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ABSTRACT

Particle Swarm Optimization (PSO) algorithm and Bacterial Foraging Optimization
(BFO) agorithm are stochastic optimization techniques that come under the category of bio-

inspired optimization techniques.

The objective of thesis is to analyze the implementation of PSO algorithm and BFO
algorithm to PID Controller optimal tuning for DC machine model servo speed control. The
model of a separately excited DC motor is considered as a second order system for speed
control. The comparative study is based on step response, time domain analysis and
frequency domain analysis. First various classical PID tuning methods are discussed and
implemented on DC machine model and their results are analyzed. Next optimal tuning
methods of PID tuning using various Error Performance indices like IAE, ISE, ITAE and
ISTE is applied for DC machine model. Than PSO agorithm is utilized to optimize the
parameters of PID controller to obtain optimal performance for DC machine model. Next
BFO algorithm is implemented for DC machine model control using PID controller by
obtaining optimal values of Kp, Ki, Kd parameters. The results obtained for PSO agorithm
and BFO algorithm are compared mainly on basis of time domain analysis and frequency
domain analysis. MATLAB is used for al the calculation and anaysis necessary for the

thesis.

The conventional approach is not very efficient due to the presence of non-linearity in
the system. The output of the conventional PID system has a quite high overshoot and settling
time. The main aim of thesisisto apply two techniques namely PSO and BFO to design and
tuning of PID controller to get an output with better dynamic and static performance. The
application of PSO and BFO to the PID controller imparts it the ability of tuning itself
automatically in an on-line process while the application of optimization agorithm to the PID
controller makes it to give an optimum output by searching for the best set of solutions for

the PID parameters.
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CHAPTER 1:-

INTRODUCTION

1.1- OBJECTIVE OF THESIS

Control systems appear practically everywhere in our homesndaostry, in
communications, information technologies, etc. Increasing probleitts process non-
linearity’s, operating constraints, time delay, uncertainty letwe lead to development of
more sophisticated control strategies. So there is alwayen@nuous search for a better
technique which can consider all such problems and provide stabitihe system. Artificial
Intelligence (Al) based techniques are the new entry in field®Pl&f tuning. Al based
techniques have proved their capabilities in various fields arldese are considered to give
a new pace to PID tuning search technique. The objective of thdsigive a comparative
analysis of performance of PSO and BFO based on results of @@ Mervo response for
speed control and find out which of the two methodologies gives beteltsrdor the

selected DC motor model.

Matlab is used to analyze the performance of PSO and BFDGanotor model for
servo response (speed control). The comparative study is based amitig parameters
obtained for PID controller by the two techniques namely PSO and BR® the time
domain analysis (rise time, settling time, maximum overshafd))C motor with this optimal

PID controller.

The basic model of a separately excited DC motor moddddes discussed. Transfer
functions are derived for Speed Control and Position control as \kellst€p response of DC
motor for open loop and closed loop are observed without controller asasvelith
controller for Speed control only. The values of rise timelisgttime, maximum overshoot
etc. are observed for uncontrolled system and then controller gnddsso as to be keep

them within range for stable operation.

The aspect of ideal PID controller is briefly discussed aloith ks basic block
diagram for parallel form. There are various classicBl f8hing methods for open loop and

closed loop which have been popular for many years before emergenceifiia/A

1



Intelligence based tuning methods. These classical methodsynZiagler-Nichols (ZN)
Open Loop method, Cohen-Coon Tuning method, AMIGO Tuning method, IMC Tuning
method, CHR Step response Tuning method, Ziegler-Nichols (Zb§e@lloop Method,
Modified Ziegler-Nichols Tuning Method, Tyreus-Luyben Tuning Methotie@-Hrones-
Reswick Pl Tuning Method, Astrom-Hagglund Pl Tuning Method arscrideed in brief.
These methods are then implemented to our DC motor model for Péngt@r tuning.
These methods are compared on basis of their results to geethed, among all classical

methods listed above, which best suits our objective.

Due to limitations of classical PID tuning techniques, theas weed for a method
which gave optimal performance for PID controller. Two such endices based optimal
PID tuning methods, ongroposed by P.W. Murrigt al.and other proposed by M. Zhuaeg
al. , are briefly discussed. These methods are applied for &ibotler optimal tuning in
case of DC motor model and the results are observed. Thésrebtained with these
methods are compared to Classical PID tuning methods foringe settling time and

overshoot.

The introduction of Artificial Intelligence based PID tuningtimods are becoming
popular these days over Classical tuning methods due to their pigtiermance and faster
speed. Particle Swarm Optimization (PSO) and Bacteria@dtnoyg Optimization (BFO) are
two bio-inspired optimization techniques which have gained populaggntly in field of
PID tuning. These two methods are discussed along with theitedegdgorithm structure.
BFO and PSO algorithms are implemented for PID tuning. Thdorpgance is analyzed on

basis of their tuning results for DC motor model and better otenidluded.

1.2- CHAPTER LAYOUT

The chapter layout of the thesis is as follows:
Chapter 1: This chapter includes a brief introduction of the thesis.
Chapter 2: Literature Review related to the thesisvesngin chapter 2.

Chapter 3: Dc motor modeling and its transfer functions fordsped position



control are discussed in chapter 3.

Chapter 4: Ideal PID controller structure and its various tunieitpoas (open loop
and closed loop tuning methods) are included in thisehiptSpeed
Control.

Chapter 5: Optimal tuning of PID controller is also discusseel. her

Chapter 6: PSO and its application in optimal PID tuning isidted in this chapter.

Chapter 7: Optimal tuning of PID controller using BFO is disadigs¢his chapter.



CHAPTER 2:-

LITERATURE REVIEW

There are a lot of literature which includes work relatedP80D and BFO. The

literature review of those literatures which are releweitit this thesis work is given below.

Zafer Bingulet al. conducted their research ofuning of Fractional PID Controllers
Using PSO Algorithm for Robot Trajectory Contrdh their research of robot trajectory
control, Fractional order PID (FOPID) controller is tuned wRBO and the results are
compared with Fuzzy logic controller & PID tuned by PSO. Proposeithad of FOPID

controller using PSO is better than other techniques [1].

V. K. Kadiyala et al. in their research paper titlédesign and implementation of
fractional order PID controller for Aero fin control systeproposed a Fractional order PID
(FOPID) controller of electromagnetic actuator (EMA) systemAero fin control (AFC)
using PSO. The EMA is realized with permanent magnet brush &@rmwvhich is driven by
a constant current driver. Using the non-linear model of EMA-A{&Iesn which includes
the non-linearities of DC motor, an FOPID position controlleresighed using different soft
computing techniques like PSO in SIMULINK so that the systaiisfees all the design
requirements. The proposed method gives results better than conaéntiethods for

Electromagnetic actuator (EMA) system for AFC [2].

C. H. Liu et al. in ‘Design of a Self-Tuning Pl Controller for a STATCOM Using
Particle Swarm Optimizatiorsuggested a self tuning PI controller for STATCOM in which
controller gains are adapted using PSO technique. Based onith&edtsystem load, a PSO
algorithm, which takes the best particle gains, the best giatias, and previous change of
gains into account, is employed to reach the desired controller gasslts of self tuned PI

controller are compared with fixed gain PI controller [3].

D. Maiti et al. in their paper Tuning PID andP1”D’ Controllers using the Integral

Time Absolute Error Criterionproposed application of PSO to the problem of designing a

fractional order PID P1”D?) controller comprising integral ordér, derivative orded along

with ITAE minimization criterion.The digital realization of the deigned system utilizes the

4



Tustin operator-based continued fraction expansion scheme. Tleisgiep attempts to study
the behavior of fractional PID controller vis-a-vis that tsf integer-order counterpart and

demonstrates the superiority of the former to the |dttér.

C. M. Lin et al.in their research papeRobust PID control system design for chaotic
systems using particle swarm optimization algoritipnoposed Robust PID (RPID) control
system for chaotic systems comprising a self tuning PIDO{SBontroller. The gradient
descent method andH,, control technique are utilized to derive the on-line tuning laws of
SPID controller and the robust controller, so that the robust tragénigrmance of the
system can be yielded. In order to achieve the best solatidPID controller, the particle
swarm optimization (PSO) algorithm is adopted to select the apt@arning rates of SPID
controller. A robust controller is discussed in this paper and B86ed achieve best solution

resulting in favorable tracking performance. [5]

W.W. Caiet al. worked on Design and simulation of intelligent PID controller
based on particle swarm optimizatiand proposed an Intelligent PID control method in this
paper in which the different parameters are controlled usimgaizystem error and PSO
algorithm is used to tune this PID further. According to the sizthe system error, this
algorithm controls the system with different subsections ofuifft parameters, by using the
particle swarm optimization (PSO) to optimize the parametketse PID controller to solve
the problems, such as lag, time-variety and non-linearity. A gobygarameters of the PID
controller that minimize the evaluation function is caledatapidly by searching in the
given controller parameters ar@is method is better than PID optimized by PSO fbarid
2" order system with time delay [6].

Y. Bo et al. research paper‘A New PSO-PID Tuning Method for Time-delay
Processessuggested a method in which a relation is developed between meffiof
corresponding powers of s in the numerator and those in denominator dbskd loop
transfer function for FOPTD process by using PSO algorithiee Proposed method
originates from processes with small time delay; howeves gitill effective even if the time
delay is quite large. The results show that the proposed meihesl gignificantly better
dynamic performances than IMC-PID method [7].



