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Abstract: -In this paper, a multiloop fractional IMC-PID-filter controller design is proposed for 2x2
multivariable systems (two-input two-output (TITO) system). The MIMO system is decomposed by an inverted
decoupler into independent loops (SISO systems) and they are approximated to equivalent new fractional order
models known as non integer order plus time delay (NIOPTD). The fractional property of the suggested
controller is imposed by choosing the Bode’s ideal closed loop transfer function as the reference model for each
loop. The design method is based on the internal model control (IMC) paradigm. Finally, an illustrative example
of MIMO process is provided and a comparative study is conducted out to demonstrate the advantages of the
proposed method where the simulation results show the superior performance obtained by a multi-loop
fractional IMC-PID-filter controllers in comparison with fractional PI/PID controllers based on simplified
decoupling smith predictor (Fractional-SDSP and Classical-SDSP) structure as well as classical decentralized
PID controllers using root locus method.
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1 Introduction

The phenomenon of interactions between inputs sub-systems (SISO system), The each loop of SISO
and outputs of multivariate systems is one of the system was reduced as FOPDT model by frequency
reasons leading to the difficulty of controlling them. response fitting, As the decentralized PID controller
Tuning the controller parameters of one loop can parameters were designed using root locus
affect the performance of the others. To apply multi- technique. Jin, Q et al. [6] developed an IMC
loop control successfully, There is a need to insert a (internal model control ) based controller for TITO
device decoupler [1] between the process that must process, the complex model is decoupled into
be controlled and the controller, So that the inputs independent SISO system and then a Maclaurin
and outputs are controlled independently, Most of series expansion technique is applied to reduced the
industries are using the classical multiloop SISO system. Then, the IMC based controller
controller (decentralized PI/PID controller [2, 3, 4]) parameters are tuned for a reduced order model.
for its  well-known advantage of easy Rajapandiyan C and Chidambaram M [7] have
implementation, robustness  performance and designed independent classical (PI/PID) controllers
flexibility. for example, Chananchai et al. [5] based on the new equivalent transfer function (ETF)
proposed the design of an inverted decoupler to model of the decoupled process by simplified
weaken unwanted interference into TITO systems decoupler matrix, and the parameters of multi-loop
which allowed the Configuration of a high order controllers are determined using the simplified

internal model control (SIMC) method.
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Recently, the concept of fractional order controller
which involves fractional derivative and integrals
are more attractive became popular in industries and
academia, it achieved promising results in its
application to SISO systems [8, 9, 10,11] compared
to conventional PI/PID controllers known in the
literature. Among the methods also, the fractional
order (FO) was combined with the internal model
control (FOIMC) to design the controller and to
achieve the tuning parameters, as the simple scheme
makes the FOIMC technique easy to be
implemented. In [12], a new design Approach for a
fractional FOPID controller based on internal model
control (IMC) named a fractional IMC-PID
controller is proposed to handle fractional order
models with time delay. M. Bettayeb et al. [13]
proposed a new approach of design fractional order
PID controllers cascaded with a fractional filter is
based on the internal model control (IMC)
paradigm for fractional-order systems.

