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Abstract: Designing and automation of a robust controller and
pre-filter for multi-variable processes are a very challenging task.
In this study, an automated and simple conception of multi-
variable QFT (QFT: Quantitative Feedback Theory) is proposed
using fractional order controllers design. Contrary to the
traditional manual QFT design, our methodology consists of
obtaining all required performancesin QFT without going to the
QFT loop shaping processA non-integer order proportional
derivative controller PDy is conceived for a robust control of
MIMO (Multi Input Multi Out- put) systems through
multi-objective optimization based genetic algorithm . In the
designed approach an implicit fractional order pre-filter FBLFD
(FBLFD : Freguency Band Limited Fractional Differentiator) is
adopted and its parameters are optimized. A diagonal version of
this fractional order prefilter and a non diagonal one are
proposed. The problem of loop interactions is eliminated by the
non diagonal designed pre-filter. Consequently, the procedure of
fractional controller and pre-filter parameters optimization is
illustrated. A comparative study and the efficiency of the
developed methodologies are considered through SCARA robot.

Keywords : FBLFD prefilter, Fractional order Controller,
Multivariable systems, Motion control.

I. INTRODUCTION

The large majority of practical systems are multivariable
[1]. The MIMO systems (Multi Input Multi Output) are more
frequent as compared to SISO (Single Input Single Output)
ones. In fact, controlling SISO system consists of a synthesis
of a controller that provides stability and specified
performances in the face of uncertainties and disturbances.
More than the above required performances, a MIMO
controller is called to minimize control loops interactions.
InMIMO control, the QFT [2] isavery used process based on
Nichol’s chart.
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This called QFT methodology is one of ro-bust methods to
generate acceptable MIMO system responses while
respecting disturbances rejection and uncertainties [3]. In the
MIMO QFT methodology, the initial MIMO process with
uncertainty isdistributed into uncertain subsystems. The QFT
approach is used to control MIMO systems by designing, for
each subsystem, a local suitable controller and pre-filter to
keep responses under pre-specified bounds.One of the
challenging tasksin a system motion control is how to keep
the performance of a process in face of plant uncertainties
and external disturbances. In recent years, researchers have
become increasingly interested in the issue of systems with
uncertainties[2]-[19]. Theidea of this paper isto announce a
robust path tracking approach for robotic applications by the
fractional PID controller and fractional pre-filter techniques.
The impulse for this technique is the smart features that the
fractional approachesexhibit. Thisdesign methodology based
on automated design of combined non- integer PID control
process and fractional pre-filter in QFT provides besides
stahility, rejection of disturbance and noise insensitivity. The
fractional Calculus (FC) has been gaining importance in
recent years. This topic of mathematics used integrals or
derivatives of real or complex order of afunction [4]-[7]. Yet,
the FC is not well known like integer order (10) calculus due
to foreign fractional order (FO) derivative and the limited
number of physical and control engineering applications
which incorporate this notion. Quite recently, considerable
attention has been paid to FC and to related application to FO
controllers.

Much research based on FO controllers has been done. It
proves the robustness and the high quality of this type of
controllersthan the |O ones. The FO controllersare utilized in
different areas like sciences, physics and engineers domain.
This type of controller proves its ability to resolve problems
of robustness and performances [7]-[12]. A non-integer order
PID controller which is a generalization of the integer order
one is proposed to resolve some limitations (rapidity,
stability...) given by the classical ones [13], [14]. This
fractional order (FO) PID controllers with its extradegreesin
the integral and derivative terms alows flexibility in the
control process. The FO controllers are used to improve the
system robustness [15], [16]. For controlling MIMO systems,
several non-integer order approaches are studied in literature.
An extended version of CRONE control (CRONE
Commande Robuste d’Ordre Non Entier) agorithm is
elaborated by Gruel et al. [17].
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Also, a control method based diding mode is developed
[18] in which adliding variable with a special fractional order
are selected. Moreover, a robust synthesis based on
combining MIMO QFT and Hw [31] and CRONE control
[30] isstudied to treat the case of multivariable systems. Both
decentralized and decoupled fractional order PID controller
are treated by Muresan et a. [12] for non-minimum phase
processes.

