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Abstract: In this paper, a variable order fractional PI* controller based on fuzzy rules is presented
to improve the robustness of fractional-order PI controller, with the design process of fuzzy rule
and fractional order PT* controller described in detail. A study is conducted of the voltage outer
loop response characteristics of three phase PWM rectifier based on fuzzy rule adaptive fractional
order controller by simulation. Compared with the traditional integer order PI controller and the
fractional order PI*, the adaptive order fuzzy PI* controller (VOFFPID) has the advantages of im-
mediate response, small overshoot and good robustness to disturbances. The method can be ef-
fectively applied to the complex control system under the condition of nonlinear phenomenon and
multi disturbance input, improving the robustness of the system and achieving a better control

effect.
Key words: fractional calculus; fractional fuzzy PI* controller; numerical simulation; Oustaloup

filter

FRLME B G 2 ATAE T AR AL & i 2
TR R AR R A et R — 0 L R
GAEN— DR AN KRG R K 1 AR etk 4
P R, PR R B . SCRRL L)% B T R
FRLEPE R AR T — Fh e R 158 H Bt B 1k JE )
WS R HABOR BB, TE X ST [F]
FEWAFTEE R AR R R . SCIR[2I0F 5 T 7
Ry S LA AR L PR A5 ) R A P 7 56

KB, 2016-12-15
EEWAB: BRAKRFFEELSTIIH (51507134)

W T A I AR OR . K T R A T
W FEE R, WAATEE R IR L.
AKEEHLIA T R GE T 00 %, Ik A G 4% Wil 4 a2 17 1
BUH b T 28RS R R PID #5261 8% 2 BOk € ik
MR R . N Tl R 2 TO0E B R R,
Xt AL PID 45 il #EAT AL . [ A b 2 2 0 e A
TREWPITE . SCHRE3JHE I T A 3 RDR 7 BER
ARG T KR L T 2R 85 5 AR 1 3l A 1 e

EEBN: BT T &P AL 5 A B #l . E-mail: yangning@ xaut. edu. cn



7T A R TR B 9 S BB P R BT ST 305

FOYE A 55 SCER 448 T A 38 1% 28 280 PID, 48
TR AR G0 e s SR 5 100 P b e N 4% i T
35 W AR 240 PID, £ th H 3& N PID #5 il 2 i ok
LRk DL R e R A O, AN, AR A K
PID #" | [ 38 B 2 O8O PID # il LN Tph &
W £ 240 H B E PID #4545 Fp ok ik PID 4% il
M H W

AT JLAF o B 2 43 505 SR 40 B S A & i Rz FH
O3B il RN S BB PID #E i #8048 T
Sz . KRS R, 4B PID £ i 25 1 42
il B8R HE B AR PID o 8 A g e T AR
B R B g e e N PN A LT TR [E)
SRR R T Y Tl 25 55 5 B, 4 45 45 7 4 BB
PID 45 il 5 10 45 ik K o 17 38 135 Ay 224 i 1) AFF 5 44
Ao TEBCHE ST BSOS R T T DR B 1 R e S
BRI AL (BP 20 9 40 FASER s o 45 O vk
TSR ECHY PID #2285 v, DL = S B0 20K .

R EAR S VAN N T ] iOE | S5 i S
F o, B BORMAASRE T MG FEbE . S BOR  h
#R7E PID LUK B il vh #84 dz YT L O 3% i is
)Tl R G b SCHRC LTS K 43 B B A4 2 ol 25 32
FENLER AN BRAVERE b, SCRR (19 T3 a3 2 57 43 0B 52 48
il 28 o A DR 5 i 3 XU R A 0 A B ) A O
SEHE T RHE TC R R A E bR . AT S R A 4
il 5 70 BRI 4 ) R W A 25 A0 B T A BB SR
PID #& il &%, a5 3 T KL AF A9 f i 2R . H LR
K2 FLUEF X R 1 50 BB 2850, TR B Ik .