In paper of A. A. EI-Gammatt al. titled ‘A Modified Design of PID Controller For
DC Motor Drives Using Particle Swarm Optimizatio®®, PID controller is made adaptive
by using PSO algorithm by adjustment of gains to obtain mininfAlh between speed
demand and output response. The new technique converts all objentitierfsi to a single
objective function by deriving a single aggregate objective timmcusing specified or
selected weighting factor§he weighting factors are also treated as dynamic optimizatio
parameters within PSO. Experimental results show that tiierpence of the optimal PID
controller is better than that of the traditional PID contrdig

In research paper of V. Rajinikargh al. titled ‘I-PD Controller Tuning for Unstable
System using Bacterial Foraging Algorithm: A stdmhsed on various Error Criteriofy a
novel method to tune the I-PD controller structure for the tini@ydd unstable process
(TDUP) using Bacterial Foraging Optimization (BFO) alduritis proposed. The tuning

process is focused to search the optimal controller paran(dﬁgri&i Ky ) by minimizing the

multiple objective performance criterion. The results shthas the tuning approach is a
model independent approach and provides enhanced performance fet ploéns tracking

with improves time domain specifications [9].

E. Salim Ali et al. worked on Optimal PID Tuning for Load Frequency Control
Using Bacteria Foraging Optimization Algorithnand proposed a BFOA based Load
Frequency Control (LFC) for the suppression of oscillations in poysters. A two area non
reheat thermal system is considered to be equipped withd?iftotlers. BFOA is employed
to search for optimal controllers parameters to minimizeaiteperformance index. The
performance of the proposed controllers has been evaluated wiffetftemance of the
conventional integral (I) controller in order to demonstrate thersupefficiency of the

proposed BFOA in tuning PID controllers [10].

T. Jain et al. worked on ‘Optimization of PD-Pl Controller Using Swarm
Intelligence’.In this paper, the idea of model generation and optimization isrexpfor PD-
P1 controller. Most commonly known, the highly nonlinear InverteadBlim system is used
as a test system for this approach. A comparison betweentiewalry Algorithms namely
GAs (Genetic Algorithms), and Swarm Intelligence, i.e QRBarticle Swarm Optimization)
and BG (Bacterial Foraging) has been carried out on the basisfofmp@nce indices: ITAE

6



(Integral Time Absolute Error), ISE (Integral Square EfrdhE (Integral Absolute Error)
and MSE (Mean Square Error) and settling time. The simulasimn$abulated in section 1V

to analyze which technique gives promising results for themsygt1].

In the research work of D. H. Kirat al. titted ‘A Biologically Inspired Intelligent
PID Controller Tuning for AVR Systeina hybrid approach involving Genetic Algorithm
(GA) and Bacterial Foraging (BF) for tuning the PID controi€an AVR is proposed. The
proposed method is first illustrated using four test functions andgen®rmance of the
algorithm is studied with an emphasis on mutation, crossoveratioariof step sizes,

chemotactic steps, and the life time of the bacteria [12].

W. Korani worked on the research paper titlBacterial Foraging Oriented by
Particle Swarm Optimization Strategy for PID Turinghis paper presents a new algorithm
for PID controller tuning based on a combination of the foragingwehaf E coli bacteria
foraging and Particle Swarm Optimization (PSO). The new iggoris proposed to
combines both algorithms advantages in order to get better oftonizalues. The proposed
algorithm is applied to the problem of PID controller tuning andcasnpared with

conveniently Bacterial Foraging algorithm and Particle swaptimization [13].

T. Jainet al. created a research paper ‘bnplementation of PID Controlled SIMO
Process on FPGA Using Bacterial Foraging for OptinRerformancé In this paper, the
design and implementation of a controlled Single Input Multi Output C(HlMrocess is
carried out on Field Programmable Gate Array (FPGA). The psoce controlled by
Proportional-Integral-Differentiator (PID) controller. BacétriForaging (BF) algorithm is
used for tuning the parameters of PID controller for optimabpednce [14].



CHAPTER 3:-

DC MOTOR MODELING

3.1- INTRODUCTION

In this chapter the basic model of a separately excited Brnmodel has been
discussed. Transfer functions are derived for Speed Control artbRasintrol as well. Its
performance curves without any controller and with controller (R¥@)also included with

which we can see that PID controller stabilizes theesysaster.
3.2- DCMOTOR MODEL (SEPARATELY EXCITED)

The design method uses the concepts of the system theory, ssiinas and
systems, transfer functions, direct and inverse Laplaosftians. This requires building the

appropriate Laplace model for each component of the whole system.

In order to build the DC motor’s transfer function, its simgéifimathematical model
has been used. This model consists of differential equatiorsef@ledctrical part, mechanical
part and the interconnection between them. The electdoitiof the armature and the free

body diagram of the rotor are shown in figure 3.1.

R. L.
Y'Y YN
| {y
+ e.=K.¢ + 1.9
bé &

Figure 3.1-The electric circuit of the armature and the free bodyrdragf the rotor for a

DC motor

The motor torquer is related to the armature current,by a constant factoKt.

The back emfg , is related to the rotational speetipy the following equations:-



.. (3.1)

e =K§@
.. (32)

Assuming that K, (torque constant) =K _(electromotive force constant) =

K., (motor constant).

From figure 1 and above known values, the following equations camitben based

on Newton’s law combined with Kirchhoff's law:

_ 4470, 548

T =T
" - dt? dt .. (3.3)
J8+BO =K. i—-T, (3.4
di

L —+Ri=V-K§
dt ... (3.5)

3.3- TRANSFER FUNCTION:-

Using Laplace transform, the above equations can be expradseahs of s-domain

(Is+BO(9= K I(9-T($ 44
(Lus+R) (9= $- K. 8( F (37

By eliminatingl (s) the following open-loop transfer function can be obtained, where

the rotational speed is the output and the voltaye is the input.

a) Speed Control:-

AssumingT, (load torque) = 0,

T, (friction torque) = 0 and,

feedback constar%V - Km;



the transfer function is:-

6 (s)
V (s)

The block diagram obtained from this equation is shown in figizre

—_ Km
e (35t B st R)+ K

<
—
NG
+
[E
A 4
(&
(72}
+ |
v )
v

L.s+R,

Figure 3.2- Block diagram representation for Speed ResponselyittD

Assume V(s) = 0;
For Speed Control, the transfer function is given (from equa8dhand 3.7):-

M -(L,s*+ R,)

T, (S)V(s):c, ) [(Js+ B)( L, s+ Rn)+ sz] ... (3.9)

The block diagram obtain for this equation is shown in figusedBawn below:-

1 K. 1
Voo | bR Js+ B
| 3

Figure 3.3- Block diagram representation for Speed Response with-\(s)

A

v
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b) Position Control:-

Assumingl, =0, for position control the transfer function is given as:-

0 (s)
v (s)

= Km
T (5)=0 S[(JSJ“ B)( L, st R)+ an}

... (3.10)
Assuming V(s)=0, for Position Control, the transfer functegiven as:-
6 (s) ~ -(L.s+ R,)
TL(S)V(S)zo S[(‘JS-" B)( L, st R)+ an] 31

3.4- DESIGN REQUIREMENTS:-

Since the most basic requirements of a motor are tishbiild rotate at the desired
speed, the steady-state erg of the motor speed should be less than 1%. The other
performance requirement is that the motor must accelerate steady-state speeﬂS as
soon as it turns on. In this case, it is desirable to hasedtbng timeT, in less than 2 sec.
since speed faster than the reference may damage the equiprpeak overshooM ; of
less than 5% is wanted. For a system to be stable, gaitnmaugt be greater than 6 dB (min
4dB), phase margin must fall in the range betw&h to 60°; robustness parameters

include Modulus Margin (must be greater than 0.5 or -6dB, minimumiB)8and Delay
Margin (must be greater than 1.5 ms)

3.5~ PID CONTROL DESIGN METHOD:-

Different characteristics of the motor response (steaatg-stror, peak overshoot, rise
time, etc.) are controlled by selection of the three gains rtiadify the PID controller

dynamics.

11



Figure 3 shows how the PID controller works in the closed-loopraystke variable
e represents the tracking error; the difference betweenlgébi#ed input valueR and the
actual outpuY . This error signal will be sent to the PID controller corapuboth the

derivative and the integral of this signal.

Therefore, the PID controller is defined by the relationship betwke controller

input e and computes outputthat is applied to the motor armature:
de
u=Kye+ K[ edt K —

dt .. (3.12)

WhereK ;- Proportional gain
K, - Integral gain
K, - Derivative gain.

The signalu will be sent to the plant and the new outjpuwill be obtained and sent
back to the sensor again to find the new error sgn@he controller take® and computes

its derivative and it's integral again.

This process goes on and on. By adjusting the weighting conistank§ andK;, the

PID controller can be set to give the desired performance.
(PID controller is discussed in detail in Chapter 4)
Taking Laplace Transform of equation (3.12) gives the followiagstier function:

U(S) = K +&+ de
E(s) s

K(s) =

_ K8+ K s+ K
S

This transfer function clearly illustrates the proportional,graeand derivative gains

.. (3.13)

that make up the PID compensation.
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CHAPTER 4:-

PID CONTROLLERAND ITSTUNING METHODS

4.1- INTODUCTION:-

PID is the most common and most popular feedback controller used irtrialdus
Process today. A PID controller calculates an "error" vasethe difference between a
measured process variable and a desired ‘set point’. PIDollentis also known as three-
term control:- the proportional (P), integral (I) and derivat{(®). By tuning these three
parameters in the PID controller algorithm, the controler grovide control action designed

for specific process requirements.
4.2- P+l+D CONTROLLER:-

As we have stated that PID controller is a sum of P, | amdriroller, so now we

must also discuss the function of each.

» Proportional (P) controller calculates the term proportiondi¢ddrror’.