However, the design of fractional controllers was
not limited to SISO systems only, but was expanded
to include multivariate systems. Laifa and
Boudjehem [14, 15] proposed a new design method
for fractional PI controller of three-input-three-
output (3x3) multivariable process using diffusive
representation the controller parameters are
optimally tuned by GA technique minimizing
integral absolute error (IAE). Laifa and Boudjehem
[16] introduced a new Analytical method to design a
decentralized fractional order controllers based on
gain and phase margin specifications (GPM) for a
TITO system (2x2) with simplified decoupler.
Lakshmanaprabu, S.K., et al [17] developed an
independent design of multi-loop fractional order
internal model control (IMC) based PID (FOIMC-
PID) controller for TITO system is presented. The
TITO system is decomposed by ideal decoupler to
the SISO system and then it is converted into
FOPDT model and controller parameters are
optimally tuned independently using New Bat
Optimization  Algorithm  (NBOA).  Tassadit
CHEKARI et al. [18] proposed the a new IMC-PID
fractional order filter multi-loop controller design
approach for MIMO processes with time delays
Based on Two Degrees of Freedom Control (2DOF)
structure. In [19], the fractional order internal model
control (IMC) with inverted decoupling is proposed
to handle fractional order TITO (FO-TITO-IMC)
process with time delay. In [20], the fractional
simplified decoupling Smith predictor structure (F-
SDSP) for two-input and two-output systems
proposed by Chuong et al [21], is adopted to remove
dead time out of the diagonal elements of the
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decoupled subsystem, The tuning rules of the
fractional PI/PID controller are also derived by
analytical method based on the internal model
control (IMC) structure for the dead time -free parts
of the reduced fractional models.

This paper discusses the design of a multi-loop
fractional order controller for efficient control of the
TITO system, This is done in two basic ideas. first,
we remove the interaction between system variables
by introducing an inverted decoupling between the
controlled system and the controller, and from it is
divided into decoupled sub-systems (independent
SISO systems), also the each loop of the SISO
system is reduced to equivalent fractional order
models of type NIOPTD-I (One Non-integer Orders
plus Time Delay). Second idea, the objective of the
design is to control any open-loop system with
closed-loop specifications Based on Bode’s ideal
transfer function, the internal model control (IMC)
structure will be used for this purpose. The proposed
multi-loop fractional IMC-PID-filter controllers
design can be analytically derived for each
fractional order model (NIOPTD-I).

Our contribution in this paper is organized as
follows: A brief definition of the fractional order
systems is presented in section 2. In Section 3. The
inverted decoupler is designed for (2x2) MIMO
system. With explaining how to convert
independent SISO systems into equivalent
NIOPTD-I models. The design of the multi-loop
fractional IMC-PID-filter controller by the proposed
methodology is discussed in Section 4. In section 5,
good simulation is given to demonstrate efficiency
and effectiveness the applicability of the proposed
design technique to other FOPID design methods.
Finally, Section 5 draws the main conclusions
highlighted in the proposed work.

2 Fractional-Order System (FOS)
2.1. Definition

A fractional-order system (FOS) in the areas of
dynamical systems and control theory, is defined as
a dynamic system that can be modeled and
expressed by a fractional differential equation that
includes derivatives of non-integer order.[22] and
can be defined as follows.

(1)
Where:y;,u; are Functions of time.

H,G: are Combinations of operators (D) of the
fractional derivative.
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D, is fractional derivative operator D of orders
aq,ay ...ay and By, By ... Pm.

For SISO linear time-invariant (LTI)
equation (1) becomes: Eq. 21

system

H(D%%1%-an)y(t) = G(Dﬁoﬁ1ﬁz ----- ﬁM)u(t) )
is put :

H(Daoalaz....aN) — Z;{l=0 akDak

{G(Dﬁoﬁlﬁz,....ﬁm) = ym b, DP 3)

With: ay , bk ER
Finally we obtain the fractional order differential
equation:

anDny(t) + an_1 D -1y(t) + -+ agD%y(t) =
by DBmu(t) + a1 DPm-1u(t) + - +
boDPou(t) @)
By applying the Laplace transform of LTI system
equation (2) with the initial conditions zero, we
obtain the following transfer function of the
fractional system:

Y(s)  TpobisPe
U(s) B he QS

G(p) = )

For a; and () orders this is a non-standard transfer
function.

