Graphical PID tuning method for uncertain
fractional-order multivariable systems

Minghui Chu!, Chi Xu?, Jizheng Chu3

Beijing University of Chemical Technology, Beijing, 100029, China

3Corresponding author

E-mail: 'chumh0130@163.com, 22016400134@mail. buct.edu.cn, >chujz@mail.buct.edu.cn

Received 3 January 2019; received in revised form 14 May 2019; accepted 15 June 2019 W) Check for updates
DOI https://doi.org/10.21595/jve.2019.20500

Copyright © 2019 Minghui Chu, et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abstract. In this paper, a graphical tuning method for controllers parameters based on the
open-loop fractional transfer function (FO-EOTF) method is proposed for fractional-order
parameter uncertain multivariable system. The FO-EOTF method is proposed to transform the
parameter uncertain fractional-order multivariable system into a set of independent parameter
uncertain fractional-order univariate systems and determine the parameters regions of the
univariate systems. The gain phase margin tester is used to further guarantee the robust
performance of the controlled system. Finally, simulation result from the numerical simulation is
presented to demonstrate the effectiveness of this method.

Keywords: graphical tuning method, parameter uncertain, fractional-order, multivariable system.
1. Introduction

The industrial processes are often modeled by multivariate models. Fractional-order transfer
function is always used to describe the industrial processes to improve the accuracy of multivariate
system modeling. The parameters of models are usually uncertain due to the existence of
measurement errors, machine aging and many other problems. Considering every input in the
multivariable model may have impacts on outputs, the controller design of the multivariable model
becomes very complex. Therefore, it is not feasible to treat the multivariable model as multiple
univariate models directly. Meanwhile, the complexity of controller design for multivariable
model will increase when the subsystems are fractional-order and the parameters of the
multivariable system are uncertain. Multivariable system is confronted with decoupled issue when
we design robust controller.

In past decades, many decoupling methods for the multivariable systems have been proposed.
In literature [1], the SLC method is proposed to design the controllers of the multivariable system
one by one in a certain matrix. Unfortunately, this method is very strict on the setting order of the
controller. Li has proposed the practical multivariable control based on inverted decoupling and
decentralized ADRC [2]. The modeling uncertainties, that significantly affect the robustness of
the inverted decoupling control approach, are treated by ADRC outside of the decoupling
structure. Jobrun has proposed a method for MIMO processes based on the multi-scale control
scheme. The method tuning the controller parameters with the balanced sensitivity function [3, 4].
However, this method cannot be applied directly to the parameters uncertain multivariable system,
because the uncertain parameters will bring huge calculation pressure to decoupling. There are
also many optimization algorithms that can turn the parameter of controllers [5-7]. However, when
the parameter of the system are uncertain, these algorithms will not be able to calculate the
controller parameters. Therefore, a simplified decoupling method is needed to settle the coupling
problem. The concept of an effective open-loop transfer function (EOTF) has been introduced and
studied to design the controllers for multivariable systems by several researchers [8-13]. The core
idea is to transform the multivariable system into a set of independent univariate systems. This
method simplified the design of the controller while solving the coupling problem of the
multivariable system. Vu [12] has proposed a method to design the controller and showed
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favorable control performance for multivariable system based on EOTF method and later studied
by Jin [13].