» Integral (I) controller calculates a term proportional to irdegf ‘error’. An
integral controller gives zero SSE (Steady State Errorafstep input but
reduces the speed of a system.

» Derivative (D) controller calculates a term proportional toivdéive of

‘error’. A derivative control terms often produces faster response.

4.2.1- Proportional (P) term:

The proportional term makes a change to the output that is proportichal turrent
error value. The proportional response can be adjusted by multiplyingrtbe by a

constanK,, called the proportional gain.

The proportional term is given by:

P..= K (1) . (4.2)

13



4.2.2- Integral (1) term:

The contribution from the integral term is proportional to both thgniiade of the
error and the duration of the error. The integralin a PID contraédlehe sum of the
instantaneous error over time and gives the accumulated dfffsetshould have been
corrected previously. The accumulated error is then multipliethéyntegral gaink;) and

added to the controller output.

The integral term is given by:
t

| .= K Je(n)dr

0 .. (42)

4.2.3- Derivative (D) term:

The derivative of the process error is calculated by aténg the slope of the error
over time and multiplying this rate of change by the derivagaiaKq. The magnitude of the
contribution of the derivative term to the overall control actirtermed the derivative

gain, K.

The derivative term is given by:

) d
D out K dme(t)

... (4.3)
4.2.4- PID Term:-
The PID controller output can be obtained by adding the three terms.
Gc(s): P+1+D=K +&+ de
P s ... (4.4)
Or G .(s) = K 14 1 +T ,5
¢ P T s ... (4.5)

Where Kp= Proportional gain,
Ki= integration coefficient,

Kd= derivative coefficient,
14



Ti= integral action time,
Td= derivative action time

The block diagram of PID controller is shown below:-

A 4
R

SP + + y

Y
y
A 4

v

Figure4.1- Block diagram representation of a PID controller

4.3- TUNING OG PID CONTROLLER

It have been noticed that mostly the PID’s are poorly tuned amrdfats are being
made systematically in this matter. Here we will disceeme popular classical tuning

techniques and then some recently developed special tuning methods

4.3.1- OPEN LOOP PID TUNING METHODS

4.3.1.1-INTRODUCTION

Open loop tuning methods are those where the feedback controtlscasnected
and the experimenter excites the plant and measures the mspbaskey point here is that
since the controller is disconnected, clearly the plant is no iatgetly under control. If the
loop is critical, then this test could be hazardous. Indeed gribeess is open-loop unstable,
then we will be in trouble before we begin. Notwithstanding fonynprocess control

applications, open loop type experiments are usually quick to perfonah, daliver

15



informative results. If the system is steady at set paintd, remains so, then we have no

information about how the process behaves.

There are various tuning strategies based on an open-loop step re¥pbitsdhey
all follow the same basic idea, they differ slightly in:- hiwey extract the model parameters
from the recorded response and relate appropriate tuning constémsnbodel parameters.
There are four different methods, the classic Ziegler-Nichpén loop method, the Cohen-
Coon method, Internal Model Control (IMC) method and Approximate M-canstta
Integral Gain Optimization (AMIGO) method. Naturally if thesponse is not sigmoidal or

‘S’ shaped and exhibits overshoot, or an integrator, then this toretigod is not applicable.

This method implicitly assumes the plant can be adequatelpxdapmted by a first

order transfer function with time delay,

_ Ke—es
P Ts+l ... (4.6)

Where: K- is gain,
@- is the dead time or time delay, and
T- is the open loop process time constant.

Once we have recorded the open loop input/output data, and subseqesatiyed
the times T and, the PID tuning parameters can be obtained directly frongitlem tables

for different classical methods.

1 e

— " Plant [

mput output

Figure 4.2- Open Loop response for a step input

The method is based on computing the times t1 and t2 at which the 88d386.3%

of the system response is obtained as shown in the figure:

16



Figure4.3- Calculation of t1, t2 and K

After computing the t1 and t2 times, the time deljyand process time constant (T)
can be obtained from the following equations:

6=1.3 - 0.29,

T=067¢,-1) R

The Dc motor model parameters are given below:
Armature Resistancdy, = 1.15Q,
Armature Inductancel.,= 0.0015 mH,

Viscous Friction ConstanB = 0.0088 Nm-sec/rad,
Moment of Inertia,d = 0.0021 kg rh
Feedbackk, =K, =1.

The uncontrolled DC Motor Open Loop transfer function is shown below aldhg wi
its time domain analysis and step response.

Transfer function:

3.15e-006 s"2 + 0.002428 s + 0.01012
Time Domain Analysis:

RiseTime : 0.5245
SettlingTime ; 0.9349
Overshoot : 0

17



Step Response

Amplitude

1 1 1
0 0.2 0.4 0.6 0.a 1 1.2 1.4

E 1 1 1

Time (sec)

Figure 4.4- Open Loop Step Response of uncontrolled DC motor model

The transfer function can be represented by an equivalent filest thme delay form.

The time delay form of our DC motor open loop transfer functi@ivesn below.

First Order Time Delay Form:
98.52

exp(-0.456*s) *  --------m-m-mo-
0.2345s+1

From above first order time delay form we get:
Gain, K =98.5218
Dead time or time delay, thet&) = 0.4560

Open loop process time constant, tau (T) = 0.2345

18



These parameters are used in various open loop PID tuning methads are discussed

below.

Step Response
1 EE ______________ [ R ——_— L

(4=}
=
T
|

Amplitude

Time (s&ec)

Figure 4.5- Time delay step response for uncontrolled DC motor model operirkougder

function

4.3.1.2- ZIEGLER-NICHOLS (ZN) OPEN LOOP TUNING METHOD

Ziegler-Nichols open loop tuning method is one of the most populamastwidely
used classical tuning methods. The Ziegler-Nichols open-loop metlatgbiseferred to as a
process reaction method, because it tests the open-loop readfenpobcess to a change in
the control variable output. The PID tuning parameters as aduanatithe open loop model
parameters K, T anél from equation (4.6) as derived by Ziegler-Nichols are givemlitet

below:
19



Table 4.1- Ziegler-Nichols open loop PID tuning method

Controller Ko T Ty
P T - -
Ké&
Ziegler-Nichols | P! o.9r 6 -
Method (Open K& 0.3
loop) PID 1.1 26 0.5
K&

The step response of DC motor model (speed controller) contiojlediegler-

Nichols open loop PID controller is shown below:

Step Response
1 T T T T T

Amplitude

0 1 1 1 1 1 1
0 Z - i & 10 12 14

Time (zec)

Figure 4.6(a)- Step Response of ZN open loop PID tuning method.
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Bode Diagram
Gm=Inf, Pm= 118 deg (at 0.751 rad/sec)
— T T T T T

________________________

Magnitude (dE)

i IRl et | i H i T

Phase (deg)
IS
I

) O T N U 101 X T O O I S T O 18 I 1 O S O U A S TN O PO Y B I ey vy e e S
10° 10° 10’ 10° 10° 1 10°
Frequency (radisec)

Figure 4.6(b) - Bode plot for ZN open loop PID tuning method.

4.3.1.3- COHEN-COON TUNING METHOD

Cohen-Coon tuning procedure uses the parameters obtained from opennetgy tra
function as in ZN method. This method is only used for first-order faadéh time delay,
due to the fact that the controller does not instantaneously resptreddisturbance (the step
disturbance is progressive instead of instantaneous). The Cohen-€ttmuns classified as
an 'offline’ method for tuning, meaning that a step change citrbduced to the input once
it is at steady-state. Then the output can be measured badetone constant and the time

delay and this response can be used to evaluate the initiedlquarameters.

The PID tuning parameters as a function of the open loop model pararde T and

6 from equation (4.6) as derived by Cohen-Coon are:
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Table 4.2- Cohen-Coon PID tuning method

Controller Ko Ti T4
P i1(1+£) ) )
K& 31
Cohen-Coon | Pl 1T (0 9+ 0 j 6’(30+ ¥ /Tj -
Method (Open Ko\ 121 9+ 209 IT
loop) PID 1T(4, 6 | p(32+69/T) | o 4
K@a\3 41 13+89 /T 11+ 20 IT

The figure (4.7) shown below shows step response of DC motor rfaxdspeed

control by Cohen- Coon method tuned PID controller. It is observedGbhéen-Coon

method shows a smoother step response as compared to that showmlesNdahols

method for PID controller.

Amplitude

Step Response
1 T T T T T T

] 1 1 1 1 1 1 1

3 - 5 & T &

Time (=ec)

Figure 4.7(a) - Step response of Cohen- Coon PID tuning method
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Bode Diagram

Gm=Inf, Pm =126 deg (at 1.79 rad/sec)
T T T

Magnitude (dB)

Phase (deg)
'S

SR U 0 0 1Y I SO

_____

deecodeedbodededibideceecdcedc e ddidddd e b b

--------

B P O PO O DA Y Do prr—ry S et

10° 10’

10°
Frequency (rad/sec)

10° 10

Figure 4.7(b) - Bode plot for Cohen- Coon PID tuning method

4.3.1.4- APPROXIMATE M-CONSTRAINED INTEGRAL GAIN OPTIMIZATION
(AMIGO) TUNING METHOD

The PID tuning parameters as a function of the open loop model pgararde T and

0 from equation (4.6) as derived by Approximate M-constrained Integral Gptimization

(AMIGO):
Table 4.3- AMIGO PID tuning method
Controller Ko Ti Ty
AMIGO PID .
i(o.z+ 0_45T_j 0(0.40+ o.srj 0.56T
Method (Open K e 6+0.11 0.39+T

loop)
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T= 0 represents the relative dead time.
+T

The tuning rule above describes the controller dainwell for process withr > 0.3.
For small 7, the controller gain is well fitted to process€g, but the AMIGO rule

underestimates the gain for other processes.