AR SCHETF 3 B R 43, 405 PR 45 o R DU, 42
Hh 35 N BB o BB AR PT 4 il 2% (VOFF-
PD . i FH—A~ % B = B & 40 LA K A i Ah 3845 31
(AR L SIE I A T i VR T AN B8 SRR B 8
RV T B R DA o L LA R A R

1 SEHHR

3B O AT LU Ay 2 28 R R0 [ SRR 0 1Y)
W B E A A O MR R AR R,
B9 53 B TR 43 %€ XA : Riemann-Liouville (RL) 2E
X .Grunwald-Letnikov(GL) % X 1 Caputo & ¥,

Riemann-Liouville(RL) & X, JEX T .

dfw 1 iﬁ £
dee I'(n—a) di"Jo (t — )M}

(@)
Ao ABUEE], ¢ AR b BR AL A Bl A R R
o BB RN o R R n— 1<
a<<n,a AWME.T(C+ )& Gamma FREL,

MDef(t) =

dr

Grunwald-Letnikov(GL)E X F .
(t—a)/h
LD (1) = 1imh—1a S - 1>f((fjf<tjh> 2)
=0 j=0 J
Kokt ﬁﬁﬁ,(‘jw:mﬁa@%ﬁ,,ﬁﬁﬁ:ﬁ%ﬁ
J
® S SCHk[22],
Caputo & LRI R R
1 d [ f@
I'(n—a) dz‘,”Jo (z‘*r)r“ﬂdf (3
GL & X5 RL 8 43 € L& 58 &
1, Caputo 5 RL WA A FE T X5 8 Kok S 00 E X
I Caputo & X 8 BOK S 47 4.1 RL 4.
iR B R G H AW T B2 AR i, 35 %)
B o7 B AR e T 2 43 by, e — I ok

n—1 -
L{dujtf’f)}: VX (s) — g;)sk [%] )

Hrp o€ (n—1,n), 81 bl 2 0K 5248 3 R
BB ERE X, YREVHENIE
it (O AR R

d*x (1)
L{ de®

XTI RS =0 WAL A S
RS 2 (O Ly OTEEBIG IR RN
Y aust ta,ashet £ Fapsh

OX(s) byst by, s A e A by 5%
(6)

Dif () =

}= $X () (5

G(s)

;H\:E'j(amsb,,,)eRv VnﬂneNo
2 S P i=H 25

SrRCHr PID 5 4 4% B 502 1 1 Podlubny ##%
PR, HATH OSSN N 0 BB PID 5 il 4% He
HERHY TN R 2 L BE AR B R GE R I ROR

K 3 BT T IR P4 ] i o (0 42 1 4% 1
SR LR P IE T = A R R By
PT B A AR . AL 3 R R Oy

G.(5) :K[J+%,(A>O) 0

AR C7) AT, BERGY PT il 5 02 2 B b PT
Pl 2 ORRIR T O . 3 BB PT° 45 4% BR 1 G 43 36
TRYK, MRSH TR K .2 T DA LS
AT P AR A R B DT AT LA B S A A
AR

X SEBr A B X R AT AR A I (A AL
FARGLAR i g R BETH 20 KB PT #2561 &5 LA 2 &
GRS PREOR

X T RZAEXNG G, VLA 8% G BLi 2 -



306 PO TR 22247 (2017) 46 33 45 3 1

¢ = argl G, Gu )G, Guw,) 1+ = (8)

S S

G.Gw,)G, (jw,)
H w, sw, 43501 2

| G.Gw )G, o) | =1 (10

arg[ G, Gw,) G, Gw,) ] =—m (1)

3 MR ER IR

o T BB PTC #5445 A B4 2 80 A B E )
AE . JCIE B X P RGBSR . DRI, AR SORF SR
AU SIS RO P12 i g AR O M0 4 5 BRI 15
TR B P H & B2 K, K iR 2EEA
KR FR . ASCAE M SL Rl X 2802 B L, 52 3
P FA il a5 b =4S 2 50y 2 25 08 B, HC 43 o SR
K1 PR,

AH\ (9)

i
—>

il At PN o
- ﬁéﬁPl?ﬁ%Ué#thﬁﬂN?ﬁ

BI1 BOWIAM B PT 4 o 4 s
Fig.1 Control logic of fractional-order fuzzy PI controller

P ORI 5 ] BEAR IR AR 22 E DL AR 2 A kR
E. RN A 9 4& T 3 BB PTY 42 1 8% 19 S 54
i L R 6% 3% 0 A R AR A 38 g R e L R S
BORFa e Z A8 W R 5.