Compared with integer-order calculus, the use of fractional calculus can be more accurate
description of complex dynamic systems. For the fractional-order characteristic polynomials with
time delay terms, the characteristic polynomial of fractional-order delay system is not a standard
characteristic polynomial because of the existence of delay term and fractional order, while a
quasi-characteristic polynomial that composed of the fractional power of the complex variable s
and the delay term eS. Therefore, the algebraic methods such as Routh-Hurwitz method, which
is already used to test the stability of integer order linear control systems, cannot be directly
applied to the stability criterion of fractional delay control systems. Of course, since the
characteristic polynomial is a function of complex variables, the stability test principle of the
existing integer order-delay system can be applied. The Kharitonov theorem has been proposed
and studied to replace the parameter uncertain univariate system via multiple boundary equations
for integer order linear control systems [14-17]. For each boundary equation, the region of the
controller parameters satisfying certain robustness and stability can be determined. The
intersection of all regions obtained by boundary equations is the controller parameter interval of
the parameter uncertain univariate system. For fractional-order systems, Hamamci [18] proposed
a method to find the stable region of fractional-order PID controller. Hamamci extended the
D-factorization method for fractional-order PID controller to fractional-order domain and
obtained the stable region of fractional PID. Using the existing stability theory of fractional
calculus equation and Kharitonov boundary theory, Petras et al. [19] proposed an algebraic method
to test the stability of fractional linear system with uncertainties. Gao et al. [20] studied the relative
stability of fractional-order systems and obtained the stable region of fractional-order PID
controller. However, none of the above methods directly consider the uncertainty of the model
parameters of the controlled object. Due to the working condition of the servo drive system, the
model parameters also change with the system state. Therefore, the graphical tuning method
should be based on the uncertain parameter model, otherwise, the set controller parameters will
not meet the strong robustness requirements of the servo drive system, thus affecting the control
accuracy. In response to this problem, Zheng et al. [21] proposed a graphical tuning method of
fractional order proportional integral derivative (FOPID) controllers for fractional order uncertain
system achieving robust D-stability. Hajiloo et al. [22] calculates the value range of the FOPID
controller by multi-objective optimization. At the same time, Saidi et al. [23] gives the tuning
method of the FOPID controller for fractional order uncertain system from the frequency domain.
However, these methods are only for univariate systems.

In this paper, a new method is proposed to determine the robustness stable region of the
parameter uncertain fractional-order multivariable system based on the EOTF method and
Kharitonov method. In particular, the proposed FO-EOTF method is used to transform the
parameter uncertain multivariable system into a set of independent parameter uncertain univariate
systems. Then, the independent parameter uncertain univariate systems is numerical
implementation by Oustaloup algorithm. Finally, the Kharitonov method is introduced to
determine the robustness stable region of the parameter uncertain univariate system.

2. Effective open-loop fractional-order transfer function

The entire closed-loop of the system is shown in Fig. 1, where R, U and Y are the inputs,
internal variables and outputs, respectively. F_. is the PID controller. F is the parameter uncertain
fractional-order multivariable system. The model F is shown as follow:

fi1(8) - fin(s)
F(s)=[ H - : l

: : : (1)
fr1($) = fun(s)

2274 JOURNAL OF VIBROENGINEERING. DECEMBER 2019, VOLUME 21, ISSUE 8



GRAPHICAL PID TUNING METHOD FOR UNCERTAIN FRACTIONAL-ORDER MULTIVARIABLE SYSTEMS.
MINGHUI CHU, CHI XU, JIZHENG CHU

#
\ 4
4

ooy
B

Fig. 1. Closed-loop of the parameter uncertain fractional-order multivariable system

The parameters in model F(s) are uncertain in a certain interval. The general expression is:

N (S) —TijS

i aij'-m..
ij aL'j,O + aij,ls Ul 4 ..o 4 ai]"mijs Y

. - o Biin::
Dy;(s) bijo + bij,15ﬁ”'1 Foe bij,nijS iingj

fij(s) = e "’ 2)

where N;;(s) and D;;(s) are the numerator terms and denominator terms of the transfer function
fij(8). a; jmij and S; jmy; are the fractional-orders of numerator terms and denominator terms. a;; ,
(h =01,--, ml-j) and by (k =01,-- ,nl-j) are the coefficients of numerator terms and
denominator terms, respectively, which satisfy a;;, < a;jn < ;5 and bjj < byjx < b; ik Tij
is the time delays term of f;;(s) which satisfies 7;; < 7;; < 7y;.

i
v

= R

_ |~ 0 7 T
— e .. : :
r f(J*Y N -f;fl.! -f;fl.tfl
+ Sein N o Sain
— . ﬁl : :
0 / S © Su S /
A A
P F

Fig. 2. The concept of the FO-EOTF

The FO-EOTF method mainly utilizes the self-stabilizing ability of the system to solve the
coupling problem, thereby reducing the difficulty of the coupling problem for the controller
design. The FO-EOTF of loop i is defined as the transfer function relating u; with y; where loop
i is open while all other loops are closed, as shown in Fig. 2, where r;, u; and y; are the input,
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internal variable and output of loop i, respectively. F/ is the remaining parts of F, without f;. f*
and f' are the column i and row i of F without f;;, respectively. F' is the remaining parts of F
without column i and row i. 7", u* and y* are the remaining parts of R, U and Y without r;, u;
and y;.
When 7 = 0, u' can be written as:
i = —Fy' = —F (Fu +F) 3)
Eq. (3) can be simplified as:
_i ~i —imi \ 71 —ic 4
i =—F (1+FF) Fu. 4)

From Fig. 2, it is clear that y, is related to u; and #'. The corresponding relationship can be
written as:

o e N1

yizfiiui+flral=[fl‘i_flTFz'(I-l_FlFZ) fw]ui' (5)
When the frequency is below the cut-off frequency [10], the relationship between F and ﬁi is:

i i -1

FF(1+FF) =1 (6)

Eq. (5) can be written as:

—ir =i\~ L=ic
yo=fu=F ) Flu= £ u ™
r Lo S0 v
- R o s
A A
| F .

