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Design Optimal Fractional Order PID Controller
Utilizing Particle Swarm Optimization
Algorithm and Discretization Method

Abdelelah Kidher Mahmood, Bassam Fadel Mohammed

Abstract—In this paper particle swarm optimizationgarithm
has been applied todesign fractional order

The derivative action in the control loopwill imwme the
PIDdamping and therefore accelerating thetransierpores.

(FOPID)controllerwhich has five unknown parameters tbe

tuned anddetermined by minimizing a given integrabf

timeweightedabsolute error (ITAE) as a fithess funatio The

FOPIDcontroller is a special kind of PID controllerwhose

derivative andintegral order are fractional rathethan integer

which has fivetuned parameters.The closed loop sy$te a plant

cascadedwith the fractional order PID (FD*) controller has been
builtutilizing a  MATLAB/Simulink  with  applicationof

intelligentoptimization algorithm (PSO) asa sub mgymam. The

parameters of the PD“controller found and injected to the
controller structure. Themain specification of thismethod is that
the all five parameters of PD*controller have been found directly
without spreading the steps ofcomputation. The
showperformance of the closed loopsystem with FOPIDtcoller

is much better than integer orderPID controller fothe same
system and with better robustness.Th&Pcontroller converted
to z domain and programing toPIC microcontroller usj new
PIC Development Board.

Index Terms—Fractional calculus,fractional order cdroller,
fractional order toolbox for MATLAB, MATLAB Simulink, P®
algorithm, continued fractionexpansion(CFE), program@n in
C,PIC microcontroller.
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Many theoretical and industrial studieshave beeredo PID
controller setting rules like Ziegler andNictelin 1942
proposed a method to set the PID controllerparamete
Hagglund and Astrém in 1955 and in 1999changinghan
technique have been introduced by them. By gemérglihe
derivative and integer orders, from theinteger dfigb
non-integer numbers, the fractional order PIDcdnig
obtained [1]. The performance of the PID contraler be
improved by making the use of fractional orderdatixes and
integrals. This flexibility helps the designmordust system.
The most important advantages of th&DPIcontroller is the
better control of dynamical systemsand less sessitd
changes of parameters of a control system[2]. Befmsing
the fractional order controller in design anintrotion to the
fractional calculus is required. The firsttime, cdls
generation to fractional, was proposedLeibniz angitdl for
the first time after words, the systematicstudmethis field by
many researchers such as Liouville1832, Holmgresa Ehd
Riemann 1953 were performed[1]. Due to widespresj@
ofPID controller in industriesand product manufaetu so

researchers always motivated tolook for abettor @uithble
| INTRODUCTION ](cjesign method or al'_[ernativecontroller[3]. For ep&m the
ractional order algorithm forthe control of dynansystems
Theimportant requirementsfor a closed loopcontrbhs been introduced byutilization of CRONE (French
systemincludingthe controller is to maintain thebiltty and abbreviation for CommandRobusted’'Ordre Non Entievigr
robustness through the rejection of the disturbarite PID controller, whichhas been demonstrated iost&doup
andelimination of noise. The most popular contrsllis the [4]. Podlubny hasproposed a generalization of thB P
PID controllers which has parameters to be tuoedet a controller as PD* controller which is known as fractional
wellspecifications for the system both in time damaorder PID controller,wheré. is the non-integer order of
andfrequency domain. integrator and p is thenon-integer order of the
The PID controller that are significantly used idlifferentiatorterm. He alsodemonstrated that théD'PI
theindustries and  manufactures and in  otheontroller has better responsethan classical Piibraiter [5].
domesticequipmets, which has three parameters to be tundétequency domainapproaches of “Pl controller are
Tuning PIDcontroller is most importunate issueriddstrial studiedin [6]. Also many valuable studies have bdene
and process controllers due to its ability to tuhe few forfractional order controllers and their implemeigns
parameters likeproportional, integral and derivativanually in[7].Crucial importance of tuning of the controecannot
or self-tune  automatically.  According to thdéeunderestimated.Thus, many tuning techniques
Japanelectricmeasuring instrument manufatsuassociation obtainingthe parameters of the controllers wereothiced
in 1989, PID controller is used in more than 90%tiwé during lastfew decades. Tuning methods dDPkontrollers
control loop. As anexample for the application dDP are recent research subject. Most of the researchientedto
controller in industry,slow industrial process danpointed, theclassical optimization and intelligent methods
low percentageovershoot and smallsettling time &&n [8].Sometuning rules for robustness to plant urdety for
obtained by usingthis controller. In feedback coinglystems Pl"controller are given in [9].However in order to mmke
the controllerfunction has ability to eliminate &g state betterresults, there are still needs for new methiodbtain