AR AK, . AK, 51528 UL KR 22L& 1)

AK, = [,(E,E)
AK, = f.(E.E)

A TR £, B SRR A S
SYE PT R HI 2 S B R . B hr TRAR
SPRUAT LU ST A T8 Y ASTR F2 1 R0 3K 7E AR 22 Sk
TR PEAR A 4 L AL AN AR,

T IS R0 BR AT B Hox s RSSO 1 R, A
SO T — AT B PTG = B R g (M
i RN A8 i) .

TS S PT R B R B R AT LA
FANE 2 PR siCR,

H L 2 AT DL S 4 i 285 b S 8O AR B B
AL T B A B T R R T K e o e
] AR R 3G I, 9 A B IUE KT 1B 3R i, £
FA R B R PR Ay sl o B A R YT B B8 R

(12

SRR GRS SO O] ) 04 B A a8
B N[ —0. 3 0. 3], BEE TR 22 DL J2 i 22 78 fb A pi
T4 (NB NM NS ZO PS PM PB} ., 435l & 7= fi
Rt /N F IE/N ER ER IR 1R

147
1.2t
1.0
] =09
| e j=1.0
0.8} i
LE ; =11
= , g =13
0.6} <L
; — =13
0.4 ! A=L4
|
0.2
0“ L 1 1 L 1 1
0 5 10 15 20 25 30

t/s

Bl 2 KA T B R L Y 52 i

Fig. 2 Influence of fractional-order to step response

F 1 BB ZSHA R

Tab. 1 Control rules of parameter A

A NB NM NS Z0 PS PM PB
NB PB PB PB PM PM 70 20
NM PB PB PM PM PS Z0 Z0
NS PM  PM PS PS Z0 NS NS
Z0 PM PS Z0 NS NS NM NM
PS PS PS 70 NS NS NM NM
PM 70 70 NS NM NM NB NB

PB Z0 Z0 NS NM NB NB NB

WA SR Jm R ORI BB IE | g S B A e
PURREAL o T = AR SRR R R B R A R AT
oy TS B LL B P R R 4 B A, DA AR SO
HFEKA N

0 xr<a
X ar a < < a
a, — a;
wr () = (13
as — a, < x << a;
as — A
0 x = as

M varsar sa; 435 SR8 BE R ECZS S 1L TR
FIAT i 4

A R R A DL T S8 3 B BRI, DL 3%
1, HAELMEREmE 3 gra,



7T A R TR B 9 S BB P R BT ST 307

K3 gl A

Fig. 3 Control surface of parameter A

4 {HEXH

A3 R H Matlab/Simulink #C2F 8 € 5 2085
HEAT S5, PRI E 2D A B oded 12
4.1 DEMRHHESLH

SCHRC25 I A 1 T 2 Tl i 2 08 5 i 1Y 58 L5
P A SCd T Oustaloup 846, 43 BUHr 5 o0 19 58 9L
BT ] 45 B HOE 1 LS L T Oustaloup U8 3 8k
W BB FROT s HEAT BRI A .
s+
s o
AP R A Y Z A ORI 25 03 0 AT el LR = A

s =K (14)

W = w, (ﬂj : (15)
b
21;]\:#11
w; = wb(%j h (16)
b
K = o} 17

s N R UE R AR B R w0, T @, 2300405 R |
TR IZTT IR AR X N BE B B 4 19 P05 o B Rt
YR AN XA BT ERZ .
4.2 EHWH PIIZHIERS VOFFPI Xfit
HAEHIE LG =B X 4 HAL 3 R
B
1