Fig. 3. The closed-loop of multivariable system after FO-EOTF

The influences from the controllers of the other loops are eliminated when tuning the controller
of loop i. Each loop can be obtained by Eq. (7). Thus, the entire multivariable system F(s) can be
equivalent to a diagonal matrix system F¢//(s), which is:

£ ()
FelT(s) = (8)

fadl )
From Fig. 3, we can know that the structure of the whole closed-loop control loop after
replacing the parameter uncertain multivariable system F(s) with the parameter uncertain

equivalent model F¢//(s). The equivalent model can effectively reduce the interference caused
by the coupling factors between the systems, and also greatly reduce the amount of computation.
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The equivalent transfer function f;; eff (s) of loop i in F/f(s) is only related to all elements in the
system in Eq. (7). Assuming the general expression as:

ii_]\/1 (s)efitars + hy; . (s)eFiiazs 4 ...
ii-D1 (s)e Tiip1s 4 hii,Dz (s)eTiib2S 4 ...

£ (s) =

) ©)

where h;; . (s) is consisted of N;; and D;; in Eq.(2), 7, is consisted of 7;;. Similarly, the
FO-EOTF model similar to Eq. (9) can be obtained for each parameter uncertain multivariable
system. However, the general expression of f; eff (s) in Eq. (9) is inconvenient to analyze and
calculate because of the excessive time delay. Thus, Eq. (9) can be simplified as:

eff eff+aeff Qg 4 .. +aeff @iim

eff e TiiS = I.I.O ii,1 —Ti:S
s) = i et 10
fi )= b+ b s et beffsﬂun (10)

u' ii,0

where aflf *f , bﬁif » Qiim» Piin and T; are all uncertain in a certain interval. In literature [9], it is

pointed out that when the numerator and denominator coefficients of the transfer function are
fixed, the larger the delay term is, the smaller the stability domain. First, considering the
parameters of non-time delay term in fff ! (s) are fixed, the time delays are uncertain in a certain
interval. Meanwhile, the coupling relationships among the coefficients 7;; . of the time delays are
ignored. Then, the coefficients 7;; 5. of the time delays in molecular term take the maximum value
Tii a+- On the contrary, coefficients 7;; 5, of the time delays in denominator term take the maximum
value 7;;p.. Then, find the maximum values of T 4. and T;;p., that are max{fii‘a*} and
max{gi,b*}, and extract them out. Finally, the remaining parts after extraction are approximated
by Taylor expansion. Take the 2x2 parameter uncertain system as an example:

[Le—fus Le—flzs]

Tjys%11 + 1 T)ps%2 + 1

F(s)=|"", e ' (11)
21 -Tus #e‘TZZSJ

where k, <k, <k, T.<T, <
be written as:

’ﬂl

and 7, < 7, < T,. Through Eq. (7), the FO-EOTF of loop 1 can

hiin,(s)e™™11ats + hyg y (s)e~F1ra2’

hy1p, (s)eF11b1s

£ (s) = , (12)

where:

hll,Nl(s) = k11k22(T12T21Sa12+a21 + lesalz + T21saz1 + 1),

hi1n, (8) = —kqzkq5(T1Typs® 117 %22 + T; 5%11 + T,py5%2 + 1),

h11,D1 (5) = k22(T11T12T21Sa11+a12+0£21 + T11T125a11+a12 + T12T21Sa12+a21
+T11To5¥1F %21 + Ty s%11 + Typ5%12 + Ty 5921 + 1),

Tita1 = T11 T 7220 Tia2 = Tiz T T2, Tigpr = Toz

Under the premise of ignoring the coupling relation of the time delay, the fluctuation interval
of the time delay can be obtained, that are 71 + 7oy < Ty191 < T11 + T22, Ti2 T 721 < T11a2 <
Ty + Tpg and Ty < Tygp1 < Toa