[I. PRELIMINARIES

A. Fractional calculus

Since 17th century, leibniz and Euler [34]-[36] has initiated
thetopic of differentiation with fractional (non-integer) order.
This theory, in 19th century, is well dealt with Lacroix,
Laplace, Liouville, Riemann, Abel, ect [37]-[41]. The object
of fractional calculus topic is evaluating the non integer

differentiation of such function. The fractional calculus is to
n

evaluate a fractional differentiation of an equation dt_?‘/

where n can be integer, fractional or complex.

The generalized fundamental definition including
fractional integration and differentiation of order o is given
as:

da
R(@)f 0
e ()
D ={1LR(@)=0 (1)

t

j(dr)*“ R(a)p0

a

With R(a),aandtare respectively the real part of o and
the two bounds of operation. Several description of
non-integer order derivative systems are discussed. The most
known and used are GL (Grunwald-Letnikov) and RL
(Riemann- Liouville) definitions.

The following expression gives the GL presentation of
the fractional differential with order a of the function

f@©, DO
N
LD =limh Y (-1 (j)f(t—Jh) @
=

In which {‘*T“} isthe integer portion of ["T"‘) and,

[T] T J+E)(?(Zl—) ST €

with [, h arerespectively the function gammaand the
step time. The definition of RL of the non-integer
derivative of f isspecifiedby:
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A" ¢ pegyo L (4] [ _f()dr
=D f(t)—r(n_a)( t] l(t_r)l_m

(4)

Where n = [a] + 1, ([a]: the integer part of a). For several
real uses in physics/mechanics domains and engineering, the
equivalence between these two definitions given by GL and
RL are demonstrated by many researchers.There are several
methods of approximation of the fractional order functions.
These approximations [5],[34]-[41] are available in both
domains (discrete or continuous). Depending on the context
and several characteristics, one of them is used in order to
respect frequency behavior, response time or other factors
like these.

B. MIMO QFT overview

The MIMO QFT robust frequency design methodology is
founded on considering 2 degrees of freedom (pre-filter F and
Compensator G) in order to satisfy some robust specifications

like robustness with respect to uncertainty. The pre-filter F
is designed after the controller G in the aim to guarantee
desired frequency response with uncertain systems.

Considering the MIMO-QFT control loop in figure 1:

Pre-tilte compensator

K o

Fig. 1. MIMO control loop structure

plant

Y

—-|P € {P(s)} -r

P is the matrix of transfer, minimum-phase and time
invariant with uncertainties to be controlled. The closed-loop
matrix T is as:

T=[1+PG] " PGF

Let P~1=[p*]=A+B, withA and B are the diagonal
and anti-diagonal parts of theinverse of matrix P, called P 1,

The matrix T can be reformulated into:

T=[A+G]'[GF -BT] ®)

So, elements of matrix T will have be formulated

considering G=diag(g;) and
1 det(P)
qij ==, &

p; adi(R)
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1 2
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With:
_ G
w; = 1
+ ;0
Vi =G fij

And

dij = —Zm:{ti}k =12,...,m

hzi ik

djj is considered as “disturbance” [43], so the MISO
system is assimilated to a SISO form.

For aMIMO process with square order, for example a
2 % 2 process, the MIMO closed loop function presented
in figure 1 is similar to a 4 MISO subsystems [2], [3],
[42]( figure 2)

diy di

(6)

)

®)

€)

% fu H )'_’(911 b—( am F—u Q’{ fi2 H ﬁgn @ qn Tylz

day dya
QIO RO

Fig. 2. Equivaent 2 x 2 MIMO plant
In QFT technique, the genera aim of designers is
achieving the following requirements:

e Robustness of dtability margin: G(s) is
conceived such the following mathematical
statement is endorsed:

P(jo) |
1+ P(ja))G(ja))‘

py VP(s)e3IP,we[0,0]

e Performance of tracking: To allow tracking,
both con- troller G(s) and prefilter F (s) are
designed to confirm the next mathematical
inequality. The goal is to establish a closed
loop response located included in min and
max bounds T, and T
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o)< F(jo)P(jo)G(jo)| _ »
T )—‘ 1-P(j0)e(ja) |- ™)
VP(s)e 3P,we [O, oo[

o Performance of disturbance attenuation: The
requirement here is to verify the following
equation. The disturbance rejection is
ensured by the fact that the sendtivity
function isunder Tp:

