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A Design of Sliding Mode Controller for Aero-engine Based on Fuzzy PID
Approaching Law

LI Tenghui, XIE ShoushengB . PENG Jingbo, HE Dawei, JIA Weizhou
(Aeronautics Engineering College, Air Force Engineering University, Xi’an 710038, China)

Abstract: A sliding mode controller based on fuzzy-PID approaching law for aero-engine with strong non-
linearity is designed, PID approaching law enables 3 parameters to set the approaching process into differ-
ent parts to control, and enhance the approaching speed and suppress chattering. The fuzzy theory realizes
PID approaching law’s three parameters of dynamic adaptive adjustment, further improves chattering re-
duction effect. 7y response time of fuzzy-PID approaching law controller is 0. 92 s less than that of the con-
stant speed approaching law, and is 0. 11 s more than that of the fixed-PID approaching law, and the stead-
y-state error reduce by 6. 89X 10 " and 1. 68 X 10’ respectively compared to other two kinds of controller
respectively. mr response time of fuzzy-PID approaching law controller is 0. 56 s less than that of the con-
stant speed approaching law, and is 0. 23 s more than that of the fixed-PID approaching law, and the stead-
y-state error reduces by 6.38X10 % and 6. 11 X107 respectively compared to other two kinds of controller
respectively. By contrast, the sliding mode controller based on fuzzy-PID approaching law for aero-engine

is better in suppressing chattering than other controller, the impact of quickness is not large, and proving
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the validity of this controller.
Key words:

iz R AR — D E R AELREARTE RS,
HTAREREE X, TAER SR A 2 8UL A0 Bl
R A% G0 1) 2 4 ) 25 X LAl A 2 R Sl LR
e A B (1 A o R

T A 25 g o) SR Ay T gl R A A ol BRI A
75 2k Fh) 358 ) 2 7 98 BE 2% & Emelyapunov, Utkin, It-
kin 78 20 42 60 4R AH) I W] 52 A — Fh JE R M 4%
R 3 R R M R AR A 2 B T
KAFEF R AR TE AT )42 B 25 77 4 R
GEPHIR TP = I PHIR 2 Uk R G -EBURE L AR
S RGN RIVERE . RO T — b
BREHR M 7355 R T B R A S, SCEk[9 32 T
— 7 PID & 3 3 i) 9 A5 4 1l s B0 U7 125 A Ry
T RGERHR . A SCE X PID 3 A 2 ik £ (0]
BB T — TR B 3 R E PID 2 50AY b ] 1
G353 - T A v B

1 PID #&in R

AR T R A A g A 4 T
RGEARME T —MIHEREHRIO T . GBI A 5%
HPRRC R B A

B X RO AR e
AR RN REEPHR I ZOK . ZMOBIE R4S
O AT SE ) i B B R RE S f 24> —
T O S HEAT Rl X B G T SRS A B
RSB A AR AT O3 BEgR i ROR PR 1l ek
BN T BHR IR
1.1 PID & #Erigit

45 I HE BT PHIR R RE 2 R il 4 10 D s ) R
ANTRITT 2 22 A5 5% B 2K 1 Sl A6 285 1 o T o AN 2 de AL
T L 51 35T AR 73 350 A0 5k 23 500 1 s 30 A 0 RE AR 4
(3 X — A o IR -

s =—1(s+sgn(s)D — sgn(s)mj

X >0 FHBIREGm >0 WG REGr>0 N
Bl o3 28 250 B0 30T 2 S s i IR A R o 2 =
B AR GUHE WAL T S X e AR PR R 0 AR
to 9 ZRGERIUR BN 1K WAL T I [8] 52 0 AT 2
1.2 HEMBEEZHSHT