for

offsets throughderivative action.
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theparameters of )" controllers.

In this paper the Particle Swarm Optimization
(PSO)algorithm has been used to tune the paranuéter
in order to get an optimum time
domainspecifications in which integral of time glatied
absoluteerror (ITAE) has been minimized and thailtes
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comparedwith conventional PID and with some o
methods likeheproposed method by (Vineet Shekher, Pz
Rai and Om Prakaslil], in which the parameters of D"
controller has been obtained in three steZiegler and
Nichol’'s method to find proportionalK,, integral K;
parameters, Astrom-Hagglumeéthod to fid derivative
parameterKy and the remainedparametendifound by
optimization toolboxof the MATLAB fsolve”).While in our
optimizationmethod, the five parameters found diyeby
utilizing PSO algorithm.

II. FRACTIONALCALCULUS

Fractional calculus is a generalization of inteigratand
differentiation to norinteger order fundamental opera
<DI, wherea andt are the limits of the operation ar e R
The continuous Integrdifferential operator is defined .

d?"
(dtr tr>0,
D =41 tr =0, )
f (L :r <0.

The three equivalent definitions most frequentlyed
forthegeneralfractionaldifferintegralaretheGrinv-Letniko
v(GL)definition, the Riemanthiouville (RL) and the Caput
definition. The GL definition is given by:

7
Dif@ = tmh ) 0/ () fe=jm @
j=0

where [.] means the integer part. The RL definiti®given
as:

DiEf() =

d‘n.

I”(n—r)m

3)
for (n — 1< r < n) and wherd(.) is the Gamma functiol
The Caputo definition can be written as:
D F(E) = f (@) i 4
atf()_[‘(n_r)a(t_‘[)r_n-'—l T ()
for (n—1< r < n). The initial conditions for the fraction
order differential equations with the Caputo derixes are ir
the same form as for the integmder differential equatior
In the above definition/{m) is the factorial functior
defined for positive real m, by the following express

[oe]

r(m) =f e *“u™ tdu (5)
0

for which, whemmis an integer, it holds th:

rm+1)=ml! (6)

The definition of fractional derivative easily dexs by
taking ann order derivativer( suitable integer) of m order
integral fn suitable non integer) to obtain n — m = qorder
one:

dUO) _ O
dtd dt" m
), E O @

It must be noted that fay = 1(n = 2, m =1), (7) becomes >

the canonical first order derivative.
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Laplace transform of neimteger order derivatives is
necessary for an optimal study.Fortunately, noty vieig
differences can be found with respect to the alatsiase
confirming the utility of this mathematical tool ev for
fractional systems. InvezsLaplace transformation is al
useful for time domain representation of systemswhich
only the frequency response is known. The most rgé
formula is the following:

d™f(O) _ dmEf()
SR - g -3 o [
wheren is an integer such thn - 1<m<n.
The above expression becomes very simple if all
derivatives are zero [10]:

LTIV emiir e ©

A fractional order system is that systdescribed by the
following fractional order differential equatic

(8)

an D () + an- DT () +

an—ZDom_2 f(X) +oee = anan(x) +
o1 DPP TGO + pu DPTEf ) + - (10)

whereD®* = (D", is called the fractional derivative

orderan with respect to variablt and with the starting poimt
=0, [11].