1
1+P(jo)G(jw)
where 3P, 7, Tmin, Tmax and Tp are respectively

a possible uncertain plants, stability margin, lower and
upper bounds of tracking performance and the bound
of disturbance attenuation.

pT,(w)VP(s) e IP,we [0,

[11. NON-INTEGER ORDER CONTROLLER

A. Problem statement

Next the use of MIMO QFT procedure and obtaining the
MISO forms, a non-integer order PD controller is applied to
control the obtained MISO forms. A fractional P D controller
G(s) is described as follow:

G(s) =k, +k,s" (10)

where Kp, kg, and [ are proportional, differentiator gains,
non integer or fractional order of differentiation respectively.
The fractional PDH controller derivesits importance from its
flexibility with regard to the integer one through fractional
parameter 4. The fractional PD* controller have infinite
possibilities. So as to apply the non-integer order controller,
several researchers proposed many approximation methods
in a fixed range of frequencies. In order to be physically
acceptable, the P DH controller need to be modified because
with this expression (10) the control sensitivity function can
have an infinite value so,
k,s"
G(s) =k, + ——

1+7,5 )

G(s), the controller, is bi-proper or strictly proper if y >
[19].

B. Controller specifications

Let the equivalent MISO simple closed loop presented

asfollow:
i@-» 9

Fig. 3. MISO form

y(t)

r(t) u(t)
> >

f(s)

v

a(s)
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Thefractional controller, fractional pre-filter and the plant
areaccordingly g(s), f (s) and q(s).Phase margins and gain
have at all times served as imperative dealings of robustness.
It isidentified from traditional control that the phase-margin
is associated to the system damping and consequently can
aso provide as a performance measurement. So,
gain-crossover frequency (wgc) and the phase-margin (¢m)
specifications have been considered to provide the robustness
of the system. Hence, the following conditions must be
satisfied to obtain the parameters of fractional PD"
controller. They are extracted with the respect of the next
statements:

Unity in @, (gain crossover):

|9(iog)aiog),

e Phase-margin value ¢, specification:

=0 (12)

ag(9(joy)d(iog))=-7+4,
(13
¢ Robustness warranty:
dag(g(je)a(jo))| _
do ‘ i
(14)
¢ Noise mitigation at high frequencies:
T(jo)= g(JO_J)Q(Ja_))| <A (19
1+g(ja))q(1a))‘dB
With A is the noise reduction value.
e Disturbance rejection:
‘S(ja)): _1 _ | <B (16)
1+g(]a))q(1a))‘dB

C. Genetic algorithm multi-objective optimization

Many researches are based on multi-objective optimization
algorithms [20]-[23]. Many algorithms like Particle Swarm
optimization, Multi-objective Bat Algorithm, Genetic algo-
rithms and Genetic algorithms Il based non dominated
sorting are used to obtain the optimized controller
parameters. The multi-objective method of optimization
utilizing evolutionary algorithms is employed in this study
thanks to its simple and efficient use. Via the frequency
characteristics (phase- margin ¢m and gain-crossover wgc)
and by fixing a frequency range, the non-integer controller
expressions are tuned via the minimization of next criteria
[23]:
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Cu:\g(iwgc)q(ngc)m (1)

CaclHatiolatio, -7+4)
oo (Jw))max—(_”+¢m)u

where ¢ (9(jw)a(jw))min and ¢ (9(jw)a(jw))may are
upper and lower values of phase margin in the

The

(18)

pre-specified frequency range [a)mm,a) ] .
non-integer order controller is determined based on the

reduction of criteria Cr; and Cr, subject to

K., ki f O,0p up2,yf pandz, f 0.

IV. FBLFD PRE-FILTER DESIGN

A. Principle and definition
The most important constraints of FBLFD pre-filter
synthesis are possessing:
¢ No overshootsin the process output,
e The shortest settling time, maximum bandwidth
energy and
e Maximal control law at initial time.
The final constraint is the important characteristic of
FBLFD pre-filter Feg_rp. Its analytic expression is given as.

n
1+7,8
FFBLFD = (l+ . Sj
1

with 7 € R,(7,,7,) e R*and 7, p 7, .