G =TI hGrnGry O

K Z-N(Ziegler-Nichols) % € 5 , 15 3| 4%
B PLERI S S40:.K, B 1.6,K, 4 33.76, X &
VOFFPI i 91 {E 5 % 50 P 458 2% COPD A A, L
Oy PRI BB E N 0.8, IR T AR 5 2% 9 B Ak X
A 3 O RS A T 1 A R R

Pl G 0 [ BR R O 0 4 BFoR . fE Z-N
HEMS R, VOFFPL 38R AE 90 /NEE 0 . 4 &
AR Ja , [l I A 7 b 42 i % o AR 3, VOFFPI

Xt T YE Bk AL I 18] 4 . FAT B i 5 A L pT T I
AE 7 B0

1.4 :
—VOFFPI

1.2t e —

K AN

[ 0.8 \

B o6k 12— 1.05 —————
0.4f | ] VRS
0.21 '(u I 1 I ! I
. 7 25 3 35 . 11 12 13

0 5 10 15 20

t/s

4 VOFFPI £ 27 5 B EGr P16 45 X L
Fig. 4 Comparison between VOFFPI and integer-order
PI controller

4.3 BHEH S HH P 24355 VOFFPI XLt

PWM % i #% H A 3w H) 32 35 20 ) fig . % i 22
B, 08— PR 0 L RE R e g, A AR Y S 2 A o
ARG, HIEINAR H R E R 8 H M0 B, PT S
il # a2 H AT AR B B By — A R Oy
VOFFPIF 51 A AT LA g B T 2 5088 20 A 45 Fh 4 3)
7 | A AN A S P ) A

AR I SCHR[ 26 142 HY 14 58 0 2% HL R A0 3R 4 ol
PR, HopsdlHE R W& 5 iR .

u*y K 1-Ts | U
—-(%} K, (1+ g W1+T|S

€15 H R Ah I 4 i AE 1A
Fig. 5 Control logic of voltage outer loop
HL R A0 I 42 1l 1) A 328 R BCRY

1—T,s
1 + TiS

A, T,=0.495,T,=0. 000151 ,W=9. 06"

2 BRI SCARUA 1 % 5 J7 6 ] LA 31 40 % B PT
A a0 =X 200 Frw , #ie BB 8 1) S 5088 2 o BB
AR,

Gu(s) =W (19

33.76

504 857

F BB PL ¥ 2% L I N7 B 55053 550 B AR
PI* ¥ il 45 5 70 8 PT* #8 il #% (FOPD 2R H 7] — 41
SRIEAT R DT E BT

RGP BRI N, QB 6 T

FEFRE— L S HCT , [ IS N 0 BB PT 4%
il 25 AR SE AR R S B0 A B AR B R 7 B
A TR R DL P AR g i ], VOFFPI
P il 4 R 5 Ry 1. 665 06, W H B[] 2 0. 0143 F5,

Ga(s) =1.6+ 20




308 PO TR 22247 (2017) 46 33 45 3 1

FOPI M J# &~ 1. 981 %, W I [8] & 0. 0156 #b,
VOFFPI 4 J7 P RE A AL T 43 B PT* ¥ i 4% .

14 T T T T
N — VOFFPI
1.2t oo [F——FOPI j
[N\ 0PI
Lo
0.8 1
= 0S————— 1.3p . m |
= 0.6f —~=l___ R
0.4F 11 A T
0.2F 1
09 1 1 1 11 1 1 1
0F0.01 0.015 0.02 0.025 0255 0.26 0265
;02 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5

t/s

Kl 6 VOFFPT il & 15 70 B P14z il 2 X)L
Fig. 6 Comparision between VOFFPI and fractional-order
PI controller

R EGALE 0. 25 s WM A 3h, 15 45
W 2 iR,

# 2 VOFFPI 5 FOPI %} 4 #t 8h He %
Tab. 2 Comparison of VOFFPI and FOPI to load

disturbance

el WA RS E PR /s
VOFFPI 1.227 5 1. 009 0 0.349 8

OPI 1.257 0 1.001 7 0.379 6

FOPI 1.2355 1..009 2 0.350 0

FEIAIR By 5, = Fh 4 i & 70 Re Wk B Fe e is 17
A&, o VOFFPI 78 T30 I 3h 5 1k & P, & B Pk
A8, T JEL A R A A o 2 L A BB A AR IR L R A
il 5 e 25 . UL, Sl iR (B M i BT VOFFPL,
RE NS B X P s DRk &2, - L 17 B[] AF 6 B R, A
g 6 R TR A IR RS T U I F R Y S, LR
il 4 v M R A AT