2 (D B PG

(14 )5 = 1(s+ sgn()D) —sgn(.s>mﬁ| slde ()

t

|'s|de—m (1)

aero-engine; PID approaching law; fuzzy theory; sliding mode controller

M s>0 H s—0" i},
(1+ms =

UG+ sgn()D —sgnmmJ" sldi<0 (3
A -

0

l

11351‘» - q +71)(.v+sgn(s)l) —
~ - }n ! -
sgn(s) (1+H>J10 | s]de<<0 4)
5 55<<0,
M 5<<0 H s—>0 W}
P . N7y
%1?5 (1+n)(s—|—sgn(«s)1)
) m K )
sgn(s) (1+n>J,{J s | de> o0 (5)
WA
U [ , _ .
llr?f <1+n)(«s—0—sgn(.s)l)
) m ! ‘
sgn(s) (1+n>J,U s de=0 (6)

b 580, £ Bk - 12 LB - FR - B3 o0 ol A 4 2
T SRS AT A N E IR 2R AF
1.3 BIEERZESH

1=t (2) Al iR i5 .
= L __oom Ty ‘
’ (1+77>(5+[) (1+”)Jm |'s|dty s>0
/ , (7
C o m ‘ ‘
$ (1+n)<s D+ (1+n)JIU [s|de, s<<O

T RS | YCH A 2 R AT BN
Xt 1 ST
(1) =— [+ [s0) + e W,
{s(t) =— 1[4 [s(0) — [Je "/,
5 (D=0, R (315

JlnS(O)ZH — /(A +tm, >0

§>0
‘ %)
s 0

9
llnS(O)ll — /(A +tm, s<0

3OO T R GEER 1 U 2 3K A T Y 1 1]

J,()l;r"hls(o;ﬂ, § >0
(10)
1t01jnlns<o§+z, <0

iy AT A BRI E] ¢ 2 A BRAE . H e f &
B0 LR BT Z B /N B I [ .
TREWTTIIEFER R B R A R Y
AL 1 UHE AN B . Bk WU R G Bk



5% 2 3

2R L 45 A ZS R S AU PID e G 2 3 A 2 ] i BT 17

i 3 B IR AT B R e AEE D

2 B PID T A B as A& sl
s il # Be it

2.1 BEEiEIt
B i i 2 25 K AL B I ) R GOIR A5 A (]
BEALANE -
X(k+1) = AX (k) + BU (k) + I'v (k) b
Y (k) = CX (k) + DU(k) + v(k)
K X B =Ly 0, J;UR) =[W,,a ;Y (R)=[ny,
np Jsw (k) v (k) 43 51 Sy ik i e ms R R s A €
R¥* BER”? ,CER”* DER” . I'E RN A
R smy R ML 58 AH T e 18 my Sl B Fl i 8 A
XFHE s Wi oo 43 590 O 446 il 2 RS AL AT AR S i A
AR B o AR HE A B HILASE Y N e Sl AL 4 ol D B T
LA T v R PR 285 158 2 R G — B 5 e o e T
BT B I A A 1l i AT Ry
2z 07X, (k)
S(k) = F+ X(k) = [ M } (12)
0 14LX, (k)
Krp . F=diaglz . 11 B0 8 BUE M. 4 RGEH
TIAL Ry — R bR v
X, (kD) =a, X, (B)+a, X, (k)
{Xz(/e+1)=a2]X1 (k) +a X, (k) +B,U(k)
Sk = 2, X, (k) + X, (k) (14
N ADMRAKX A
Jxl (k41 = (ay —apz)X, (k) +a, Sk
X, (b+1D = an X, (b)) +an[Sk) — X, (W] + (15)
IBZUUe)
TERGEE 1 R B GA W B A
SCky) =0, ky # 0 (16)
R (15)75 .
X, (k+1)=C(a;, —anz)X, (k)
{Xz(kJrl)a21X1(k)—agzzlxl(k)JrBzU(/e)
e b2 R X Bl T T 7 R A AR AR 2 - T

(13)