(19)

B. Synthesisof diagonal pre-filter elements
From the expression (eq.19), there are only 3
parameters which characterize the fractional pre-filter
expression (11, 72, ). In the aim of having best tracking
1

1+9(s)als)
, the sensitivity transfer function issmall for low values of
frequencies to attenuate the disturbances. Also, the
complementary sensitivity transfer function

T - 99uS)
1+9(9q(9)

frequencies and equivalent to unit for low values of
frequenciesin order to track the reference asymptotically.

The reference senditivity Srer function (see fig 3)
must respect the following constraint in the am to
mitigate overshoots:

characteristics, it is desired that S(S) =

must be smal for high

Vof 0,‘S,d(ja))‘=‘f(jw)T(?Z) p =

(20)

With Uns and ens are maximum static measure of
input of the pre-filter.
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From (20), the frequency constraint that alows
maximal control signals, is:

vor 0 1+ Jr2w| 9(w) |p U
1+ jrla)‘ 1+ g(a))q(a))‘ N
(21)

By initial value theorem, we can deduce 7, by the next

expression:

7, =KIim1+ g(s)q(s)j U T X, (22
== g(s) Erex

So we are requested to obtain only two parameters (1,
1), because 1, is function of these two parameters.

The closed-loop transfer
( ) gll (S)qll( )
1+ gll (S)qll (S)

under two bounds described below:

function Ty/n} ( ) must be

<[t

Yot 0t O[T, (j0)|<[T . (1)< T (]

(23)
Tii
with f, (s)= Gi%]
1i

Expression (23) becomes:

Vof 0z 0T,

‘ - ‘Ty/r

(jo) <0
(24

m|n

(jo) <0 (29

Ty/ri'i ( ja))‘max - ‘Tmax

With ‘Ty/n} (jo) _and ‘Ty/ri} (i

a))‘ are minimal
max

and maximal closed loop transfer function values under
uncertainties.

Under frequency constraints (21, 22, 24, 25), the
non-integer order pre-filter of various MI1SO forms of the
global MIMO transfer function matrix (f;)i=1.., are obtained
viathe minimization of the criterial,, given by:

le < 771(711 _721)‘”72 (712 _T22)+"'+77n (Tln _TZn)
(26)

After getting the diagonal parts of the multivariable
pre-filter f; we must find now the non-diagonal elements f;;.

C. 9Yynthesis of non diagonal pre-filter elements

Considering the closed loop system given by figure 1, the
systemoutput y is:
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-1

y=(1+PG)* PGFr
L\ L\t
1+(R) Gd) (P') G,Fr
G

( (=)
(1+(R) @) (P)(G(R 4T, ) Fr
1+ I
( (

+

-1 1\ 1 -1
1+(R)"6) (F) R +(14(R) "6, )
l|:Gde+(Gb R +G,) y,r)(Fd+|:b)}|r-
(27)
With Fﬁ , G, and F, respectively the diagonal parts of

X P*)

d

inverse of the plant matrix P~ = P, the controller matrix G
and the pre-filter matrix F. The anti diagona parts of inverse
of the plant, controller and prefilter matrix are

correspondingly FEJ , G andF, .
The system output y can be divided into two diagonal

Ty/r‘._ and anti-diagonal Ty/r,t parts:
y= Ty/ri; + Ty . (28)
Where
«\~1 -1 5 \—1 '
yiv; _(I+(Ri) Gd) (Ri) G, Fyr (29)

T, =(1+(R) e, )_1(3; )
x[Gde+(G -(R +G,) y,r)(Fd+Fb)}r' (30)

~(1+(R) e (R) e
With C isthe coupling matrix given by:
C =(C” ), i-Ln =0; fij (1_5}1 )+Zgik fkj (1_5“()

- Zn:( Py + gik)(l_é‘ik)tk' fi

(31

With &; and &, represent the kronecker functions.

Considering some hypothesis which is subject of another
paper [32], the non diagonal pre-filter elements f; are
obtained by according zero to the coupling effects C.