5 & iF

ARSCHE T — A 35 R RO B ] PT 45
i s R B U AT P B R PT AR N AT
RO AT DL ] PTY R 4% B = A S8R E AR
GERBL . BA BRI B R B HSE IR
1R o3 B IR RR 34z ) B ASOR 45 1 45 o el LA
IR A T 45 1B il R LA i 7 R T
T A B RLRE

38 I B 807 BB BT PT 45 i & (VOFFPD)
S K o BB R o3 B8 s B S BR B BT IR R
XF Tt RGEE A TOUT 92 g A 405 R AT %
03z B8 TR

e dE

[1] MISHRA S. RAY P. Nonlinear modeling and control of
a photovoltaic fed improved hybrid DSTATCOM for
power quality improvement [ J]. International Journal of
Electrical Power &. Energy Systems. 2016, 75(9) ; 245-
254.

[2] BOUKHEZZAR B, SIGUERDIDJANE H, MAUREEN
H. Nonlinear control of variable-speed wind turbines for
generator torque limiting and power optimization []].
Journal of Solar Energy Engineering, 2006, 128 (4):
516-530.

[3] opokse, JHM. HeT AR F Bk 1K E L PID 34
ESHALA [J]. KT A S, 2014, 35(2): 47-50.
SU Yongliang, ZHOU bin. PID parameters optimization
of hydraulic turbine based on adaptive particle swarm
optimization algorithm [J]. Hydropower Plant Automa-
tion, 2014, 35(2): 47-50.

[4] Ao, KEPLAE S L RER [T]. KT kB %,
1996, 52(1). 78-83.

ZHAO Kunyao. Development of water turbine governor
[J]. Journal of Hydroelectric Engineering, 1996, 52
(1) 78-83.

[5] QI Xuemei, ZHANG Jingdong. Study on adaptive PID
control algorithm based on RBF neural network []].
Telkomnika Indonesian Journal of Electrical Engineer-
ing, 2015, 13(2).: 287-291.

[6] HODEL A, HALL C. Variable-structure PID control to
prevent integrator windup [J]. IEEE Transactions on
Industrial Electronics, 2001, 48(2) . 442-451.

L7] XV, HIER. B A& N PID 6l & (1], #HlS
Peof . 1995, 10(6): 558-562.

LIU Guorong, YANG Xianhui. Fuzzy adaptive PID con-
troller [J]. Journal of Control and Decision, 1995, 10
(6): 558-562.

[8] EsiA. NLMW&MLF e Rt e ko (1]

RJEHE T RA24R . 2015, 31(6) : 682-685.
HUO Liangsheng. Stability analysis of artificial neural
network intelligent control system [J]. Journal of
Taiyuan University of Technology, 2015, 31 (6):
682-685.

[o] fesE T, BUAEME. 42 RGN 43 B PID £ 60 4% 5 1t

0], FhFe 50 A, 2007, 24(5): 771-776.
XUE Dingyu, ZHAO chunna. Fractional order PID con-
troller design for fractional order systems [J]. Journal
of Control Theory and Applications, 2007, 24 (5):
771-776.

[10] MONJE C A, VINAGRE B M, FELIU V. Tuning and

auto-tuning of fractional order controllers for industry

applications [ J]. Control Engineering Practice, 2008,



7T A R TR B 9 S BB P R BT ST 309

16(7): 798-812.

[11] ZAMANI M, KARIMI-GHARTEMANI M, SADATI
N. Design of a fractional order PID controller for an
AVR using particle swarm optimization [ J]. Control
Engineering Practice, 2009, 17(12). 1380-1387.