‘ Ilki(a“*alzk) |:O (18)
W k Z 5 W R TH SO RE F ORI AT 15
F = diag[z 1] a9

2.2 BEEMEBEIUREFTESRERRI

T B S TR GE R T SRS D
Pegi/N R GEPHR AR E AR . /T SCE S
OB - B0 o A A i S A AR B8 R E AT T
(19 78 A0 30+ L 451 300 RE 08 ol 2 8 PR T 9 A6 I
TEZE AN 5 - B0 BT 86 A T B AR & ZE 3k
P R J3E 5 Bl 20 T B9 A R 400 ) 8 2 v B

HT T BT A 48 O o TBOIR 25 s ) AR TR ) e A

i A% B SO PN O B OE Y T ARE 2 i R —
HEEEIZ 3, RGARMEEIF L AR E Tk, REtis
By AT AT N 1 30 2 ok el iz Bl R B2
ZHh EE B MR LR . NEIRR ST
T SRS PR ) 48 Bf 7 AR 0 BER L 38 R R AR A R
B sat ()0 sgn(s), B :

Jl, s> A
sat(s) = <rs, [s]<<A (20)
1*1, s<—A

K :A>0 HAFRIEE sr=1/A. HBI-BU0-i
oy

_ —T+n+1 B
Stk+1) = o S(k)
k
mT T
n+1;TS(/€) TS >
Sht1y =M= lTrvntle,,
n+1
) . 2D
rmT .
n+15(/e>;) | Sk |, —A<<S(k) <A
S(kJrl):MS(/z)Jr
n+1
mT

b
- ’r
n+1%}1§(k)+m,5(k) <—A

20 (1D A (12) AT 45 S 304 ) U (k) 2R
U(k) =— (FB)'[FAX (k) —S(k+1)]  (22)

22 AL FEARE R T AR O T 0] PIRAR
T B 20 bR S A R A
2.3 ETEM PID @ik EA B EREH %

PID j# i/ A R85 47 200l 1) 98 3 46 1) BHR (1 2
Forp ) R A 3 AN S B B AR &
T R K S T L 2 500 3 6 o IO % B ) 35 0
LT 1 B (D 1 A8 40, LG, B0 T — b 3 08 B e
(9250 A 38 N PID 3 A i W A5 4 i 45 .

B BLIR 2 — R i L A 18 5 5 BT H
b 4 ) R W 1 — i R G0 M B 0 L T IR IR RE A
FETHERERE ) B0, B R M 0R  AN TF R 1 1 A
RYLE AR PID 4532 8 7Tz RO,

ASCRYT 42 1l 25 1 B At Dk TS 46 eR B S ()
K HAE R AS(R) JHH AS(R) =8 (k+1)—S(k),
EAMCER T BHR A5 55 4tk i PID R 3
ANBECLomon, BB A B R E S B 4
4y k. {PB, PM, PS, ZR. NS, NM, NB}. { B,
MB,M,MS,S}, 435 #4713 —fe kb B2, 45 2 5 A &

A5 RIS T RN
X={—1,—0.75,—0.5,—0.25,0,0. 25,0.5,0. 75,1} (23)
Y:{274,6787]O} (24)



18 7 B TR R CA SR B2 RO 2018 4F
2 R 3 43 3 4 T o AR A R SR P R GRS A3 [ AR R
JE PR 2R, 2 1 ORI X(k+1) = AX (k) +BU(k) (25)

00 -0.50  0.00 0.50
-0.75 -025 025 0.75

P 1 A o e A SRR B R

Fig. 1 The input membership function of fuzzy controller

1 S MS__M__MB B

0 2 4 6 8 10

2 BRSSP R R
Fig.2 The output membership function of fuzzy controller
R 1 OEMHNR
Tab.1 The fuzzy rule table

As

NB NM NS ZR PS PM PB

NB S S MB M MS B MS
NM S S S MB M MS B
NS MB S S S MB M MS
ZR M MB S S S MB M
PS MS M MB S S S MB
PM B MS M MB S S S
PB MS B MS M MB S S

B PID i 3 H T A5 ol e 45 # L AT 3.