Find out 714 41, T11,42 and 711 51 according to the rules mentioned above. Then, max{fii_a*}
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and max{zu-‘b*} can be obtained by comparison. For the convenience of display here, assuming
T1p + Tp1 < T1q + Tpp, that means Ty 4 < Tqq41. Then, the remaining part of the extract is
processed by Taylor expansion. Thus, Eq. (12) can be rewritten as:

h11,N1(5) + h11,1v2 (5)(1 + (f11,a1 - f11,a2)5)
h11,D1 (s)

e—(f11,a1—£11,b1)5. (13)

f1ff()

In Eq. (13), the coefficient of the time delay is fixed, and the other coefficients are uncertain
values in certain intervals. Due to the infinite dimensional properties of fractional-order operators,
it cannot be directly numerically implemented. In this paper, the Oustaloup algorithm is used to
approximate it by continuous transfer function. When using the Oustaloup algorithm to
approximate fractional-order operator, the approximating frequency band and the order of the
approximated transfer function need to select at first. Here, the approximating frequency band is
assumed and the approximating order is n. The general transfer function of Oustaloup algorithm
is expressed as:

N t ol
S+ wy
G(s)=K | | , (14)
S+ wy
k=-N
where:
1 1
k+N+7(1—a) k+N+7(1+a) a N
. Wp\~ 2N+1 _ Wp\~ 2N+1 _ (Wp\72 Wy
wp = wp |[— , Wp=wyl|— , K=|— —.
wp wp Wy, Wy,

Therefore, Eq. (10) can be approximated by Oustaloup algorithm, which shown in Eq. (15) as:

f0 eff fo—eff fo—eff
ffo—eff( ) lI.O + aul s+t aum Sm €_T”S (15
ii = oo 4 plo-elT g &4 plo-TFgn : )

ii,0 ii,1 ii,n
3. Kharitonov theorem

It can be seen from Fig. 3, a multivariable system can be equivalent to multiple single variable
systems after equivalent transformation. For general parameter uncertain univariate system, the
corresponding boundary system can be obtained directly based on Kharitonov theorem. Then, the
region of the controller parameters satisfying certain robustness for the parameter uncertain

univariate system can be calculated. However, the premise of using the Kharitonov theorem is that
fo-eff and

ii,*

b2°7¢'T of the above FO-EOTF fl{ o=eff (s) are determined by the coefficients in f;;(s), showing

LL,*
a linear correlation. In order to simplify the calculation, ignore the coupling between the
parameters, readjust the intervals of the parameters as af o-eff € [af; fo=eff, f o= and
be effe [bfo eff be eff

=i

LL,* LL,*
The controller used in this paper is PID controller. Taking loop i as an example, the expression
of the controller is:

the parameters of the uncertain model are linearly independent. The parameters a;

K;;
fci(s) Kpl +— +KdLS (16)

where K.

i Ki; and K, ; are the proportions, integrals and differential terms of controller f;(s),
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respectively. In order to satisfy the stability and certain robustness, a gain phase margin tester
Ae~J? is added to the loop i, as shown in Fig. 4. Thus, the characteristic polynomial of the loop i
can be obtained:

Ai(s) = 1+ Ae O£ ()f] O™ (s). (17)

i 0 fo—eff Vi
+ Ae ! ~fci .f;'j .

A 4

A 4
v

Fig. 4. The closed-loop of multivariable system with gain phase margin tester
Substituting Egs. (15) and (16) into Eq. (17), we get:

Ai(s)=s- (b{:% eofr 4 bfo s+t b0 sm) + Ae ™10 - (K5 + Ky + Ky i5?)

un

18
(a 500 efr 4 af:ol effs + et aL]:‘;neff m) . e TS = Q. (18)
Eq. (18) can be written as:
D(s) =5 (BLS T + bl s+ + B[S ™) + A0 - (Kpis + Kij + Kays?) (19)
(a£°0 eff 4 aL]:Ol effs + et aﬁneff ™) - [cos(0 + wTy;) — jsin(0 + wT;)] = 0.
Further algebraic manipulation of Eq. (19) results as:
n+1
A(s) = Z(qu +jr;)st =0, (20)
1

where q;; and 7;; are the real and imaginary parts of s' in A;(s) respectively, while q;; and 7;;
are uncertain but bounded. Thus, Eq. (19) can be rewritten as:

n+1

Ai(s) = Z ([Qz,iﬁz,i] +j[rl,i'ﬂ,i])5l =0. (21)