Ill. FRACTIONAL ORDER PID (FOPID) CONTROLLE

The integrodifferential equation defining the cont
action of a fractional order PID controlis given by:
u(t) = Kye(t) + K;D?e(t) + KzD"e(t) (11)
wheree(t) is the error signal of a tracking systeu(t) is the
control signal, Applying Laplace transform to tliguatior
with null initial conditions, the transfer furion of the
controller can be expressed by:
Cr(s) =K, + Kis™ + K s*
= )“l‘+56”5 +1
— wr
=K "

(12)

In a graphical way,thecontrol possibilities using
fractionalorder PID controller are shown in I. 1, extending
the four control points of the classical PID to tlamge of
control points of the quartgtane defined by selecting t
values ofA andu [12].

A PI PID N PID
A=1 ® =1

p PD P PD

0 p=1 n 0 p=1 H

Fig 1. Fractionabrder PID vs classical P

IV. PARTICLE SWARM OPTIMIZATION (PSO

Aspecial approach of swarm intelligence based
simplified simulations of animals' social behavjossich a:
fish schooling and bird flocking, is the particlevasm
optimization (PSO) algorithm. PSO is a +adaptive search
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optimization. The goal of particle swa optimization is tc
solve the computationally hard Optimization probdemhere
it is a robust optimization technique based onnttezemen
and intelligence of swarms and applied successtoléywide
variety of search and optimization problems. It inspired
from the swarms in nature such as swarms of biisls, etc.
The PSO developed in 1995 by James Kennedy and
Eberhart. The algorithm adopted uses a set ofgpestflying
over a search space to locate a global optimumrevh
swarm of n paicles communicate either directly or indirec
with one another using search directions, in etaiation of
PSO, each particle updates its position based oee
components, by determines its velocity using, pmes
velocity, best previous positioand the best previis position
of its neighborhood. Fig. dllustrate the flow chart of PS
algorithm. The basic concept of PSO lies in acetileg eact
particle toward the best position found by it so(pbes} and
the global best positiomles} obtained so far by any particl
with a random weighted acceleration at each timp, shis i<
done by (13) and (14):
Vigr =W x v, + ¢; *rand(0,1) * (pbest — x;)
+c, *rand(0,1) * (gbest — x;) (13)

Xep1 = X + Vpq (14)

where: gbest= Global Best Position.
pbest= Self Best Position.

C, andC, = Acceleration Coefficients.
w = Inertial Weight.

Once the particle computes the ngit then evaluates its
new location. If fitnessx) is better than fithesqpbes}, then
pbest= x, and fitness gbes} = fitness %), in the end of
iteration the fitnessgpes} = the better fitnesspbes}, and

gbest=pbest{13].

Initialize particles with random position
and veloeity vectors
|
For each particle’s position (x;)
evaluate fitness

!

If fitness(x,) better than
fitness(pbest) then pbest= x,

Yes

Set best of pBests as gBest

Update particles veloeity (eq. 13) and
position (eq. 14)

Yes

I giving gBest, optimal solution |

Fig 2.Flow chart of PSO algorith
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V. DESIGN OF PD* CONTROLLER USING OPTIMAL
PSO ALGORITHN

Theclosedloop system with negative unity feedb
control system simulation shown Fig. 3 with MATLAB,
where the fractional order PID (FOPID) controllGq(s)
implemented by using fractional control toolb[14], the
integral of time weighted absolute error (ITAE)d@gective
function and the plar®(s) were implemented by MATLAL
toolbox.

K;
G.(s) =K, + o + K;s* (15)
‘O =i 10
ITAE = fwt|e(t)|dt 17
0

Integrator

nipid

h

* J
532425

Scope

Fractional FID Transfer Fon

Controller

Fig 3. Negative unity feedback FOPID control sys

The PSO algorithm method has been implemented
file which interconnected to simulink mo, where the
FOPID controller parameters are computed and feetthd
GUI of the controller. The optimization performedttwthis
initial parameter, number of particles 30, numbédr
dimensions 5, maximum iteration 5C;=1, C,=3, with the
objective functiofifTAE. The initial values of five
parametens,, Ki, Ky, Aandp of the fractional order PID
controller will be generate in PSO program and stitinr
simulation diagram in Fig.,3and running the simulation
automatically then compute the objective functidAE and
go back with value of ITAE to PSO program to imprdhe
value ofKp, K;, Kg, A, andy, and go on.n the end of iteration
the five parameters of the fractional order controllerK,,
Ki, K¢ A, andp has been obtained directly according to
minimum value of objective functiolTAE. The obtained
results shown in the Table I.