BelE 4

ASH)
Lmn S(k)

RN

WA A =
R(k) T e(k) Uk) |

Y(K)

[ 3 AR PID T At i 45042 ] 0 25 48 &
Fig.3 The structure of fuzzy-PID reaching law sliding

mode controller
3 FHEKEERHr

w1 Tzl A A A 2 A Sl ) BT — S 1Y
P » 75 DB TR W i sl AL UL i AR T A B HC

Y(k) = CX (k) +DU (k)
R Xk =[agn, UG =[W,, A 1;Y (k) =
[Ty nr];AER”? BER”? CER” . DER Wy
RBUEFE sny AN & R 7% s n, WARE R
TR W, LA, 43 ) R Ak il = AT AR e R A AR Tl
BT MG RS 5o HIREETEIELL.
fE Ma=0,H=0 km, 55 % B FE .
—4.1738—0.072 17 [0.609 94 0.489 45
[ 1.287 7 —0.618 J’B* [0.630 24 0.3949]
[— 1.627 4 0.709 66] {0. 283 52 0. 037 06}
2.386 6 —1.479 2 0.2071 0.678 5
(26)
I PSSR PID a0 A A 3 465 78 45 4y 2 7 2 6
e @AE T PID i W S8 EE. 17 m
) P A 7 A A T AR B AIR o T S i S
)RR P 5 S B 4 a6 2 B B T B S T A AR
P LA 30 A 2 B AN B K, 5 ) R BB PR E T A TR A
Bt 213k, L2 ol 75 16 S 1 AT O R IR 355 il 7
W12 AR . TS TR ] B R B oG B AR A . A
B3 TUAS B2k /0N 45 D4 o 2 4 00 ROR A B
TP WO VE 2 A 1 {7545 1 300 38 7 A€ T 5032 0
PN K. T 42 o 25 2 B8 8 0 i 18R Le ] &
=30 B0 BB m=1. M5 ZB n=5. B L
¥k, =0.5,k, =0.1, it 5 0C & B 15 08 m
HRO
F = diag[z, 1] = diag[4.27 1] 27)
U5 B SR FERT R 20 ms, f 45 R WA AR AR,
B — 0. 8 WM BRI 5. I/ 4 5K 5 Bk
By A A AN ) 8 30 A R L A B B i 7 B
H R KA .

el co

n,/(r * min’")

e fit
) ) ) ) ) ) [~ BOBIPIDAIE
05 10 15 20 25 30 35 40 45 50
t/s

P 4 o I B 1 i e i £k
Fig. 4 The response curse of ny
6 55181 7 S s B AE A [ R 0 A 9 A6 42 1]
B BRI A H R ORI . AN AT L PID
A I R R Al 14 W) RN AR RE IR (8] 2 3 O 0. 25 s Al



5% 2 3 AW L A

2 S LRI PID 8 3 A il s 80t 19

0. 19 s, AR PID il F i wi Bz i 1] 23 551 24 0. 36 s
0. A2 s 2 AU T A B WA WL IR (] 350 0 1. 28 s Al
0. 98 s+ YL W] PID e ifr H {ff 153 42 il i 7 5 BRe o 7 A5 44
PID ¥ I/ 4 i) 7 38 2 b A6 ol R D A 48 T [l
ESRPID i,

X10" -o AR
t -+ PIDIEHE 7
§ e HOM PID»LJJ_H

203

ny/(r * min ")
5
O
'+,

198 o

P 5 R e e o

Fig.5 The response curse part map of iy

Hh £ Jay i1 1]

X10°

- g ST
-+ PIDEITHE
—o— HIHIPIDIEAIL

005 10 15 20 25 30 35 40 45 50
t/s

W6 % e ko o il 2k

Fig. 6 The response curse of 7y
N 2 W] LG H R PID 4 T £ T A 45 i Y
FR AR B/ [ E S8 PID itk 2z .