P f.
fi=|(pj+9)=——-9 |-+ @
: ( ] J)p +g“ : gii

V. DESIGN GUIDELINES

In order to control MIMO plant systems by our
methodology, we recommend following these steps:
v Step 1: Applying the RGA (Relative Gain Array)
method is essential to get the pairing rules
between inputs and outputs.
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RGA=P(w)x(P™*(w))'

Based on the obtained RGA matrix, the result of
pairing rules can be extracted.

v Step 2: Fixing the performance specifications
(equations (12), (13), (14), (15) and (16)) and
based on the multi- objective optimization
(minimizing Cry and Cr,), the fractional PD
controller for each MISO structure(plant g;) is
designed (see paragraph B and C in section 111).

v Step 3. Synthesis of diagona elements of the
fractional pre-filter of type FBLFD fii respecting
al frequency constraints (from equation (20) to
(25)) and by the minimization of the integral gap
criteria given by the inequality (26) (paragraph B
in section V).

v' Step 4: Determination of non diagonal terms of
fractional pre-filter matrix f; by elimination of the
coupling matrix. After obtaining the adequate
diagonal elements of controller G(s) and pre-filter
F (s) of each plant, the non diagonal element f;; of
the pre-filter matrix F (s) can be deduced from
expression (32) (paragraph C in section V).

v' Step 5: Checking of the design performances by
applying the proposed methodology an uncertain
system (SCARA). It is time to verify if al plant
cases are into the desired fixed ranges and if the
interactions between loops are decreased by the
new designed non diagona pre-filter matrix
(section V1).

VI. RESULTS

A. Process model

The suggested methodology is tested on the model of a
SCARA robot [44]. Our aim is the control of the joint angles
01 and 62 (seefig.4).

A linearized SCARA robot process is given by the transfer
function matrix P with u1 > are value of the control signals
to be applied the robot motors.

(&)-roli)-(26 BEIL) =

With:

a,S+v, 1 —(a, +azh) i
sA K A K
P(s) = —(a> —|(—So)vsh) 1 (o + Za(ssr'?) sS+v, 1
A(S) 3 SA(S) K
(34
Where
2
A(S) =n,S" +n,S+1, (35)

dii=1,2,3 and Njj=0,12 adre as follow:
o Oy =W,

o o, = avy+vale, + 2agh)
o g, =a,lay + 2azh) — (a; + azhl)?
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o =0+, +myxf+my U3 +x2)

o oy =1, +myxt

o iy =Mmglyx,
With:
k Power amplifier gain
Vi Coefficients of viscousfriction
i Moment of inertia
;i Mass
i ithlink
Is Length of link 1
h Cosine value of o,
The robustness issue can be highlighted as follows.
Supposing that P, the plant transfer function, belongsto
a set of {P}. By considering some specifications of the
closedloopsystem, acontroller isqualified by robustness
through respect to this specification, if it maintains this
specification for al plants in {P}. Table 1 present the
robot model uncertainties.

Table1 MIM O plant conditions
Minimum Nominal Maximum
ok 719 766 813
ook 186 193 200
ek 134 182 230
wk 67 224 381
vk 11.6 51.75 91.9
#lk 344 351 358
,Uzk 262 2925 323
h -1 0 1
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The diagona closed-loop transfer function Ty/ . must

respect the following inequalities:
Vof 0rf O[T, |< ‘Ty,_d‘ <T.| (30)

For 2 x 2 MIMO system:

(9= 2.25
" (87 +455+2.25)(s/10+1)
(37)
(9~ 12.25(s/30+1) ©
e (s? +5.255+12.25)

And the robust stability margin is described by:
99
T. S — 1 Il
(s) 1

B. Controller design

‘p 12, fori=1L2,Vw (39

The MIMO QFT methodology is used to obtain MISO
subsystems (see figure 2). Each MI1SO systems must respect
following characteristics:

a) Closed-loop 1.

v Unity-gain frequency weg = 1;
v"Phase-margin ¢m = 70°;

v Frequency lower interval value wmin = 1;
v"Frequency upper interval value Wmax = 10wcg

b) Closed-loop 2:
v Unity-gain frequency wcg = 1;
v"Phase- margin ¢m = 70°;
v Frequency lower interval value omin = 1;
v"Frequency upper interval value omax = 10ocg

The above presented specifications for control loop 1 and
2 are required in the fitness function development which is
based on the two criteria given by (17) and (18).