The integral timeT, is well described by the tuning rule above for 0.2. For small
r, the integral time is well fitted to proces&ks but the AMIGO rule overestimates it for

other processes.

The tuning rule above describes the derivative fijpevell for process wittr > 0.5.

In the range 0.3 €« < 0.5, the derivative time can be up to a factor of 2 fatgen the value
given by the AMIGO rule. Figure (4.8) shows step response fdspontrol of DC motor
model with PID controller using AMIGO tuning method.

Step rezponse of system tuned with OPEN LOOP PID) methods

1 T T T T T T T

Amplitude

2 10 12 14 16 12
Time (sec)

o]
]

r
(==

Figure 4.8(a) - Step response of AMIGO method based PID tuning.
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Bode Diagram
Gm=Inf, Pm= 107 deg (at 0.594 rad/sec)
T T

Magnitude (dB)

L1 iantl
T

Phase (deg)
b
I

T T N O O 1 0 X I O 0 A 1 O T O B ey ey e e e S
10" 10° 10’ 10° 10° 10* 10°

Frequency (radisec)

Figure 4.8(b)- Bode plot for AMIGO method based PID tuning.

4.3.1.5-INTERNAL MODEL CONTROL (IMC) TUNING METHOD

IMC strategy proposed by Rivest al, needs selection of the tuning parameter

for PID design that is almost equivalent to the closed-loop tiomstant.

The PID tuning parameters as a function of the open loop model pararde T and
6 from equation (4.6) as derived by Internal Model Control (IMC):
Table 4.4- IMC PID tuning method

Controller Ko T Ty
Pl 2T +6 T +§ -
2/ 2
IMC  Method
(Open loop) PID 2T +6 .9 T6
21 +0) 2 2T +6

25



Where

A21.78 tor PI controller and

A20.2% for PID controller

Figure (4.9) shows the step response for speed control of DC motorl mibdePID
controller tuned by IMC method.

Figure 4.9(a)- Step response of IMC PID tuning method
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Bode Diagram

Gm=Inf, Pm=113 deg (at 1.9 rad/sec)
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Figure 4.9(b)- Bode plot for IMC PID tuning method
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4.3.1.6-CHIEN-HRONES-RESWICK (CHR) STEP RESPONSE TUNING METHOD

In process industry controller parameters are often tuned aogotdi CHR

recommendations. They are based on time parameters of open loopfetepce change

response. Chien, Hrones and Reswick also gave recommendatiba ébiofce of the type of

the controller.

Table given below shows Chien-Hrones-Reswick method for set (@86 overshoot)
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Table 4.5- CHR PID tuning method for set point (0% overshoot)

Controller Ko Ti Tq
P 0.31 - -
K&
Cohen-Coon =) 035" 107 -
Method (Open K@
loop)
PID 0.eT T 0.5
K&

Table below shows Chien-Hrones-Reswick method for disturbance@gshoot)

Table 4.6- CHR PID tuning method for disturbance (0% overshoo

Controller Ko Ti Ty
P 0.31 - -
K&
Cohen-Coon PI 0.6T 46 -
Method (Open K&
loop) PID 0.957 2.40 0.420
K@

For our DC motor model, only the set point (0% st®ot) method is considered and

its step response is shown in figure (4.10) below.
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Figure 4.10(a) - Step response of CHR PID tuning method (For s&tt% overshoot)

Figure 4.10(b) — Bode plot for CHR PID tuning method (For set pdi#o overshoot)
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4.3.1.7- RESULTS

Table 4.7- Open loop PID tuning method time domain analysis

PID Parameters Time Domain Analysis
Method

Kp | Ti Td Rise Time | Settling Time | Overstoot
Ziegler-Nichols Open Loop0.0063 0.9120| 0.2280 4.1280 7.5531 0
Method
Cohen-Coon 0.0095 0.6973 0.1225 2.1688 4.1556 0
AMIGO 0.0044 0.7717| 0.1440 4.7027 8.4658 0
IMC( Lambda=0.1140) 0.0082 0.4625 0.1156 1.5591| 8320 0
Chien- Hrones- Reswick 0.0031 0.2345 0.2280 1.7628 2.7839 0

Table 4.8- Open loop PID tuning method frequency domain Bustness analysis

Frequency DomaijrRobustness Analysis
Method Analysis
Gain margin Phase marg{rModulus Delay margin

margin (in| (In sec)

dB)
Ziegler-Nichols Open Loopinf 117.5800 -25.6538 2.7339
Method
Cohen-Coon inf 126.4979 -33.2029 1.2358
AMIGO inf 107.3894 -66.7191 3.1563
IMC( Lambda=0.1140) inf 112.9561 -42.2833 1.0351
Chien- Hrones- Reswick inf 90.9162 -58.857§ 1.3111
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COMPARISON OF OPEN LOOP TUNING METHODS

E Z-N open loop method
R oI G ERnnrt REEEEERE Ph CohenCoon method
; IMC tuning method
e CHR tuni
5 ——— AMIGO tuning method
U 8 [ R F i. _______ Y U [,

'
'
'
---------------------------------------------------------------------
'
'
'
'
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]
'
'
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Figure 4.11- Comparison of OPEN LOOP PID tuning methods




Figure 4.12- Comparison of OPEN LOOP PID tuning methods (1apo

Step response of system tuned with OPEN LOOP PID methods
T T T T T T T T T
I : : I Z-MN open loop method
Cohen-Coon method
IMC tuning method u
CHR tuning method
AMIGO tuning method

T =

Amplitude
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Figure 4.13- Comparison of OPEN LOOP PID tuning methods (2Xapo

4.3.1.8- CONCLUSION

For DC motor model, the Open loop tuning method® @ overshoot as shown in
table (4.7). The IMC tuning method and CHR stepoese method give the best value of
rise time and settling time for DC motor model ageqg in table (4.7). Figure (4.13) shows
clearly that out of all the Open loop tuning methodentioned above, IMC and CHR tuning
method gives best performance for DC motor modMI®@O tuning method shows the least

satisfactory performance for DC motor model.

The frequency domain analysis and robustness sinalye not achievable (only delay
margin is within range) within required range fopeéd loop tuning methods for selected DC

motor model as visible in table (4.8).
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4.3.2- CLOSED LOOP PID TUNING METHODS

Closed loop step response for both transfer funciod first order time delay form
for uncontrolled DC motor model (speed control)gigen below along with time domain

specifications:

Transfer function:

3.15e-006 s"2 + 0.002428 s + 1.01

Time domain analysisi is given below:
RiseTime: 0.0037
SettlingTime: 0.0106
Overshoot:  5.3875

Step Response

Amplitude

0 1 I I 1 1 I I
0 0.002 0.004 0.005 0.0038 0.01 0.012 0014 0.015

Time (sec)

Figure 4.14- Step response of uncontrolled Closed loop trarfsfection
33



First Order Time Delay Form:

0.9871
exp(-0.00275%S) *  -eememmeemea
0.001408 s + 1

Time domain analysis for time delay form is givezidov:
RiseTime: 0.0031

SettlingTime: 0.0083

Overshoot: 0

The parameters for first order time delay formB& motor model are:
Gain, K=0.9871

Theta,d = 0.0028

Tau, T =0.0014

Step Response

1 | Py ————— | Py ————— | Py ————— [ P —————— T

08 .

Ampltude

0 I I I 1 I I
0 0.002 0.004 0.008 0.008 0.01 0.012 0.014

Time (gec)

Figure 4.15- Step response for uncontrolled closed loop &rder time delay form
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The Frequency domain analysis for first order taetay form gives:
Gain margin, Gm =1.5566
Phase margin, Pm = Infinite

The gain margin Gm = and phase margin Pm-£80 for selected DC motor model

as the transfer function is of second order.

4.3.2.1- ZIEGLER-NICHOLS (ZN) CLOSED LOOP TUNING METHOD

The Ziegler-Nichols continuous cycling method i af the best known closed loop
tuning strategies. The controller gain is graduailsreased (or decreased) until the process
output continuously cycles after a small step clkaog disturbance. At this point, the
controller gain is selected as the ultimate gaip,dad the observed period of oscillation is
the ultimate period, P Ziegler and Nichols originally suggested PID hgiconstants as a

function of the ultimate gain and ultimate period.

Table 4.9- Ziegler-Nichols closed loop PID tuning method

Controller Ko Ti Ty

Ziegler-Nichols | P 0.5K, - -

Method (Closed

loop) PI 0.4%, P /1.2 -
PID 0.6K P /2 P /8

For servo speed control of DC motor model, the stsponse obtained by ZN closed

loop tuning for PID controller is shown in figuré.16 a).
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Figure4.16(a) - ZN closed loop step response

Figure 4.16(b) - ZN closed loop bode plot
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4.3.2.2- MODIFIED ZIEGLER-NICHOLSTUNING METHOD

This is a modified approach of Ziegler-Nichols é@ddoop PID tuning method. The

table for modified Ziegler- Nichols tuning methadgiven below:

Table 4.10- Modified Ziegler-Nichols PID Tuning method

Controller Ko Ti Tq
Ziegler-Nichols | No Overshoot | 0.2K, P/2 P /2
Method (Closed

loop) pID | Some Overshoot 0.3X, P/2 P /3
Controller

Figure (4.17 a) & (4.18 a) shows step responsaliove two cases of modified ZN

method for PID controller in DC motor model. Fig#el9) shows their comparison.