><10‘

M’)PIDL;UP SEL PID;LJLH’ o JJJ./LJL“'

L

s

P73 T L . £ R S

Fig. 7 The response curse part map of 7y

FRICE il s i b i W By 7l 2R 0 A AS (]
HUTHET B PHIRT O . & 8 FIET 9 AT LUF ) 2 1
i A W FERORT PID & A i B4 i b i
i 2 A5 PID B A R/, K 3 0.5 s Ja A A
TP PR A TR 22 BB PID i 3T A 9 97 4%
P SRR A TR 22 W /N T AL 2 b o O A A
il MBS S R 22 B B At — 22 U 1 8O PID i

TR RHIRBCE o S5 T I Y RS T U 7 i A
T I 1) b RO A A 2 o A

K2 FAABEEETH 5o WEEHREIRE
Tab.2 The average response steady-state error ny and 7y on

different reaching law

3 A ny FHRERE o PHRERE

4 T T 9.42x10°° 7.26X107°

PID #4 i 4.21X107° 1.47X10°°
TR PID #4301 2.53X10°° 8.76X107

-—0— B WP]DLL”

03605705 10 15 20 25 30 35 40 45 50
/s

P8 bt & o v £k

Fig.8 The response curse of W,

0392F = “iL}f‘,.‘
0390}

_o3ssf !

£ 0.386

00,3845

N

0382}

0.380

0.378I

P9 Ak e o 7 b £k ) 3 1K

Fig.9 The response curse part diagram of W,

x3 TEEERETHEMNEW, WEEHRERE

Tab.3 The average response steady-state error of W,

on different reaching law

PP 3| W, FHRAREO.5 s )
S5 W i 9.42X10°°
PID i 4.21X107°

R PID & 2.53%10°°

J PR 43 T« A R R A R T D T R O
AL TAT o 8 30T B R B SR (R I T 0 30 g PR e
T VR B A 2 ok [ iR 35 AT R R ™ F A BHR L
T3 AT 5 18 /)N 1 7 A0 R U)ol 745 o 7 R
RN RIE . MBI  PID i 3 68 4% e ol Bl 4ik
R 7 3 ) 5 0 o (EL R 2 B0 [ A A 9 A 4
X R 4 4 B AS g A 2] f f 3 T OB B



20 2T RIS A AR /O

2018 4

(1) PID & 3 4 RE % 8 4o B2 R AL 00 ek 75 LE 451 L AR 2%
0 2 BT i 7 i 318 I K B 1) AR R A
R JRE T PR Ji B934 A0 T A e i/ B 091 AR R R
73 F RO/ PHIR IR 18 9800 A2 A5 TR 22 R I 0 R
BN BRI 1 i Lz 5 S5 4 o BR

4 ghEiE

AR S0 T BB XA 25 A B HIL T IR A 45 R A i
BHR RS T — b S TN PID i A Y R
ol s+ by /N T A A ] R T R AR GBI AT 42
THEE I BE R LB 23 Fl 7 21 20 A R AR R
HEARAE 3 A N T 1 B 5 o A 2 A ) A
ext PID It 3 4SS 8t AT A & D 8 . AT
FEAFSR TR . 5 BLAE AR %R i A A
R P 1 ) 2 2o 8 RE T AR 9 ) 4 A R A B
FEAR T RGERMIR . (R 5 il 8 75 1 T 5 b A
ARG HORE I8 2 T 1 22 1] AL 451] 0 G ] ok 38 B 2 80
A BOR Ge R A5 8k B R GE TR 5 A8 5 B AR
IO FHZASEAS) 98 2 L U B 5 365 17 & 2% 22 73 1) Ah B3R
B XA N — BT T 1A

£ # 3Lk (References) :

(1] BT, BRSR. fizs & Sl 472 v 2528 45 4 5 1l F 5
[J]. #EdEFEAR . 2002, 23(6): 465-468.