The fractional PD* controller is as follow:

(9. O
=(% g
(40)
Where:
ksS"
=k 4+ 4 41
gll pi +1+TﬁSyi ( )

4 parameters in the case of PDu controller will be
optimized. Each chromosome structure is presented as chrom
= [ks ki Wi 7). The smulation is based on the rea
representation of each chromosome.So, in order to obtain
responses with no overshoots, the fractional derivative order
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ischosenasy; € [0, 1] and y;isequa to= 1 (; < y; in order
to have a dtrictly proper controller). Based on severa trias
(trial and error method), the area of the rest of the fractional
controller elements are selected as: k;; € [0, 10000], kg € [0,
10000], and 7 € [0, 1] .After minimization of the two criteria
Cr1 and Cr2 (eq 17 and 18), the multi-objective optimization
by genetic algorithms gives:

0.92
g, —1023.908+ 231645 (42)
1+ 0.026s
0.998
g,, =1024.7014 1731934 (43)
1+ 0.046s

The CRONE toolbox [45] is used in this paper to give the
integer order approximation of the obtained controllers
(eq.42,43) :

. 1024(s+ 3.912e05)(s+1.859)(s+ 0.2532)
w (s+0.6918)(s+ 38.46)(s+ 6918)

(44)
~1024.7(s+ 3.706€05)(s+1.032)(s+ 0.5582)
2 (s+0.9908)(s+ 21.74)(s+9908)
(45)
C. Prefilter design
The pre-filter expression isa matrix of order 2:
(f, O
=% 2 a

Minimizing the criterion (eq 26) with consideration of all
frequency constraints and performance specifications
(eg.21, 22, 24, 25, 37, 38, and 39) the optimized diagonal
elements (f11 and f22) parameters of the non diagonal
pre-filter matrix F are:

1+ Tzlsjm

[1+ 7,,S
1+ 0.0495j“‘82
1+7,,S "

fzz 1—
+ TlZS

1+0.908s
( j1.497

Based on Oustaloup approximation [5], we can get the

1+0.001s
1+0.806s

integer expression of diagona elements of fractiona

pre-filter F:

fll

[

(47)

(49)

Published By:
Blue Eyes Intelligence Engineering
& Sciences Publication

Exploring



Robust Motion Control Using Combined Centralized Non-Integer Pre-Filter of Type FBLFD and Fractional Order Pd

u

Controller

© 0.017449(s + 22.89)(s+11.91)

w (s+237.9)(s+29.72)
L (s+7.58)

(s+0.8848)

(49)

~ 4.5934e— 05(s+83.5)(s+10.29)

fy;
z (s+237.9)(s+29.72)
. (52+15625+ 6.101605)

(s+3.518)(s+0.9672)
A reduced model of the non-diagona parts f12 and f21 of

(50)

the pre-filter F are obtained using eq (32):

_ 0.029959s(s? —148.95+ 2.93904)
27 (s+1208)(s? +3.507s+8.926)

(51)

~ 0.00017144(s+853.4)(s+ 616.1)(s+160.3)

fos
2 (s+59.83)(s+9.824)
(5+769.4)(s+91.93)(s+31.3)

(s+3.872)(s+0.9885)

(52)

D. Simulation

For all following figures (5,6 and 7), thefigure (a) represent
the control loop 1 corresponding to the first robot link and the
figure (b) isfor the control loop 2 of the second robot link.

a) Diagonal pre-filter approach

Using the diagonal pre-filter matrix F :(fcl)l fO ) (see

22
(49)-(52)) and the PD* controller (see (40), (42) and (43)), the
closed loop 1 and 2 step (of amplitude 45°) responses
of the MIMO system under uncertainties are given by figure
5.
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Fig. 5. (a?, (b):Closed loop tracking using diagonal

fractional prefilter and PDH fractional controller

(tracking references: discontinued line, closed loop
responses. continued line)

b) non diagonal pre-filter approach

Figure 6 gives the closed loop step (of amplitude 45¢)
responses of the system using the non diagona pre-filter

F :( f11 flzj
matrix 2L 2/ (see (49)-(52)) and and the PD"
fractional controller (see (40),(42) and (43)).