Step Response

Amplitude

0 ] ] ] ] ]
0 0.02 004 008 008 0.1 012 0.14

Time (sec)

Figure 4.17(a) - Modified ZN method step response for no overshoot
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Figure 4.17(b) - Modified ZN method bode plot for no overshoot

Figure 4.18(a) - Modified ZN method step response for some ovessho
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Figure 4.18(b) - Modified ZN method bode plot for some overshoot

— with some overshoot
— with no owvershoot

Figure 4.19- Comparison of no overshoot and some overshodiadstresponse.
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4.3.2.3- TYREUS-LUYBEN TUNING METHOD

The Ziegler-Nichols settings give much more undemged behavior (high peak in
the closed-loop log modulus curve) for a slightlygler closed-loop time constant (smaller
resonant or breakpoint frequency). Tyreus-Luybe® RUning method overcomes this

drawback of Ziegler Nichols method.

The table of Tyreus-Luyben tuning method is givetoty:
Table 4.11- Tyreus-Luyben PID tuning method

Controller Ko Ti Ty
Tyreus-Luyben | PI 0.3K, 2.2P, -
Method (Closed

loop) PID 0.4, 2.2P, P /6.3

Figure (4.20 a) shows step response of Tyreus- émyibethod for PID controller in DC

motor model.

Step Response

Amplitude

Figure 4.20(a) - Tyreus- Luyben method for PID controller step masge

0.03
Time (sec)

0.04

0.05

0.06
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Bode Diagram
Gm=Inf, Pm=77.5deg (at 275 radisec)

100 T T T T T TT T R | T |

Magnitude (dB)

Phase (deg)

Frequency (radisec)

Figure 4.20(b) - Tyreus- Luyben method for PID controller Bode plot

4.3.2.4- CHIEN-HRONES-RESWICK PI TUNING METHOD
The table for Chien-Hrones-Reswick PI tuning mettsogiven in the table below:-

Table 4.12- CHR frequency PI tuning method

Controller Ko Ti Ty
Chien-Hrones- | PI 0.47K, 1 -
Reswick

Method

The step response of CHR method for Pl controheDC motor model is shown

below in figure (4.21 a).
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Figure 4.21(a) - CHR method PI controller step response

Figure 4.21(b) - CHR method PI controller bode plot
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4.3.2.5- ASTROM-HAGGLUND PI TUNING METHOD

The Astrom-Hagglund PI tuning method table is gilzefow:

Table 4.13- The Astrom-Hagglund PI tuning method

Controller Ko T Ty
Astrom- Pl 0.3, 0.94 -
Hagglund

Method

Astrom- Hagglund Step response for Pl controll&hiswn in figure (4.22 a)

Amplitude

Step responze of system tuned with CLOSE LOGP PID tuning method

0.4

0.6 0.8

Time (sec)

Figure 4.22(a) - Step response of Astrom-Hagglund Pl method
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Bode Diagram
Gm=InfdB (at Infrad/sec), Pm=76.3 deg (at 200 rad/zec)
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Figure 4.22(b) — Bode plot Astrom-Hagglund Pl method

4.3.2.6- RESULTS

Table (4.14) shows the PID and PI parameters amel tiomain analysis; table (4.15)
shows frequency domain analysis, modulus margindataly margin of closed loop PID and

PI tuning methods for servo speed control of DCanatodel.



Table 4.14- Closed loop tuning method results.

Tuning Method PID Parameters Time Domain Analysis
Ti Td Rise Settling | Overshoot
Time Time

Ziegler-Nichols closed loo 0.0038| 9.4781e¢-0.0032 | 0.0313 | 34.3114
Method 004
Modified ZN method (ng 0.0038| 0.0038| 0.0070 0.0869%  37.6038
overshoot)
Modified ZN method (somg 0.0038| 0.0025| 0.0050 0.0521  33.1004
overshoot)
Tyreus-Luyben Method 0.016f 0.0012  0.00%6 04@B | 12.1640
Chien- Hrones- Reswick RI0.7316 | 1 0 0.0060 | 0.0082| 0.5665
method
Astrom-Hagglund Pl method 0.9400 O 0.0090 016 | O
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Table 4.15- Closed loop tuning method frequency domain patarsevith modulus margin

and delay margin.

Frequency Domain Analysig

Modulus Margir

nDelay Margin

Method Gain Margin| Phase marg | (in dB) (in seconds)
(in degrees)

Ziegler-Nichols closed Inf 45.0790 0.4441 0.0021
loop Method
Modified ZN method (na Inf 36.7854 0.2484 0.0038
overshoot)
Modified ZN  method| Inf 45.3030 0.4453 0.0034
(some overshoot)
Tyreus-Luyben Method Inf 77.5336 -608.5485 0.0049
Chien- Hrones- Reswick RlInf 70.3118 0.5749 0.0043
method
Astrom-Hagglund P| Inf 76.3053 0.7797 0.0067
method

Figures (4.23), (4.24) show comparison of PID tgnmnethods while figures (4.25), (4.26)

show comparison of Pl tuning methods. Figure (4i2@)zoomed version of figure (4.25) for

better observation.
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Figure 4.23- Comparison of CLOSED LOOP PID tuning methods @mershoot)

Figure 4.24- Comparison of CLOSED LOOP PID tuning methods (sawershoot)
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— Chien-Hrones-Reswick Method
— Astrom-Hagglund Method

__________________________________

____________________________________________________________________
____________________________________________________________________

Figure 4.25- Comparison of CLOSED LOOP PI tuning methods

Figure 4.26- CLOSED LOOP PI tuning methods comparison witte8gm
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4.3.2.7- CONCLUSION

Table (4.14) shows the time domain analysis of &loeop tuning methods for DC
motor model. Here values of rise time and settlimg are very low. But the overshoot value
is not 0 and some overshoot remains in system.r&i¢li23) and (4.24) shows the step
response of various Closed loop tuning methodsitarsdseen that Tyreus- Luyben tuning

method gives best performance for DC machine model.

Table (4.15) shows frequency domain analysis arslst parameters (namely
modulus and delay margin) for DC machine model iabth using Closed loop tuning
methods. In frequency domain analysis, only ZN etbdoop and Modified ZN tuning
method gives value of phase margin within range dmih margin is not achieved. In
robustness analysis, modulus margin does not fdllinvspecified range for DC machine

model while delay margin is within required range dll closed loop tuning methods.

44- LIMITATIONSOF CLASSICAL TUNING METHODS
From the results obtained in section (4.3.1.8) @m8l2.7) it is observed that

For Open Loop Tuning Methods
* Overshoot is 0 for DC motor model.
* Rise time and Settling time values are not as godlosed loop PID tuning
methods.
» All parameters for Frequency and robustness amsabra not falling entirely

within range.

For Closed loop Tuning Methods
* Overshoot cannot be minimized to specified rang@ & 5% for DC motor
model.
* Rise time and settling time values are better thase obtained by Open loop
Tuning methods.
» All parameters for Frequency and robustness amsabr& not falling entirely

within range.
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Also the results show that the frequency domainlyaisaand robust parameters
cannot be obtained within required range for DCanatodel as the model transfer function
is of 29 order. Thus classical PID tuning methods cannakvior any uncertainties arising
in load for DC motor model.

Open loop and Closed loop tuning methods do nasfgadll the requirements for
stable operation. Open loop tuning methods carelexted for tuning if O overshoot is our
main objective, but objective to achieve bettes timme and settling time will suggest Closed

loop tuning methods as first choice. This limite therformance of Open and Closed loop
PID tuning methods.

There are certain error indices based optimal BHdng methods which can provide
better performance as compared to classical Opem &md Closed loop tuning methods.
These methods utilize IAE, ISE, ITAE, ISTE basetiésuor optimal PID tuning and these
are discussed next for selected DC motor model.
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CHAPTER 5:-

OPTIMAL PID TUNING USING PERFORMANCE INDICES

5.1- INTRODUCTION

Classical PID tuning methods are not able to gptnmal performance and there is a
compromise in performance of system during selactibtuning method. To obtain better
parameters for PID controller in order to achiey#iroal performance, the optimal PID
tuning method utilizing Performance (error) indigesadopted. This method is considered

better than classical PID tuning methods and veiliraplemented for DC motor model.

5.2- PERFORMANCE INDICES

To optimize the performance of a PID controlledteys the PID gains of the system
are adjusted to minimize a certain performancexndée performance index is calculated

over a time intervall, normally in the region of 8T <t wheret, is the settling time of the

system. The performance indices used were:

5.2.1- Integral of Absolute magnitude of Error (1AE)
T
IAE = [|e( 1) dt . (5.1)
0
5.2.2- Integral of Square of Error (ISE)
T
ISE:J. é( 9 di .. (5.2)
0
5.2.3- Integral of Timemultiplied by Absolute Error (ITAE)
T
|TAE:jt|e(o|d1 .. (5.3)
0

5.2.4- Integral of Square of Time multiplied by Error (ISTE)
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2

ISTE=}(t€{ ) dt=} té(xd ... (5.4)

5.3.3-OPTIMAL TUNING OF PID USING ERROR INTEGRALS

The performance indices namely integral squarer €i68E), integral absolute error
(IAE), integral time absolute error (ITAE) perfornee criteria and integral square time error
(ISTE) are used for Optimal PID tuning. The optiraguations for obtaining PID parameters
are suggested by P.W. Murat aland M. Zhuanget al. Both methods are discussed briefly

in the section below.

1- Method proposed by P.W. Murril et al.:

This method proposed by P.W. Murrédt al. for optimal tuning of PID controller
using integral performance indices for Servo anguRaory response.

