Table 11.

TABLE 11
CHARACTERISTICS COMPARISON USING
THREE CONTROLLERS
Controller PI-PID PD-PID PI-PD
OShax (%) 0 0 0
T, (s) 0.0038 0.00001 0.0920
€ss -0.01 0 0

ISSN: 2394-2231

VIII. CONCLUSIONS

- The tuning process of a 2DOF PI-PID
controller for use with second-order-like
processes was investigated.

- A PI and PID sub-controllers were used as
elements of the 2DOF PI PID controller.

- The 2DOF PI-PID controller was proposed
in this paper to control second order-like
processes of damping ratio between 0.05
and 2 and natural frequency between 0.5
and 10 rad/s.

- The 2DOF PI-PID controller had 5 gain
parameters to be tuned for optimal
performance of the closed loop control
system incorporating the controller and the
process.

- The 2DOF PI-PID controller was tuned
using the optimization and control toolboxes
of MATLAB.

- The controller succeeded to suppress
completely the oscillations of the
underdamped process to step input change
and compensate their slow step time
response for overdamped second order-like
processes.

- The drawback of using the PI-PID controller
was that it generates a steady state error for
the closed loop control system incorporating
a second-order-like process. However, this
could be controlled through a functional
constraint on the steady-state error such that
it has to be less than a specific value.

- All the tuning parameters of the 2DOF PI -

PID controller generated step time response
with zero overshoot and settling time less
than 0.13 s.

- The tuning process of the 2DOF PI-PID

controller was based on using the
optimization and control toolboxes of the
MATLAB as a constrained optimization
problem.

- An ITAE objective function and four

functional constraints were used to tune the
controller and maintain a stable control
system with good performance measures.

- The used tuning technique was compared

with a tuning technique based on the
minimum ITAE standard forms.

- The effectiveness of the proposed 2DOF PI-

PID controller in controlling a highly
oscillating second order process was
compared with using a PD-PID and PI-PD

controllers. The 2DOF PI-PID controller
could compete well with the PI-PD
controller.
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