The data obtained in figure 5 and 6 are broadly consistent
with the major trends. All step responses of first and second
loops under uncertainties are into the desired tracking lower
and upper bounds which confirm the robustness of developed
fractional PD controller. Also, the ability of both diagonal
and non diagonal fractiona pre-filters of type FBLFD to shift
the steps responses under desired tracking specifications is
confirmed.
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Step Response
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0 2 4 6 8 0 12 14 16 18 20
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(b)

Fig. 6. (a), (b):Closed-loops 1 & 2 tracking utilizing
non-diagonal non- integer pre-filter and PDH
non-integer controller (tracking ref.: broken line,
closed-loops 1 & 2: unbroken ling)

a) coupling effects:

Now, the coupling effectswhich are described by eq (31) are
represented by the figure 7 in frequency domain.
Observing figure 7, the finding was quite respectable and
shows the benefits of using the non diagonal version of the
fractional pre-filter of type FBLFD in the reduction on
interactions between loops.This paper proposes a new
approach combining the QFT technique with a non-integer
order controller and non-integerorder pre-filter designs. To
our knowledge, thisthe first studyto deal with multi-objective
optimization of a non-integer order controllers utilized with
an implicit non integer FBLFD pre- filter to find solutions of
multi-variable systems and especially the problem of loop
interactions. The fractional proposed controllers are selected
after a multi-objective optimization based on genetic
algorithms. After using a random initial chromosome and
selecting the search domain of each parameters in this
chromosome, the minimization of the specified criteria are
done and an optimized fractional order controller of type
PDH is obtained. This obtained controller is used in another
algorithm of optimization to extract the diagonal terms of the
fractional FBLFD pre-filter matrix. The integral gap criterion
(see €q.(26)) is used here to obtain the pre-filter optimized
parameters. After this step, we are called to obtain the non
diagonal parts of fractional order prefilter matrix that
reduces the interaction effects between control loops. The
designed fractional controller (PD" and diagonal and non
diagonal fractional pre-filter of type FBLFD are tested via
the application of step signal in theinput of MI1SO equivalent
sub-systems. Observing figures 5 and 6, it is clearly that the
step responses of the closed-loop with uncertainties are under
upper and lower tracking specifications. Figure 7 indicatesthe
frequency responses of the interaction effects given by the
expression (31). It is shown that using non diagonal fractional
FBLFD pre-filter gives a small interaction compared to the
used diagonal pre-filter.

Retrieval Number: B6495129219/20190BEIESP
DOI: 10.35940/ijitee.B6495.129219
Journal Website: www.ijitee.org

3471

I nternational Journal of Innovative Technology and Exploring Engineering (1JI TEE)
| SSN: 2278-3075 (Online), Volume-9 | ssue-2, December 2019

Bode Diagram

150

100

Magnitude (dB)

-50 [

-100 © - J
107 10° 10" 102
Frequency (rad/s)

@

Bode Diagram

100

Magnitude (dB)

-60 [

-80

-100
107! 100 10° 102
Frequency (rad/s)

(b)

Fig. 7. (a), (b):Coupling effects of loop 1 and 2(Using
1agonal pre- filters: discontinued line, Using non
diagonal pre-filters: continued line)

VIl. CONCLUSION

This work presents new control strategies for MIMO
systems. It is required to transform the origina MIMO
systems in MISO structures. A non-integer PD controller is
applied to command equivalent subsystems and after that a
non- integer order FBLFD pre-filter is used here so asto shift
the closed loop transfer function in the specified region under
al uncertainties. A structure of fractional controller is
considered in this article: the non-integer derivative
controller PD* . A multi-objective optimization based on
genetic algorithms is proposed to obtain controller
parameters. The fractional pre- filter of type FBLFD is used
in two different forms, the first one is a multi-variable
diagonal matrix and the second is in non-diagona form.
Diagonal elements of pre-filter matrix are designed while
respecting the frequency specifications and the non diagonal
parts of the pre-filter matrix is developed to eliminate the
subsystems interaction. The effectiveness of our proposed
methods are assessed on robot model of type SCARA.
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Controller

A Comparison with other control design using the same
model of this robot is presented in this paper with a
significant analysis of the results. Future works will interest
to develop a complex order controller and to generalize this
method with time delayed MIMO systems.
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