FAN D, ZHAO Q R. Aircraft Engine Whole Sliding
Mode Variable Structure Research [J]. Propulsion
Technology, 2002, 23(6): 465-468. (in Chinese)

[2] REN L T, XIE S S, MIAO Z G. et al. Fuzzy Robust
Sliding Mode Control of a Class of Uncertain Systems
[J]. Journal of Central South University, 2016, 23
(9): 2296-2304.

[3] LIU Y H, NIU Y G, ZOU Y Y. Sliding Mode Con-
trol for Uncertain Switched Systems Subject to Actu-
ator Nonlinearity [ J]. International Journal of Con-
trol, Automation and Systems, 2014, 12(1): 57-62.

[4] UTKIN V 1. Variable Structure Systems with Sliding
Modes [ J]. IEEE Transactions on Automatic Con-
trol, 1997, 22(2). 212-222.

[5] KAO Y G, XIE J, ZHANG L X, et al. A Sliding
Mode Approach to Robust Stabilisation of Markovian
Jump Linear Time-Delay Systems with Generally In-
complete Transition Rates [J]. Nonlinear Analysis:
Hybrid Systems, 2015, 17 70-80.

[6] XIE L B, SHIEH L' S, WU C Y, et al. Digital Slid-
ing Mode Controller Design for Multiple Time-Delay

Continuous-Time Transfer Function Matrices with a

[8]

[9]

(10]

[11]

[12]

[13]

[14]

[15]

Long Input-Output Delay [J]. Journal of Process
Control, 2015, 25. 78-93.

WiE)T, WEA . £, A KL Z R0
W (1] fEEHoR . 2012, 33(3) . 472-477.
MIAO Z G, XIE S S, WANG L. et al. The Sliding
Mode Control of Aero-Engine Model Predicts [J].
Propulsion Technology, 2012, 33(3): 472-477. (in
Chinese)

= AL AR S R Be R Bt U (ML b
R R, 1996.

GAO W B. Variable Structure Control Theory and
Design Method [ M]. Beijing: Science Press, 1996.
(in Chinese)

i F 4Rk, W4, T PID i e Mis & sh bl ig
ARG g [J]. = E TR K¥E¥IR (R %
Ji%)» 2009, 15(3): 3-06.

HE X R, XIE S S. Aeroengine Sliding Mode Variable
Structure Controller Based on PID Reaching Law []J].
Journal of Air Force Engineering University (Natural
Science Edition) . 2009, 15(3): 3-6. (in Chinese)
CHEN B, NIU Y G, ZOU Y Y. Sliding Mode Con-
trol for Stochastic Markovian Jumping Systems Sub-
ject to Successive Packet Losses [J]. Journal of the
Franklin Institute, 2015, 351(4): 2169-2184.

REN L T, XIE S S. Chattering Analysis for Discrete
Sliding Mode Control of Distributed Control Systems
[J]. Journal of System Engineering and Electronics,
2016, 27(5): 1096-1107.

REN L T, XIE S S. Fuzzy Robust Sliding Mode Con-
trol of a Class of Uncertain Systems [J]. Journal of
Central South University, 2016, 23(9): 2296-2304.
BTV e, WA S R Sl 22740 e MO o A 45
IR ERER FE ) (). #E#E 2K, 2008, 29(6): 737-
742.

CAI K L, XIE S S. Multiple Variable Fuzzy Sliding
Mode Variable Structure Model Tracking Control for
Aeroengine [ J]. Journal of Propulsion Technology,
2008, 29(6): 737-742. (in Chinese)

ERE, G, SETROE PID 5 6 4% i9 45 i J7 5 #F
F¢ [1] HUBRHE S H0R . 2011C1) : 166-173.
WANG S Y, SHI Y. The Control Method Research
of Fuzzy PID Controller [J]. Machine Science and
Technology, 2011(1): 166-173. (in Chinese)
KYRIAZIS A, MATHIOUDAKIS K. Gas Turbine
Fault Diagnosis Using Fuzzy-Based Decision Fusion
[J]. Journal of Propulsion and Power, 2009, 25(2):
335-343.

(% 3 . WeAig)