Table I.Parameters of FOPIcontroller obtained

byPSOalgorithr
Parameters

Tuning

method

and Kp Ki Kd y) H
controller

PSO

algorithm, | 98.1959 [ 0| 70.9573 | O 1.4497
(FOPID)
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Step response of the system in Fig. 3 for the FOPIDStep response of the system gives valuable inféomat
controller tuned by PSO algorithm in Table |, ithaded in such as maximum overshoot (Mo.s %), rise time ), peak
Fig. 4. time ( Tp ) and settling time (Ts ). It can be alved from the
Table I, that the PSO algorithm method gives mbelter
time domain performance with respect to the progose
methods in [1],specially for maximum overshoot(Mé6)s
rise time(Tr), peak time(Tp) and settling time(Ts).

o B Table Ill. Step response specification of PID & RDP
T | LT T N N T . . controllers
z . ¢ Step response specification
S ol ........ - ........ ........ ........ ........ s ....... o mEthOdT:r:l(;ncgontrO"er Maximum | Peak | Rise | Settling
: : - ; ; : ; : ; overshoot | time | time time
0gaHl:oen- s ........ ........ ........ ........ i 2 (MOS%) (Tp) (Tr) (TS)
w0 N L N Ziegler-Nichols, (PID) 735 | 167| 32§ 125
. & EoE L Astrém-Hagglund, (PID) 43 166§ 295  6.67
DD D!S i 1ig 2I 2!5 3I 3!5 4 4!5 5
Time (secand) Proposed method in [1],
27.9 0.96 1.74 4.65
Fig 4. (FOPID)
o PO aigorihm, 197 | 0.195 0084 0.476
Whereas the results that obtained in the propossttiad ( )
by authors in [1] fdrand p and other parameters of the
controller for different methods like Ziegler-Nidhs, VI. ROBUSTNESS TEST OF THE SYSTEM

Astréom-Hagglund and the refsolver optimization noeth

) The main advantages of the fractional order coletr@lre
shown in the Table II.

the robustness of the system whenever a disturtzaocered

) and in case of the uncertainty in the parametdrs. System

Table Il. Parameters of PID & FOPID controllersaibed by \which has been designed tested by two type of ihiahice
different methods one is when a load or perturbation was applied fm t

. Parameters system.The second when selected parameters aratetbvi
Tuning from its original value by 20%.Fig. 6 shown the glation
method and | K, Ki Ka 2 u system for PID and FOPID controller with disturbampaitting
controller after the plant, because if the disturbance puivést the
Ziegler-Nich controller and the plant the system never affegt {e system
0|’S, 3.6 1.63 1.98 1 1 is very robust)
(PID) '
Astrém-Hag
glund, 459 | 151 | 3.48 1 1 N
PID
( ) s3+3:‘2+25 c “
PI’OpOSQd Step PID Cantroller Plant
method in 3.6 1.63 3.75 1.39 0.79 E
[1], (FOPID) o
Step response of the system in Fig. 3, for eachraiter in
Table Il, illustrated in Fig.5. @
18 T | |
(S 4 "ll | |
[ | — 4: -+ - _:\I_ il : J:__ e _i_ S| d L 1 Disturbance
14F = =+t - === == " T s34
If WL [} | |
8 k—i 1 [ | e Fractional PID Plant
L IR\ N T S et s i s Contller ‘§|
= R T e A I - ’—’
>_- IF=r : ﬂ”“lji:{.'- .-f': : "‘4| = : |l : . Scope
=1 II | | AL Vi I | | [} | |
| e e [ SRy Sups P
a I | _ 1 ] |
il F}t_—t’: Method that proposed in [1] | | ok _:__ _ _:_ _ - (b) . .
I i ; : : . ; ' : ! Fig 6. (a) System for PID controller with disturlsan (b)
| 'I";\f" R T e e e T A System for FOPID controller with disturbance
PO U5 SN | P! PRI TV ) SOOY SISV (DSOS | MO PUSSUON
/ : : | : : : : |l : Fig. 7 shown that the system for FOPID controllemains
o T & & & 0 1 4 & % 2 stable and very litle effect on the time domaimfg@enance
_ Time (second) which means the sensitivity is very much low coesiayy the
Fig 5. Step response of PID & FOPID control systamed  deviated parameter from is original value.
by differentmethods
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i Table IV shown the time domain performance for the
system FOPID controller with disturbance Fig. 8{apetter
than the system PID controller with disturbance Bip).