1

When Eq. (21) satisfies the Hurwitz stability, the entire uncertain system satisfies the stability
condition. In order to further simplify the computation, the Kharitonov theorem is used to deal
with the Eq. (21). The theorem indicates that Eq. (21) can be replaced by a set of boundary
equations:

A= (ﬂo,i +ffo,i) + (gl,i +jf1,i) s+ (T +JT20)s* + (Ga +jrs)s® + -, (22)
Dpi = (Gou +JjTo) + (Gui +Jri)s + (ﬂz,i +f7_”z,i) s+ (ﬂs,i +j773,i) s34+, (23)
Ag; = (qo; + jroi) + (gu +jr1,i) s+ (Qz,i +jf2,i) s2 4+ (s + jrsi)s® + -, (24)
Ay = (%i +j770i) + (qui +J70)s + (G +Jrai)s? + (CI3i +fI3i) s34 (25)
= (qol o j100) + (@ +J13,)5 + (@i + J700)s? + (s +7750) ° + (26)
= (oi + 7o) + (Qui +7700) 5 + (@ +J12,) 5 + (@i +J120)5% + -+, 27)
= (os +j1:) + (Gui + j70)s + (G + 7700 ) 52 + (s +130) 5% + -+, (28)
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Ag; = (ﬂo,i +j7:0,i) + (gl,i +j£1,i) s+ (T +J120)5 + (Fa +Js,)s% + . (29)

For each boundary equation A, ;, there is a set of controllers f., ;(s) that can make it stable.
The intersection of controller parameters regions corresponding to each boundary equation is the

final region of the controller parameters of the loop i, that is f,;(s) = N fc.;(s). Due to the
existence of the gain phase margin tester Ae =/, the controller f,;(s) can make the equivalent
open-loop transfer function fl{ o-eff (s) stable while satisfying certain robustness.

Let s = jw, the Egs. (22)-(29) can be written as:
A, (W) = Ag, (W) +jAL;(w) =0, (30)

where Ag,;(w) and A, ;(w) are the real and imaginary parts of A, ;(w), respectively. Let
Ag.;(w) and A}, ;(w) equal to zero:

AR*,L' ((1)) = BR*,i(a)) : Kp*_i + CR*_i ((1)) : Ki*_i + DR*,i(w) = O, (31)
Api(w) = B () - Ky, j + Cpj(@) - Kiyy + Dy (@) = 0, (32)

where Br. i, Br.is Cruis Criis Dri; and Dy, ; are the remaining parts after the common factor is
extracted. Using the Cramer rule, the equations about K, ; and K;, ; can be obtained:

_ CR*,i(w) : DI*,i(w) - CI*,i(w) : DR*,i(w)

i = Bp.i(w) - Cp.j(w) = B, i(@) - Cra (@)’ (33)
Ki*'i _ BR*,i ((1)) . DI*,i(w) - BI*,i (a)) . DR*,i(w) (34)

BR*,i ((1.)) : CI*,i(w) - BI*,i ((1.)) : CR*,i(w)'

When the parameters in the right part of Egs. (33) and (34) are fixed, a boundary line can be
calculated in the K,,; — K;; plane. The controller parameters corresponding to the point in this line
can make the system in Fig.4 critical stable. Then, it is necessary to determine the regions of the
controllers parameters by using the Jacobian matrix of Eqgs. (33) and (34). The Jacobian matrix
are:

BR*,i CR*,i
BI*,i CI*,i

= BR*,i(w) : CI*,i(w) - CR*,i(w) ' BI*,i (w) (35)

When J,; > 0, the left of the stable line facing the direction in which w increases is the stable
regions. When J, ; < 0, the right of the stable line facing the direction in which w increases is the
stable regions. In this way, the stability interval f, ;(s) for each boundary equation can be
determined. Thus, the final stable range f;(s) = N f.;(s) can be easily obtained.