1.1- SERVO RESPONSE for speed control:

If the tuning parameters are calculated for a sattpchange (i.e. for Servo
Response), the integral time will be longer anddbgvative time will be shorter, and they

will depend mostly on the time constant of the pasc

The relationship between the controller settingsedaon integral criterion and the

ratio t, / 7is expressed by the tuning relationship given inag¢ign 5.5

Y = A{t—ojB .. (55)
T

WhereY = KK_ for proportional moder /T, for reset mode; A, B=constants for given

controller and modet,, 7 =pure delay time and first-order lag time constaspectively.

Using these equations:
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K :A(t_oj ... (5.6)

¢ K\r
1At
—=2 .. (6.7
=74 o

T, = rDA(t—Oj
r ... (5.8)

a) For PI Controller:
The table for coefficients A and B for Pl controltgptimal tuning for error indices is

given in table below:

Table 5.1-Servo PI tuning method B:W. Murril et al

ERROR INDICES Controller A B

IAE P 0.758 -0.861
[ 1.020 -0.323

ITAE P 0.586 -0.916
| 1.030 -0.165

b) For PID Controller:
The following table shows the value of coefficiégnand B for PID controller

Table 5.2- Servo PID tuning method B/W. Murril et al

ERROR INDICES | Controller A B

IAE P 1.086 -0.869
I 0.740 -0.130
D 0.348 0.914

ITAE P 0.965 -0.855
I 0.796 -0.147
D 0.308 0.929
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1.2- REGULATORY RESPONSE for speed control:

With tuning parameters calculated for load rejactfoe. for Regulatory Response),

the integral time T;) and derivative timeT,) will depend mostly on the dead timig Y of the

process
a) For PI Controller:

Table below shows value of A and B for PI contnolle

Table 5.3-Regulatory PI tuning method BW. Murril et al

ERROR INDICES Controller A B

IAE P 0.984 -0.986
I 0.608 -0.707

ITAE P 0.859 -0.977
I 0.674 -0.680

ISE P 1.305 -0.959
I 0.492 -0.738

b) For PID Controller:

Table below shows value of A and B for PID contpll

Table 5.4-Regulatory PID tuning method B/W. Murril et al

ERROR INDICES | Controller A B
IAE P 1.435 -0.921
I 0.878 -0.749
D 0.482 1.137
ITAE P 1.357 -0.947
I 0.842 -0.738
D 0.381 0.995
ISE P 1.495 -0.945
I 1.101 -0.771
D 0.560 1.006
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2- M ethod proposed by M. Zhuang et al.:

This method proposed by M. Zhuaegal. is used to obtain optimum PID controller
settings for minimizing time weighted integral perhance criteria. FOPDT model is

considered here for optimization using method psepidoy M. Zhuangt al.
2.1- SERVO RESPONSE for speed control:

The FOPDT model transfer function is given by:

Ke™
Ts+l ... (5.9

G(s) =

ch, T/Ti1Td/T

The following formulae gives th as the functions of /T .

(range ofr /T is between 0.1 to 1.0)

KC = i[ijbl
KAT ... (5.10)
T=— 1
a, +h,(r/T) .. (5.11)
by
st
T .. (5.12)

a) For PI Controller

The values of coefficients for optimal Pl controltening is given in following table

Table 5.5- Servo PI tuning method by M. Zhuaegal

Parameters ISE ISTE
a, 0.980 0.712
b, -0.892 -0.921
a, 0.690 0.968
b, -0.155 -0.247
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b) For PID Controller

The following table shows PID Controller optimahing parameter values:

Table 5.6- Servo PID tuning method by M. Zhuaetal

Parameters ISE ISTE
a 1.048 1.042
b, -0.897 -0.897
a, 1.195 0.987
b, -0.368 -0.238
a, 0.489 0.385
b, 0.888 0.906

2.2- REGULATORY RESPONSE for speed control:

The tuning formulae for step disturbance input (egulatory response) are:

by

szi[L)
KAT ... (5.13)

izﬁ(zf
T TAT .. (5.14)

by

-0
T ... (5.15)

a) For PI Controller

The values of coefficients for Pl controller are:
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Table 5.7- Regulatory Pl tuning method by M. Zhuaeial

Parameters ISE ISTE
a, 1.279 1.015
b, -0.945 -0.957
a, 0.535 0.667
b, -0.586 -0.552

b) For PID Controller
The values of coefficients for PID controller are:

Table 5.8- Regulatory Pl tuning method by M. Zhuaeial

Parameters ISE ISTE
a, 1.473 1.468
b, -0.970 -0.970
a, 1.115 0.942
b, -0.753 -0.725
a, 0.550 0.443
b, 0.948 0.939
54-RESULTS

The time domain analysis of Servo Speed contrdh v transfer function and step
response are given below (for open loop unconttdll€ motor model).
Servo Speed Control:
Transfer function:

3.15e-006 s"2 + 0.002428 s + 0.01012

Time domain analysis:
RiseTime : 0.5245
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SettlingTime :  0.9349

Overshoot 0

Step Rezponse

SERNO speed control I'

Ampltude

0 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4

Time (=ec)

Figure 5.1- Step response of servo speed control

The PID parameters, time domain analysis and fregueomain analysis for Servo Speed
Control is shown in table below:

Table 5.9- Servo speed control parameters table.

Error | Optimal PID Time domain analysis| Frequency Robust
Indice | Parameter Domain Performance
S Anlysis Analysis
Kp Ti Td Rise | Settlin | Over | Gain | Phase | Modulu | Delay
Time | g shoot | margi | margi | s Margi
Time n n Margin | n
IAE 0.0062 | 0.4813 | 0.1499 | 2.0827 | 3.7266 | O Inf 108.30 | -43.1700 | 1.4412
44
ISE 0.0059 | 0.4892 [ 0.2070 | 2.2369 | 3.9302 | O Inf 108.2: | -31.2342 | 1.5904
80
ITAE | 0.0056 | 0.4588 | 0.1340 | 2.1626 | 3.8597 |0 Inf 105.52 | -55.2037 | 1.4894
32
ISTE | 0.0058 | 0.4473 [ 0.1649 | 2.0274 | 3.5755 |0 Inf 106.07 | -41.7291 | 1.4399
19
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Figure 5.2- Servo speed control error indices step response

Figure 5.3- Servo speed control error indices step respdsedom)
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Bode Diagram
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Bode Diagram
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5.5- CONCLUSION

Table (5.9) shows the optimal PID parameters, taoenain analysis, frequency
domain and robust parameter obtained by OptimaltBiiilhg method for DC motor model.
It is clear from the table that O overshoot is aebd like open loop tuning method and also
rise time , settling time values are better thaenojpop tuning method. Thus Optimal tuning
methods overcome the drawbacks of both open loapbcised loop tuning methods and
gives satisfactory results for time domain analydiswever frequency domain analysis (both
gain margin and phase margin) and Robustness @adiyedulus margin) do not fall in
required range of stability for DC motor model eadter using Optimal PID tuning method.

Only delay margin is a robustness parameter tHatlisg within specified range.

Figure (5.2) and (5.3) shows that for DC motor mipodptimal PID tuning with ISTE

and IAE gives best performance for step responsmgrthe four selected error indices.

Al based technigues are gaining popularity theses dae to their high optimization
capabilities. PSO and BFO are such two techniqunek vall be discussed next for DC
machine model.
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CHAPTER 6

PARTICLE SWARM OPTIMIZATION (PSO) ALGORITHM

6.1- INTRODUCTION

Several optimization techniques using swarmingqipie have been adopted to solve
a variety of engineering problems in past decaddidke Swarm Optimization (PSO) is such
swarming techniques which can be used for PID wrBwarming strategies in bird flocking
and fish schooling are used in PSO introduced bgriidrt and Kennedy. PSO is applied in
PID tuning and its results are compared to theltsesfisome classical tuning methods to find
out which is better. Time domain analysis, freqyeth@main analysis and robustness analysis
are tabulated for our DC motor model controlledhwdptimal value of PID controller
obtained using PSO algorithm.

6.2- PSO ALGORITHM

PSO optimizes an objective function by undertalkangopulation-based search. The
population consists of potential solutions, namadiges, which are a metaphor of birds in
flocks. These particles are randomly initializedl dreely fly across the multi-dimensional
search space. During flight, each particle updaseswn velocity and position based on its
own experience and that of the entire populatidme Tpdating policy drives the particle
swarm to move towards the region with higher obyectunction value and eventually all

particles will gather around the point with thetregt objective value.
The detailed operation of particle swarm optimiatis given below:-

STEP1: Initialization. The position and velocity of alagicles are randomly set within pre-

defined ranges.

STEP2: Velocity Updating. Velocities of all the particlase updated at each iteration:-

VEWAHGR(Pes = DT SR Qo™ D )
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Where

p| and V| - position and velocity of particle respectively,

IOi best andgi,best- position with ‘best’ objective value found so far particlei and entire

population respectively,

w- parameter controlling the flying dynamics,

R and - random variables in the range of [0,1],

¢, andc, - factors controlling the related weighting of @sponding terms.
After updatingV. should be checked and maintained within a preipeéaange to avoid
random walking.

STEP3: Position. Assuming a unit time interval betweencgssive iterations, the positions

of all particles are updated according to:-

B=R+Y L (62)

After updating p, should be checked and limited to the allowed range

STEP4: Memory updating. Updat@i pest and gi best When condition is met.

pi,best = _pi if f (ﬁl ) > f(_p,best) ... (6.3)

gi,best = gi if f(g) > f(g,best) ...(6.4)

Where f (X) is the objective function subject to maximization.