2.2. Bode's ideal transfer function

Bode [23] proposed an ideal shape of the open-
loop transfer function of the type

L(s) = i

7%

a€R

(6)

Where:

1/ 1.7~
w, is the gain crossover frequency.
The characteristics of open loop Bode’s ideal
transfer function curve are
The amplitude curve of the transfer function has a
straight line with Constant slope of-a20dB /dec.
The phase curve is a constant horizontal line at
-a(r/2) rad.
We consider the closed loop transfer function L (s )
corresponding to the unity feedback system
represented in Fig.1 is based on Bode’s ideal
transfer function L(s) inserted in the forward path
is:
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L(s) 1

) =136y~ T o0

(7)

In this study, L(s) is the desired closed-loop and
used as a reference model for tuning and design the
controller C(s).

Where the closed-loop transfer function of Fig. 1 is

C(s)G(s)

Ger(s) = 1+C ()G (s)

(8)

For more details of important properties to closed-
loop based on Bode’s ideal transfer function (see in
[13, 24, 25, 26]).

_4,?_," a ) |» T LA LG cd

Fig. 1. Closed loop Bode’s Ideal transfer function

v

¥

3 Inverted Decoupling design for
TITO (two inputs, two outputs)

Systems:
The TITO (two-input two-output) model of this
system is defined by the G (s)

Gll(s) Glz(S)

G21(5) Gzz(S) ©)

G(s) =[

For the success of the application of the multi-
loop control, a technique is required to assess
the degree of interaction between the loops. The
both Relative Gain Array (RGA) method and
Niderlinksi Index (NI) offer important insights
into the issue of control configuration selection.
RGA method is used to measure interactions
between input and output, while Niderlinksi
Index (NI) is used as a sufficient condition to
examine unstable closed-loop pairings [27].

RGA(G(0)) = G(0) ® (G(0)™H)T (10)
_ det[G(0)]
I, G(0);; an
3.1. Independent open loop Transfer

Function (Ty,(s), T»2(s)).

This TITO system (2x2) can be decompose into
two independent loops (SISO system) using the
inverted decoupler matrix [5, 28].
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The transfer function matrix of inverted decoupler
is,

D;1(s) Djyy(s)

D(s) = Dy1(s) Dy, (s)
I[ 1 _ G12 (S)]I
G11(s)
|_ Ga1(s) 1 | (12)
176,05 |

So, the decomposed apparent systems T(s) are,

T(s) = G(s).D(s) =
_ [ T11(S)*

[T11 (s) - (S)]

Tzz(S)*] (13

The is T;;(s) the Independent open loop transfer
function between inputul and y1, with second loop
is closed. also, T,,(s) is the Independent open
loop transfer function between input u2 and y2,
with first loop 1 is closed.

The higher order independent system
diag (Ty1(s), To2(s)) is reduced into fractional
order models (T;;(s)* Ty, (s)*) of type NIOPTD
(non integer order plus time delay) Model

3.2. Model Order Reduction

Various techniques were suggested to reduce the
diagonal elements of the independent system
(T11(5),To2(s)) to integer order transfer functions
[21, 29, 30]. In this paper a fractional order transfer
functions of type "One Non-Integer Orders Plus
Time Delay (NIOPTD-I) " model [12, 31] is
employed as the equivalent transfer function of
Independent open loop Transfer Functions
(T11(8), T2 (5)).

The general form of the NIOPTD-I model is as
follows:

T(s)"; =

where:

i =1,2;K;; = process gain ; Lj; = delay time;

T;; — are time constaant; 3;;, »  the fractional

system order.

The number of tuning parameters of each fractional

order model (Ty1(s)* Ty2(s)*) is written in vector

form as follows:

x1 =Ky Ty Ly Byl for the first model T;1(s)*

x, = [K, T, L, B,] for the second model T,,(s)*.
15)

Kii

— — e~ lLus . "
Tosha 1 e here;0 < B; <2(14)
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The conditions of these optimized parameters are

given by.

{Kmln < Kl 2 < Kmax
0<Tiz <Tnax

{ 0< L1,2 < Lmax

l o<p,<2

(16)

The model reduction method based on using
particle swarm optimization (PSO) algorithm
proposed by Chuong et al. [21, 31] is implemented
in MATLAB’s Optimization Toolbox to obtain out
the values of reduced order model parameters in
equation (14).