4. Simulation

Assuming the model F in Fig. 1 is a 2x2 parameter uncertain fractional-order multivariable:

K s Kz s
T1151'1 les
F(s)=|"% K , (36)
21 _ 22 —
e T21S —=" ¢ T22S
T21S Tzzsl'z

where Ky; € [0.9, 1], Ky5 € [0.8, 0.9], Koy € [1, 1.1], Kyy € [0.9, 1.1], Ty; € [1.7, 1.9],
Ty € [1.9, 2], Tyy € [1.5, 1.6], Tpp € [1.6, 1.7], T4y € [0.45, 0.5], Ty, € [0.4, 0.45],
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T,1 € [0.25, 0.3] and 75, € [0.2, 0.25]. Assuming the loops need to satisfy the conditions of
GM = 8 dB and PM = 30°. The final robust stable region of the loops can be calculated, as shown
in Figs. 5-6.

Robust Stable_R_egion' =

005 g

Fig. 5. Robust stable boundary lines of A;

. Robust Stable chg_ioﬁ e
B2

K 005 04 ° g

Fig. 6. Robust stable boundary lines of A,

186

From: In{1}) From: In{2)

To: Out{1)

Amplitude

=

o
c-

To: Out{2)

0 100 200 300 400 5000 100 200 300 400 600
Time (seconds)
Fig. 7. Responses of controllers A1 and A2
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Three sets of controllers are selected A1 (K, = 0.2, K; = 0.01, K4 = 0.03), B1 (K, =0.2,
K; =0.08,K; =0.04), C1 (K, =1,K; =0.5, K4 =0.1), A2 (K, = 0.25, K; = 0.02, K4 = 0.03),
B2 (K, = 0.25, K; = 0.05, K4 = 0.06) and C2 (K, = 0.5, K; = 0.5, K4 = 0.05) to verify the
effectiveness of this method. Where, A1 and A2 are in robust stable region, B1 and B2 are in the
stable region but outside of the robust stable region, C1 and C2 are outside the stable region. The
responses of controllersA1 and A2 are shown in Fig. 7. The responses of controllers B1 and B2
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are shown in Fig. 8. The responses of controllers C1 and C2 are shown in Fig. 9.

Amplitude

Amplitude

2282

To: Qut(2)

To: Qut(1)

To: Out(2)

From: In{1)

From: In{2)

100

L4a]
(=]

=]

n
=)

-100
100

o
[=]

o

n
=]

-100

200 300 400 5000 100 200 300 400 600

Time (seconds)

Fig. 8. Responses of controllers B1 and B2
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; 1
; ; A
60 80 1000 20 40 60
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Fig. 9. Responses of controllers C1 and C2
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From Figs. 7-9, it clear that the controllers A1, A2, B1 and B2 can stable the system, but the
controllers €1 and C2 cannot stable the system. In order to verify the effectiveness of the proposed

method, the gain and phase margins of the controllers A1, A2, B1 and B2 are calculated to verify
the robustness.

Bode Diagram

Bode Diagram
10 e s :

o

Magnitude (d1B)

i
m
=]

Phasea (deg)
R
o
o
Phase (deg)

225

: ok : - | 270 - H : R = 3 s M 5

10 10 10 10 10 10

Freguency (radfs) Frequency (radfs)
Fig. 10. Bode plot of the controller A1 and A2

Bode Diagram

Bode Diagram
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Fig. 10 shows the gain and phase margins of controller A1 and A2. The gain margin of
controller A1 is in 28.7-31.6 dB, the phase margin is around 58 deg. The gain margin of controller
A2 is in 32.9-36.7 dB, and the phase margin is around 51 deg. Fig. 11 shows the gain and phase
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margins of controller B1 and B2. The gain margin of controller B1 is around —18.4 dB, the phase
margin is in 15.9-18.2 deg. The gain margin of controller B2 is around —21 dB, and the phase
margin is in 32.5-37.1deg, which does not meet the limited conditions. Therefore, the controller
in the robust stability region can make the system satisfy robustness.

5. Conclusions

In this paper, a unique graphical method are used to design the PID controller of the parameter
uncertain fractional-order multivariable system. FO-EOTF is used to decouple multivariable
systems and transform the multivariable system into a set of independent univariate systems.
Based on Kharitonov theorem, a set of boundary systems is used to replace parametric uncertain
fractional-order univariate systems. Then, the region of the PID controller parameters can be
determined. In order to consider the robustness of the system, the gain phase margin tester is
introduced. From the example, it can be seen that the proposed method can calculate the region of
the PID controller parameters of the parameter uncertain fractional-order multivariable system.
The parameters in the robust stable region can stabilize the system and meet certain robustness
requirements. The parameters of the controller outside the robust stable region do not meet the
requirements. The unique graphical approach helps to better understand how to determine the area
of controller parameters.
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