STEP5: Termination Checking. The algorithm repeats S&ps 4 until certain termination
condition are met, such as a pre-defined numbge@itions or a failure to make progress for

a certain number of iterations.
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6.3- PSO FLOWCHART

The flowchart representation of PSO algorithm isvam in figure 5.1 drawn below.

START

A 4

Initialize particleswith random

position and velocity

A 4

> Evaluate particles
A 4
- 2\
Compare and update Ppest
L J
\4
N
[ Compare and update J ,qs;
[ Update velocity and position
M eet stopping

Criteria

Figure 6.1- PSO Flowchart
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6.4- OPTIMAL PID TUNING USING PSO

PSO algorithm is used to obtain the optimal valfegsPID controller parameters

namely K ,K; and K, for DC motor model In order to achieve this, a multi-objective
function has to be designed for PSO algorithm.
The multi-objective function in PSO uses only ofienany error indices along with

overshoot for optimization at a time. The figurés2§, (6.3), (6.4) and (6.5) show the step
response of controlled system using PSO algorithth AE, ISE, ITAE and ISTE in the

multi-objective function respectively.

Step Response
1 T T T T

Amplitude

Time (zec) w10

Figure 6.2(a)- Step response of controlled system when Multitbje function of PSO uses
IAE+overshoot
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Bode Diagram
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Figure 6.2(b)- Bode plot for controlled system when Multiobjeetifunction of PSO uses

IAE+overshoot

Step Response

apryduny

me (sech

10

Ti

Step response of controlled system when Multicibje function of PSO uses

Figure 6.3(a)

ISE+overshoot
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Bode Diagram
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Figure 6.4(b) — Bode plot for controlled system when Multiobjeetfunction of PSO uses
ITAE+overshoot

Figure 6.5(a) - Step response of controlled system when Multitbje function of PSO uses
ISTE+overshoot
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Bode Diagram
Gm=Inf, Pm=90 deg (at 2.17e+00§ rad/sec)
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Figure 6.5(b) - Step response of controlled system when Multithje function of PSO uses
ISTE+overshoot

6.5- RESULTS

The initial parameters for PSO algorithm are gilzetow:

n = 50; % Si ze of the swarm "no of birds "
bird _step =50; % Maxi mum nunber of "birds steps”
dim= 3; % Di nensi on of the problem

c2 =1.2; % PSO par aneter C2

cl = 0.12; % PSO paraneter Cl

w =0.9; % pso nmonmentum of inertia

The weighting factors are alpha=beta=10 for theecbje function including error

indices along with system overshoot as given below:

Objective function= Alpha*overshoobeta*Error Indices
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Table 6.1 below shows the optimized PID parameatbtained for DC motor model
using PSO algorithm along with the time domain gsialof the system controlled with these
optimal PID controller values.

Table 6.1- PSO algorithm based optimal PID parameters and domain analysis of

controlled system

Error PID Parameters dibomain Analysis

Indices+

Overshoot | Kp Ki Kd Rise Time Settling Time Overshoot
IAE 0.0052 | 10.2683| 2.6337 2.6364e-006 4.7314e-006 0

ISE 0.0961 | 0.9152 | 1.6011 4.3442e-006 7.8390e-006 O

ITAE 0.0815 | 2.7393| 4.4426 1.5612e-006 2.7921e-006 0

ISTE 0.2940 | 4.0805| 6.8244 1.0157e-006 1.8134e-006 d

Table 6.2 shows the frequency domain analysis efctintrolled system along with
robustness analysis for PSO algorithm. From thidetat is concluded that with PSO
algorithm the delay margin fall well within rangé siable operation while modulus margin

values are out of required range for DC motor model

Table 6.2- Frequency domain and robustness analysis foratad system obtained by PSO

algorithm
Err(_)r Frequency Domain Analysis Robust Asisl
|Cr)1\c/jtlecr§f1;ot Gain Margin | Phase margin Modulus margin Delay Margi
IAE Inf 90.0528 -3.2879e+003 1.8798e-006
ISE Inf 90.0869 -88.9707 3.0934e-006
ITAE Inf 90.0313 -1.1565e+003 1.1142e-006
ISTE Inf 90.0204 -490.3441 7.2521e-007
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6.6- CONCLUSION

Table (6.1) shows optimized PID parameters and titomain analysis obtained for DC
motor model using PSO algorithm. Rise time, sejtlime and overshoot are noted in the

table. For PSO algorithm the results shows that:
« 0 overshoot is obtained with every error indices.
» |ISTE gives lowest rise time and settling time, raest is given by ITAE.
* |ISE gives poorest result for DC motor model.

Frequency domain analysis (gain margin and phasegimaand robust parameters
namely modulus margin and delay margin does nothin required range for PSO
tuned DC motor model. Thus uncertainties canndob®C motor model by using PSO

optimized PID controller.
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CHAPTER 7

BACTERIAL FORAGING OPTIMIZATION (BEO)
ALGORITHM

7.1- INTRODUCTION

BFO, a relatively new algorithm proposed by K.Ms§lao, is inspired by the social
foraging behavior oEscherichia Coli(E. Coli) bacterium. Since proposed, BFO algorithm
has been applied widely for various optimizatioalpems. PID controller is the most widely
used controller in the industry and there are melagsical methods available to tune its
parameters to achieve stability of a system. BFCengployed to search for optimal
controllers parameters to minimize certain perforogaindex for DC motor model. The time
domain analysis, frequency domain analysis andstoless analysis are obtained for system

controlled by optimal PID values obtained using B&@orithm.

7.2- BASIC BACTERIAL FORAGING OPTIMIZATION (BFO):

Natural selection tends to eliminate animals witlorpforaging strategies and favor
the propagation of genes of those animals that baweessful foraging strategies, since they
are most likely to enjoy reproductive success. Afteany generations, poor foraging
strategies are either eliminated or shaped intad gowes. This activity of foraging led the
researchers to use it as optimization process. BBasethe researches on the foraging
behavior of E. Coli bacteria, Prof. K. M. Passirogmsed a new evolutionary computation
technique known as Bacterial Foraging Optimizatigorithm (BFOA). In BFOA, the
foraging (methods for locating, handling and ingesfood) behavior of E. Coli bacteria is

mimicked.

The E. coli bacteria that are present in our intestines haveraging strategy
governed by four processes, namely chemotaxis,nsiwgr reproduction, and elimination
and dispersal. The E. Coli bacteria moves throughming and tumbling and this process is

known as Chemotaxis. The Chemotactic movementrisraged until a bacterium goes in the
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direction of positive nutrient gradient (i.e. inasing function). After a certain number of
complete swims, the best half of the populationewgdes reproduction, eliminating rest of
the population. In order to escape local optimaglanination-dispersion event is carried out,
where some bacteria are liquidated at random witheyy small probability and new

replacements are initialized at random. These ffoacess are discussed below in detail.

Chemotaxis. This process is achieved through swimming and tungbDepending upon the
rotation of the flagella in each bacterium, it dies whether it should move in a predefined

direction (swimming) or an altogether differentadition (tumbling), in the entire lifetime of
the bacterium. To represent a tumble, a unit lengticlom directiongo(j)say, IS generated,

this will be used to define the direction of movernafter a tumble. In particular,
6 (j+1k1)=6(jkI)+C(i)e(i) . (7.2)

where 6"(j,k,|)represents théth bacterium afth chemotactickth reproductive andth

elimination and dispersal ste@(i) is the size of the step taken in the random darec

specified by the tumbleC” is termed as the “run length unit”.

Swarming: It is always desired that the bacterium that hesrched the optimum path of
food should try to attract other bacteria so thatytreach the desired place more rapidly.
Swarming makes the bacteria congregate into grandshence move as concentric patterns

of groups with high bacterial density. Mathematigawarming can be represented by

o s p i
Jee (‘9I (J.k,1))= Z [-d attraaanteXp(—Wattractantz (ﬁm— 6 m)2 )]
i=1 m=1

+i [ I’-lrepellantexp(_ Wrepellani (6 m ei n)z )]

. (7.2)

Where JCC(H‘ ( j,k,I)) is the cost function value to be added to the &ctost function to be

minimized to present a time varying cost functit®. is the total number of bacteriap™is
74



the number of parameters to be optimized that aesept in each bacteriund

attractant ?

Waractant s Nrepetiants @Nd Wi @re different coefficients that are to be choselicjously.

Reproduction: The least healthy bacteria die, and the othettliieat bacteria each split into

two bacteria, which are placed in the same locafidnis makes the population of bacteria
constant.

Elimination and Dispersal: It is possible that in the local environment, tife of a
population of bacteria changes either graduallgdaysumption of nutrients or suddenly due
to some other influence. Events can kill or dispeats the bacteria in a region. They have the
effect of possibly destroying the chemotactic pesgr but in contrast, they also assist it,
since dispersal may place bacteria near good foortss. Elimination and dispersal helps in
reducing the behavior atagnation(i.e., being trapped in a premature solution pomibcal
optima).

7.3- BACTERIAL FORAGING OPTIMIZATION ALGORITHM (BFOA)
The algorithm to search optimal values of paransater

STEP 1:- Initialize parameters;, N, N_, N,, N, N,;, B, Q)(i= 1,2...... N ' where

n: Dimension of the search space,

N : The number of bacteria in the population,

N ¢: Chemotactic steps,

N,: Maximum number of swim length,

N, : The number of reproduction steps,
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N.,: The number of elimination and dispersal events,

P,,: Elimination and dispersal with probability,
C(i): The size of step taken in the random directicetsjed by the tumble

8'(j,k,1): Position of thei-th bacterium atj-th chemotactick-th reproductive and-th

elimination-dispersal step.