This method of reducing higher order
Independent systems in fractional order templates
(NIOPDT) by minimizing the H, norm of the
original higher order Independent models (y; ;) and
reduced fractional order models (¥;,) using an
unconstrained optimization. i.e.

n
= ;Z”)’Lz - 3’1,2”
i=1
Where:

V1 =T11(8) ;y2 = Tp2(5); ¥1 = T11(8)";
Y2, =To (S)*

(17)

]Z—norm

The proposed objective function for fractional
models reduction is given by:

n
1 -
Jmin(K1, Ty, Ly, By ) = EZ()’& - 3’1)2
for the first model.
n
1 -
Jmin(K2,Ta, Lo, B2 ) = EZ()’Z - 3’2)2

for the second model.
as noted in the figure below

(18)

- —

g

NIOPTD Model Ty4(s)"

1 o
I (K lehzﬁn):,—l;@l -y2

J TITO sysrem

G11 (S

V1
G12 (S
Gzz (S)

D(s) '\_ G (s) = diag (T11(s).T22(s)) ‘

inverted decoupler

NIOPTD Model Izz(s)f‘ _+
K2 Ta Lo B2 )= % D G — 5307 Vs g‘
i

Fig.2. Structure of independent loops modeling
into equivalent fractional order models

(NIOPDT).
4 Fractional IMC-Pl-filter controller

design
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This strategy is based on the principle that the
fractional property of the designed controller is
imposed by the fractional reference model [13, 25].
It is an extension of classical PID tuning methods to
the fractional PID tuning methods based on the
equivalence between the classical feedback
structures and the internal model control (IMC).
After designing the inverted decoupler, as shown in
Fig. 3, The TITO systems become multi-loop
systems. For each loop, a corresponding controller
must be designed to meet the requirements of its
closed loop fractional specifications.

T, - The Proposed Controller| Inverted Decoupler MIMO Process (2x2)

1 v y N
~OP el G
+ I + Loapy

Gya(s)

G21(s)
Tyt + Loop
3.@}* Cpls) Gzz(s)—'gﬁ ,
: V2

Fig. 3. Block diagram of the proposed multi-loop
control structure for a (2x2) MIMO system with
inverted decoupler.

In this work, the general structure of the fractional
PID controller proposed for each loop is given by

1
C(s)i; = m(s)y; kpy; <1 + m) 19)

FOF i
p1Bii controller

As shown in equation 19, C(s);; is in the form of a
non-integer order PI controller structure cascaded
with a fractional order filter (FOF) m (s).

Where:kp;;, Tjjand f5;; are proportional
integral time constant and integration order.

gain,

The Fractional IMC-PID filter controller design
requires three steps [13, 25]:
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Step 1: T(s)j;is divided as:
T()iy =T ()T (8)ii (20)

Where T*(s)j;Contains time delays and right half
plane (RHP) zeros with T*(0);; = 1

Step 2: The IMC controller C;,.(s);;is designed
by:

1
Cime(S)i = Wf(s)u (21)
Where: !

1+ Tciiaii+1 '

f(s) is the closed-loop Bode’s ideal transfer
function used as a reference model to obtain a
fractional order controller, given by [13 , 25]. The
two elements: the non integer a;; and the time
constant T.;are chosen to impose the crossover
frequency wc;; and the phase margin  ¢,;; of the
each closed- loop

T — Qi
aii = n—/z - 1 and TCii = W (23)
Step 3: from the -equivalence between the

conventional feedback schema shown in Fig. 5 and
the IMC schema represented in Fig. 4 we obtain:

Cime (S)ii

C(s)y = 1 = Cime(8)uT(8)};

(24)

As previously shown in equation 19, the controller
C(s);; structure can be put in two transfer functions:
non-integer order PI controller structure cascaded
with a fractional order filter

1
C(s)i; = m(s); kpy; (1 + m) (25)

FOF i
piBii controller

Volume 15, 2020



WSEAS TRANSACTIONS on SYSTEMS and CONTROL
DOI: 10.37394/23203.2020.15.40

- Cime (50 u
Fig. 4. Internal model control (IMC) structure.
d
’ i +
> C':Sj['f > T(E]if "_y.