Table IV. Step response specification of PID & FDPI
controller with disturbance

Output Y(t)

Step response specification

i i i ; i i i i System
% 7z 3 75 2 3% 3 3s s S 5 &tun|ngmeth0d Max'mum Peak Rlse Settllng
ofcontroller over shoot | time | time time
(Mo.s %) (Tp) (Tr) (Ts)
7777777777777777777777777777777777777777777777777777777777777777777777777777 3:5 Astrom-Hagglund
PID) 40 2 | 076 | 115
) PSO
; algorithm,(FOPID) 19.7 0.23 0.091 2.38
=
=]
8

VII. DISCRETIZATION OF P{D* CONTROLLER

In this paper used the direct discretization metimatlde
the continued fraction expansion (CFE) of Al-Alaoui

iz operator, that is a new mixed scheme of Euler anstim
Time (second) operators. The resulting discrete transfer function
(b) approximating fractional-order operators, can bpressed

Fig 7. (a) Step response for system FOPID contt@®  as:
Focus (zoom) on (a)

+
Fig.8shown the system sensitivity for FOPID colterois tr 1=zt "
very low considering the disturbance effect comgasith D*"(z) = (ﬁ) CFE —
PID controller. T+—
05 ! Disturltran:e p.q
g 04 el = ER - g - : 1 +r -1
5 : : : - : 8 P,(z
5 oz} S i T — : sy N 7T Qq(z )
'E LR B X8 = ' ------- i e o i i .
= J : ! : : ; ‘ ‘ ; WhereT is the sample period, andQ are polynomials of
vooms s zEs 338 445 5 degree andq, respectively, in the variable'd5], [16],
[17].
- By the parameters in the Table I, the continuoassier
= function of PtD* controller can be expressed as:
S G.(s) = 98.1959 + 70.9573s14497 (19)
_ The resulting transfer function @.(s) was obtained by
ettt using (18) and fof = 0.015 second afpi=q=n =5, has the
(?)th following form:
0.5 T
;: Dl b o s e e e e T B e VR S R M R R A SR S " C ( ) 3 4’.74’4’607 _ 1.4’07608Z_1 + 1.5146082_2
i (11| S PP SR — frmmsomszemeees 4 c\Z) = 1247 — 163921 n 447 472
_; L e s o o cimip o m e e m sy o st o e e St parte s prr ke 4 _6.9959072_3 + 1.2216072_4 _ 3.5719052—5 20
R — T | . — ] 9L — 1397, — 5 (20)
00 é 1E 15
Step Aespense The transfer function (20) was rewritten to diffece
15F e TR e e ] equation and was coded by PIC Micro C and thenddad
g | " i N PIC18F45K22 memory by using the new PIC Development
2 RSN e Board (EasyPIC v7 Development System) shown in ig.
‘g‘ US—-I S S | S [18].

Time (second)
(b)
Fig 8. (a) Step response for system FOPID contralith
disturbance, (b) Step response for system PID altertwith
disturbance
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domain performance for the system exhibits a lésponse
for both continuous and discrete time system.
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