STEP 2:- Eliminate dispersal loog:=1 +1;
STEP 3:- Reproductive stepk = k+1;
STEP 4:- Chemotaxis loopj =j +1

Fori=1,2... N, take a chemotactic step for bacterium as follows:
Compute fitness functiod(i, j,k,I)

o I IkD=jCik W@ Gk P (kL) oy

p

Where ‘Jcc (HI ( j’ K, I)) = Z [_d attractantexp(—wattractantz (gm_ gim)Z )]
i=1

m=1

s p .
+Z [ hrepellantexp(_ Wrepellantz (6 m_ 0' rr)2 )]
i=1 m=1

.. (7.4)
And 8=[6,86,....6,T is a point in D-dimensional space.

Let J,... = J(i, j,k,l)to save this value since we may find a better ¢iasa run.

last

Tumble: generate a random vectdfi) JR" with each elemenmd (i),m=1,2,....p,

a random number on [-1,1].
8 +1,i k)= 00 ] k )+C()%
AT (A
... (7.5)

This results in step siz€(i) for bacterium i.

Move: Let
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Compute‘](i, J +1k | )

Swim
Let m=0 (counter for swim length)

While m< N, (if have not climbed down too long).

Let M= m+1.
g 900K )< (if doing better),
Let ‘]Iast = J(I’ J +1’k’| )and

A()

——t
JAT()A) (76

O3 +1,j k)=60(+1jk )+C {
Use this to calculate the ned(i, j +1k | ) as in (f);

Else if m= N;. This is end of while statement.

Go to next bacteriunfi +1) if i #N (i.e., go to (b))

STEP5:- If j<N_, go to step 3. In this case, continue chemotaxige the life of bacteria

is not over.

STEP 6:- Reproduction:

Ng+1
For a givenk and!, and for each =1,2..N, let J,..,, = D J(i, j.k,1) is the health
i=1
of bacteria. Sort bacteria and chemotactic paras€té) in ascending order of cost.
Jearn (Nigher cost means lower health).
The Sr bacteria with highesk .., value die and the remaining Sr bacteria with the

best value split.

STEP 7:- If k< Nre, got to [STEP 3]. In this case, we have not redde number of

specified reproduction steps, so next generatidheothemotactic loop is started.
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STEP 8:- Elimination-Dispersal: Fori =1,2,..N, with probability P,,, eliminate and
disperse each bacterium, and this results in kgepi@ number of bacteria constant. To do
this, if a bacterium is eliminated, simply dispecs at a random location. llii< N, then

go to[STEP 3]; otherwise end.

6.4- OPTIMAL PID TUNING USING BFO

BFO algorithm is used to obtain the optimal valt@sPID controller parameters for
our DC motor model so as to keep the operatiomtifeesystem within specified range of
stability. Just like in PSO algorithm, the multijettive function in BFO also uses only one

of many error indices along with overshoot for opgation as shown below.
Objective function= Alpha*overshoot + beta*Errodloes (alpha=10, beta=10)

The figures (7.1 a), (7.2a), (7.3a) and (7.4a) shiosv step response of controlled
system using BFO algorithm with IAE, ISE, ITAE al®ITE in the multi-objective function

respectively.

Step Response

Amplitude

] ] ] ]
0 0.0 0.02 0.03 004 0.05 0.08 0.07 o.08 0.09
Time (sec)

Figure 7.1(a) - Step response of controlled system when Multitbje function of BFO

uses |IAE+overshoot
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Figure 7.1(b) — Bode plot for controlled system when Multiobjeetfunction of BFO uses
IAE+overshoot

Figure 7.2(a) - Step response of controlled system when Multicthje function of BFO

uses ISE+overshoot
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Figure 7.2(b) — Bode plot for controlled system when Multiobjeetfunction of BFO uses
ISE+overshoot

Figure 7.3(a) - Step response of controlled system when Multicthje function of BFO

uses ITAE+overshoot

80



Figure 7.3(b) — Bode plot for controlled system when Multiobjgetfunction of BFO uses
ITAE+overshoot

Figure 7.4(a) - Step response of controlled system when Multicthje function of BFO

uses ISTE+overshoot
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Bode Diagram
Gm=Inf, Pm=283.2 deg (at 0.72 rad/sec)
T T T T —

Magnitude (dB)
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Figure 7.4(b) - Step response of controlled system when Multictbje function of BFO
uses ISTE+overshoot

6.5- RESULTS

The parameters for BFO algorithm used in optimaratfor DC motor model are given

below:

p=3; % di nensi on of search space

s=10; % The nunber of bacteria

Nc=5; % Nunber of chenptactic steps

Ns=4; %Limts the length of a swm

Nr e=4; % The nunber of reproduction steps

Ned=2; % The nunber of elim nation-dispersal events

Sr=s/ 2; % The nunber of bacteria reproductions (splits)
per generation

Ped=0. 25; % The probability that each bacteria wll
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Table 7.1 below shows the optimal PID parametetsindéd for DC motor model
using BFO algorithm along with the time domain gee of the system controlled with these

optimal PID controller values.

Table 7.1- BFO algorithm based optimal PID parameters ame tlomain analysis of

controlled system.

Error PID Parameters Time Domain Analysis

Indicest+

Overshoot Kp Ki Kd Rise Time | Settling Overshoot
Time

IAE 0.0491 0.3482 0.4905 0.0035  0.0043 0

ISE 0.0336 0.3223 0.4740Q 0.2333  5.5852 2.0274

ITAE 0.0235 1.0106 0.1777 0.1159 1.9545 2.2589

ISTE 5.3963e-004 | 0.2626 0.4927 1.0094  32.0118 2.655

Table 7.2 below shows the frequency domain anabfsiee controlled system along
with robustness analysis. Robust parameters likdulms margin and delay margin are

necessary to fall in specified range if systemtbadackle uncertainties due to load variations.

Table 7.2- Frequency domain and robustness analysis forated system obtained by BFO

algorithm.

Error Frequency Domain Analysis Robustness Analysis
I ndices+
Over shoot

Gain Margin Phase margin Modulus margin Delay Margi
IAE Inf 90.283t -940.446! 1.0210+-00%
ISE Inf 90.293! -1.0067e+00 1.0473+-00%
ITAE Inf 90.782¢ -7.043+00% 2.8090-00¢
ISTE Inf 90.2824 -932.1073 1.0074e-005
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7.6- CONCLUSION

From table (7.1) and (7.2) the BFO algorithm basptimized PID parameters and
their performance in DC machine model for time dom&equency domain and robustness
are observed. For BFO algorithm, these results shatv

* |AE gives lowest rise time, settling time and O my®ot.

* Next result of ITAE for rise time and settling tinaee second best after IAE,but for
overshoot ISE is second after IAE.

» |ISTE gives worst performance in case of the seleb& motor model.
* BFO algorithm gives Kp, Ki, Kd values in lesser¢ims compared to PSO algorithm.

* Both frequency domain analysis and robustness sisafre not achievable within
required range.

84



CHAPTER 8:-

CONCLUSION AND FUTURE SCOPE

In this thesis, various classical PID tuning methadd Optimal PID tuning methods
based on performance indices are discussed andatlkeynplemented for the selected DC
motor model for servo speed control. Their resats observed and discussed. Next PID
controller is designed using Al based optimizatimchniques namely Particle Swarm
Optimization (PSO) algorithm and Bacterial Foragi@gtimization (BFO) algorithm for
better servo speed control of DC motor model.

The results of open loop and close PID tuning niglsuggest that frequency domain
analysis (gain margin) cannot be achieved withggested range for DC motor model. Also
there is a compromise in overshoot or rise timtlirsg time while making choice between
two classical categories of PID tuning. Robust perizr (like modulus margin) is not within
required range for DC motor model using Classid@) Rining techniques. So controller

cannot deal with uncertainties caused due to lbadge in case of selected DC motor model.

Optimal PID Tuning technique based on performamckces provide flexibility to
range of rise time, settling time along with 0 ehaot for DC motor model and thus proves
better to the two categories Classical PID tunipgraach. Frequency domain (both gain
margin and phase margin) as well as robustnesysasigmodulus margin) are still not

obtained within specified range by using Optimdd Hluning method.

After classical approach and Optimal Tuning methuzly PSO algorithm is applied
for obtaining optimal values for PID parameters better system performance. Using PSO,

we are able to achieve 0 overshoot with good nise &ind settling time values.
BFO algorithm is next artificial optimization tedqne applied for optimization of

PID parameters for DC motor model servo speed obridvershoot , rise time and settling

time are achievable within specified range but &0 overshoot is not 0.
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BFO algorithm calculates optimal PID values mudtdathan PSO. PSO on the other
hand is much simpler in structure as compared t@.BFequency domain analysis( gain
margin) does not fall within specified range ofodlity for any technique used for DC motor
model, while none of the robustness parametersobtaned within specified range when
BFO and PSO are used.

PSO and BFO can be further modified for more adeusdaptation of Swarm
Intelligence for further studies in this field aglas other fields also. Micro-BFO algorithm,
Smart BFO algorithm are some of the modified BF@raaches with fast speed and better
performance and can be used for DC motor modeldspeatrol. A hybrid approach
combining the best qualities of PSO and BFO algoré can also be applied for better speed
control of DC motor model. Here ideal parallel Riéntroller form is used. This work can be
extended further by using other related PID colgratonfigurations like series PID, ideal
PID with first order lag etc. for DC motor speedntol. PSO and BFO are very good
performers when time domain analysis is considebed,their performance for frequency
domain and robustness analysis is not very goodhiSaan be taken as a research work in
future so that PSO and BFO gives optimum perforreanall three fields of time domain,

frequency domain and robustness analysis.
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