Fig. 5. Conventional feedback structure.

4.1. Design procedure details

For example in this work, we consider a non integer
order plus time delay (NIOPTD) model expressed in
equation 14.

T(5)y = i (26)

S i TiiSBii + 1

To deal with the delay term, it is usual to use a first
order Taylor expansion of the e’ii term is

e—LiiS

e_L”S = 1_LiiS (27)
Equation 14 becomes as follows
K;;(1—L;s
T(S)*ii — M (28)

TiiSﬁ” +1
The IMC controller according to equation (21) is

C . 1+ TiiSﬁii 29
ime(S)i = Ky (1 + Ts%at1) (29)

Hence the corresponding feedback controller is
obtained by:
1+ Tyshi

C(s)y = —
Kii(teiis®itt + Ly;s)
_ 1+ TiiSﬁii

KiiLiy(1 + (teii/Lyg)s®id)s

Which can be rewritten in the form of equation (31),

(30

C(s)i=

1+ (Tcii/Lii)Saii Ki;iL;; sBi

fractional filter;

fractional PIBY
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5 Simulation Results:

The transfer function matrix of Wood Berry (WB)
2x2 binary distillation process [32] is considered for
simulation study and expressed by

12.8 -189 _,
e e >
_116.7s +1 21s+ 1
Gis)=1"¢6 194
: e 7s : e 3s
109s + 1 14.4s + 1

The matrix of RGA elements and NI value are:

2.0094
—1.0094

—1.0094

RGA(G(0) = 2.0094

],N1=0.4977

We observe from the analysis of the RGA matrix
and the value of NI that the best pairing is (ul —
y1)and (u2—y2).
The inverted decoupler
equation 12.

D(s) is design using

1.477(16.7s+1) _,
e

1

_ 21s+1

D1($) =10.34(14.45 + 1) » .
109s+1 °©

The decoupled processes
obtained using equation 13.

(Tll (S): Tzz (S))are

1 128
Ty (s) = 1 _ 05017(1445+ D675 D <(16. 7s+1)°
(10.95+1)(215+1)
6.43(14.4s + 1) _7s>
21s+ D095+ 1) °
1 19.4
T22(8) = —gsorraaasraess o | 1445+ 1)°

(10.95+1)(21s+1)
9.7453(16.7s + 1)

(21s+1)(10.9s + 1)

e—9s>

Then, using the methodology proposed in Section 3,
the results of the fractional order models are
obtained by the following equations:

T11(s) 0
G(s).D(s) = [ 1 ]
(s).D(s) 0 Tys)
_ [ T11(s)” 0 ]
0 Tzz(s)*
Where
13.145
* _ -1.2107
T "(8) = 15 55gg5098008 1 1 ’
and
T, (s) = —19.7716 310345

14.11685098897 1 1°

To evaluate how closely the reduced NIOPDT
model approximates the each decoupled subsystem,
step responses are drawn in Fig. 6.
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From Fig. 6 we notice that the NIOPTD-II models
are very close to the original subsystems. This

indicates that the proposed method for
Step responses

14 T T

12 r

1071

81 ==== Original T(s)11

6r Fractional order model (NIOPTD—I11) 1

4 +

2 -

0 , ) s )

0 20 40 60 80 100

Time (s)
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approximating these systems gave a high efficiency
and demonstrated its effectiveness.

Step responses

0 T T
5t
== == Original T(s)22
Fractional order model (NIOPTD-I_,)
22
-10 1
-15 1
20 . . \ !
0 20 40 60 80 100
Time (s)

Fig. 6. Step response of decoupled subsystems (T;,(s), T,,(s)) and their equivalent
approximations (Ty; (s)*, T,, (s)*).