[12] SWATI S H., YOGESH V. Fractional-order PI con-
troller with specific gain-phase margin for MABP con-
trol [J]. IETE Journal of Research, 2015, 61 (2):
142-153.

[13] DAS S, PAN I, SHANTANU D. A novel fractional
order fuzzy PID controller and its optimal time domain
tuning based on integral performance indices [J]. En-
gineering Applications of Artificial Intelligence, 2012,
25(2): 430-442.

[14] XUE Dingyu, ZHAO Chunna, CHEN Yangquan. A
modified approximation method of Fractional-order sys-
tem [ C] // IEEE International Conference on Mecha-
tronics and Automation. May, 15-19, 2006, Orlando,
Florida, 21: 1043-1048.

[15] INDRANIL P, SAPTARSHI D. Chaotic multi-objec-
tive optimization based design of fractional order PI*D*
controller in AVR system [J]. International Journal of
Electrical Power &. Energy Systems, 2012, 43 (1)
393-407.

L16] Ay, 4238, ool , 48, BT 9 4 0 4% 43 JOo 42 i 1 6

AR [T ISR, 2014, 12(20): 76-79.
FAN Bo, LI Ling, ZHANG Qiang, et al. Inverter
power supply based on neural network fractional order
control [J]. Journal of Electrical Measurement and In-
strumentation, 2014, 12(20): 76-79.

[17] RADU-EMIL P, HANS H. A survey on industrial ap-
plications of fuzzy control [J]. Computers in Industry,
2011, 62(3): 213-226.

[18] RICHA S, RANA K P S, VINEET K. Performance a-
nalysis of fractional order fuzzy PID controllers applied
to a robotic manipulator [J]. Expert Systems with Ap-
plications, 2014, 41(9): 4274-4289.

[19] FU Hua, LI Yafei, XU Yaosong. Air volume regula-
ting method for local ventilator based on fuzzy fraction-
al-order PID control [J]. Computer Simulation, 2015,
32(8): 374.

[20] B 2250, B8, WM. 56T 20 Hop o 20 19 B4 23

Bl # AT [T, PO 583 K% %4, 2005, 39
(11): 1246-1249.
CAOQO Junyi, LIANG Jin, CAO Binggang. Fuzzy frac-
tional order controller based on fractional calculus [J].
Journal of Xi’an Jiaotong University, 2005, 39(11):
1246-1249.

[21] PUNEET M, VINEET K, RANA K P S. A fractional
order fuzzy PID controller for binary distillation column
control [J]. Expert Systems with Applications, 2015,
42(22) : 8533-8549.

[22] IGOR P. Fractional differential equations [J]. Aca-
demic Press Inc San Diego Ca, 1999, 28(2): 2.

[23] ERE. T, WH%. HFEMW PID % &l 4% 09 % %l

TR [J] PUBCRE 2 5 8OR, 2011, 30 (1)
166-172.
WANG Shuyan, SHI Yu, FENG Zhongxu. Research
on control method based on fuzzy PID controller [J].
Mechanical Science and Technology for Aerospace En-
gineering, 2011, 30(1): 166-172.

[24] LIU L, PAN F, XUE D. Variable-order fuzzy frac-
tional PID controller [J]. ISA Transactions, 2015,
55: 227-33.

[25] PODLUBNY I, PETRAS I, VINAGRE B M, et al.
Analogue realization of fractional order controllers [J].
Fberg Technical University of Kosice Kosice Slovak Is-
bn Edition, 2002, 29(1-4) . 281-296.

[26] M. B4R, XA, = AH w5 2l 2% R B0 i 48 1

HEAE R SR P [T ] A R, 1999(5): 49
-51.
YANG Degang, ZHAQO Liangbing, LIU Runsheng.
Modeling and closed loop control of three phase high
power factor rectifier [J]. Power Electronic Technolo-
gy» 1999(5); 49-51.

[27]1 WU Chaojun, ZHANG Yanbin. Vector control of
three-phase voltage source PWM rectifier based on
fractional-order controller [ C] // Control and Decision
Conference. IEEE, December 15-17, 2014, Los An-
geles, California, 232: 2064-2069.

Gt M %