For this simulation example, the specifications for
the desired closed loop model (see Eq. (19)) are
selected in terms of gain crossover frequencies,
wCi{1=wcy, =0.4 rad/s and phase
margins, ¢,,11= Pm11 =81° of loop 1 and loop 2
by Eq. (19). Where we found The values of time
constants are: T,q1=Tc22= 2.7399 The values of the
fractional order @;1=a,, are 0.1 These values are
chosen to meet the desired specifications of the
closed loop model in the frequency domain. The
fractional IMC-PI-filter controller obtained with this
method proposed is presented in Table 1.

In this paper, the proposed method is compared to
the latest advanced work and new results obtained
by the researchers in the field of multivariable
systems control such as Techniques proposed by
Chuong et al. the simplified decoupling Smith
predictor structure by approximated fractional order
models (F-SDSP) [20], the SDSP by approximated
integer order models [21] and multi-loop PID
controller based on the root locus Technique with
inverted decoupling [5].

The controllers that are designed by these
Techniques in [20, 21, 5] for the same simulation
example are listed in Table 1.

Table 1: The Resulting Multi-loop Controllers with Different Tuning Methods.

Tuning Method

The Resulting Controllers

Proposed 3 —0.01996 1
Fractional IMC-PI-filter C($)11 =775 535010 100271+ 1oooo om00e
controller design -0.01103 1
()22 = 1770 ggzg7s010 023 (1 12, 1168s°-93397>
Fractional-SDSP 1
Chuong et al. 2019 [20]. C($)11 = 0.2882 G757 (1 T 107%0.3714)
1

1
C($)z2 = ~0.1212

555 (1+ 53 gqorees + 0638554 )

1.1s+1
Classical-SDSP 1 1
Chuong et al. 2019 [21]. C(s)z, = 2.0205 (1 *19.5275s T > 16175) 9.192s + 1
1 1
€(s)z, = —0.330 (1 T 1248115 T " 14285) 8.274s + 1
Classical-PID (0.4609s2 + 0.5387s + 0.0774)
Chananchai et al. 2018 [5]. C(s)1y = S
(—0.1213s% — 0.1583s — 0.0384)
C($)p2 =
: . _ _ __ 1
with forward controllers: G¢(s);; = Tomoterl’ Gi(s)y2 = T1o75ei1
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The result of closed-loop system step response of
the both loops (loopl and loop2) are shown in Figs
7 and 8, respectively, with a unit step changes in the
setpoint are sequentially, for loop-1 at t=0 sec and
loop-2 at t =100 sec.

14
12¢ 1
1
1 P—==
\r
st /J = Proposed |
‘ i — — Fractional-SDSP (chuong et al. 2019)
= osHi — — Classical-SDSP (chuong et al. 2019)
> | == Classical-PID ( chananchai et al. 2018)
04 Hi 1
!
02y J
0 4
_02 1 1 1 1 1 | | | |
0 20 40 60 80 100 120 140 160 180 200
Time (s)
Fig. 7. Responses of WB column: y4 closed-loop
response to unit step in rl-at t=0 and r2-at t=100.
14 I I (AW T T
= Proposed I
1.2 H=-=+Fractiona-SDSP (chuong etal. 2019) | | f"\ 1
—+=Classical-SDSP (chuong et al. 2019) '/ \f\‘_. N
1 {=-=" Classical-PID ( chananchai et al. 2018) i\ ‘}'\;7,'- BTk
MY
08 : 1
!
3 ost ; :
04t ! .
.’
02F / |
Jas i
0 =
_02 | | | | | | | | |
0 20 40 60 8 100 120 140 160 180 200

Time (s)

Fig. 8. Responses of WB column: y, closed-loop

response to unit step in rl-at t=0 and r2-at t=100.

We enclose our work by adding a control signal
for the two loops as shown in Figs 9 and 10,

respectively.
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08

= Proposed _
=+=Fractional-SDSP (chuong et al. 2019)
== Classical-SDSP (chuong et al. 2019)
== (lassical-PID ( chananchai et al. 2018)

L 2 6 R P e e e R |

_02 | | | | | | | |
Time (s)

Fig. 9. The control signal response in loop 1.

0.05
! T |
A05F -
/
N X
3
01k | 5 L L L o o o]
= Proposed
o5 H == Fractional-SDSP (chuong et al. 2019) |
|-~ Classical-SDSP (chuong et al. 2019)
=+="(lassical-PID ( chananchai et al. 2018)
0 2 | | | | | | | | |

0 2 40 60 80 100 120 140 160 180 200
Time (s)

Fig. 10. The control signal response in loop 2.

The performance index such as integral absolute
error (IAE) and time domain specifications as
settling time (sec) and peak overshoot (%) of the
four methods are summarized in Table2.
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Table 2: Results of the performance analysis and comparison.

Tuning Method Settling time (sec) Overshoot % IAE
Loop, Loop, Loop, Loop, Loop, + Loop,
(y1-11) y2—-r2) (y1-11) ¥z —-r2)
Proposed Controller 9.98 16.77 7.6 10.01 9.053
Fractional-SDSP 14.86 19.99 3.11 5.07 9.221
(Chuong et al. 2019)
Classical-SDSP 26.14 25.32 13.09 15.89 10.963
(Chuong et al. 2019)
Classical-PID 14.92 40.82 0.52 41.03 12.08
( Chananchai et al. 2018)

To demonstrate the efficiency of the proposed
design method, simulation responses are given (see
in Figs 9 and 10) and Table 3, and we note from
them that the multi-loop fractional IMC-PID-filter
controller proposed achieves a good performance in
term of percent overshoot (%) and settling (sec)
time compared with the performance of multi-loop
controller design (F-SDSP and SDSP) introduced by
Chuong et al. [20, 21] and decentralized controller
design presented by Chananchai et al. [5].

In addition to evaluating the closed-loop
performance index, the integral absolute error (IAE)
criterion was considered, and it is observed that
performance with the proposed controller is giving
good and superior results when compared to other
multi-loop controllers.

Also from Figs. 9 and 10, it is clear that the
proposed fractional controller generates and gives a
very smooth control procedure among those
methods and this is a confirmation of the results
obtained.

As a contribution from us in this paper and from the
results achieved by our proposed method by
comparing it with the latest works reached by
researchers, we confirmed the effectiveness and
success of the proposed method despite the
difficulty of implementation in MIMO systems. We
can also say that the use of the multi-loop fractional
IMC-PID-filter controller ~with an inverted
decoupler for 2x2 MIMO systems using the
proposed technique provides good performance and
robustness. This is due to the use of the closed loop
Bode’s ideal transfer function as a reference model.

Prospects for my future Research:

In my future work, I will combine this methodology
with Computational Intelligence (Fuzzy Logic,
Neural Networks, Genetic Algorithms). I will also
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extend this methodology to include discrete Systems
and 2-D Systems.

Conclusion:

In this paper, the 2x2 MIMO systems was
transformed into two independent SISO system by
introducing an inverted decoupler, and reduces each
SISO system to the equivalent NIOPTD model. .The
multi-loop fractional IMC-PID-filter controllers is
designed based on the IMC paradigm for NIOPTD
models in an analytical method. Thus the proposed
controller parameters are determined to satisfy gain
crossover frequencies and phase  margins
specifications of the Bode’s ideal closed loop
transfer function as the reference model for each
loop. Simulation results show clearly that the time
domain specifications and the performance index
(settling time (sec), peak overshoot (%) settling
time, and IAE) given by of the controlled system
responses with the proposed controller gives a good
performance and acceptable in comparison with the
multi-loop fractional PI/PID controllers based on F-
SDSP and C-SDSP structure as well as conventional
PID controllers using root locus method.
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