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Abstract: Based on the similarity theory and the SOS (sum of squares) programming, taking into account a
corrected piecewise LPV (linear parameter varying) model of aero-engine in the whole flight envelope, a
switching H../LLPV control based on the guardian maps theory is proposed. According to the corrected
variables, the state space model is converted to the corrected state space model. The corrected high-pressure
speed is adopted as the scheduling variable and to fit a corrected LPV model. By incorporating H.. technique
and the guardian maps theory, a set of controllers are designed such that the closed loop poles of LPV system
lie in a desired area. The stability conditions of the closed loop LPV system are converted to SOS constraints
and the controllers are obtained by solving the problem of SOS programming. A switching LPV control for
aero-engine in the full envelope is proposed based on the Lyapunov theory. The switching LPV controller can
ensure the stability of the closed-loop. The validity and performance of the theoretical results are
demonstrated through the numerical simulation.

Key words: aero-engine; linear parameter varying (LPV) ; full flight envelope; guardian maps theory; H..

control; switching control

E S TUE -1 50T AR I E T A Q7 56 b (5258 %) IT A 4 (kfjj20160211) BF B it 5 vh s e B ABL BRIl 55 2% &
TG e B A .

W im HE:2017-12-03;1&1T H #§: 2018-04-08
BEMEE . ELR, B, 82, W+ 4 F 0, E-mail : jhuang@nuaa.edu.cn,

SR ET A, e R T X RS I RSl H /LPV #EHILT]. B B0 2 il R K22 540
2019,51(4) : 456-465. WANG Ning, PAN Muxuan, HUANG Jinquan.H_/LPV Control for Aero-engine in Full Flight
Envelope Based on Guardian Maps Theory[J]. Journal of Nanjing University of Aeronautics & Astronautics, 2019,51(4) :
456-465.



54 B

T A T DR T B R A LA A HL/ PV R 457

Wiz Bl — AR EL M R G, “IT 5%
A0 PN 2 BRI AT A A, i L AR b
FRBHE o B R LR 58 38 1Y K sh HILAE i 7 AT 2
LA T vk, B — 0 4 T SR M AR M DR IE & 3 K
FBIN ARG ENE. HET, Wi &SPl ok 2 R A2 5
g 58 1 5 s AR AR e S AILAR A R AT 4R A U4 L O
TR ) R g0 B B Ar i PR R, BE B AR 1Y A% 45
B N AR BT LPV R S0 R0 3 o5 8 B2 #5007
AR B L R S . ka4 T
N T A B LA &R g8 Ry ik BF g
LPV A5 (1) 22 550 B AR 48 o] D 4 5 nl £ 3 08 B 2
B I 25 R BE L BEWE Sk R G AR L R e . W)
W B RATAIR S N RAT SR AR AR AL = K B LR 2k
PR R G4 LPV IR X, B3 1HXF N iz 17 98 [
AR 4 il DT VBRSO IE R S fe e 1 .

T2 & S ALAR X — A~ 1 207 7 R A7 4
R A SCG 1 T s J#E N R B LN
FI N Y LPV ALY Bl 35 i 2 & sh Bl RAT L2
Wr ™ K, 8 T B A 2 N R S LR e 1 LA R it
P A% B AR R BT A R, SOk
(7 AR 8 "R AT & 2 R D ok 5047 1 75 21 R 38 A2 1 A
) 2R B B, 5 R Bh AL A e O LA A SOk
(81K AT AL E R 43 hy 5 T4 X, 3 B > X
(4 I SRS RRAR A DX I /Nl 22 Bl A B R, ST K
LA L/ Min 22 857 . SCHR[9JEE ST T i s & 3l
Ml 2 N RDIR S 1Y 2 LB LPV A . SOk
[10-11145 5l € 37 T 43 B S92 i 4 M 3 A 55 78 4 4
S AT AU R (R X B IA TR T B K
g RATEL, TAERE R BP9 07,

BIXTLPV £ G0 & W 28 1 45 455 1 0] &, R 22 )
H H.. #56) BLi , Lyapunov £& & P #R% DL L& 1k
PRI W 98 1) 2R 8 I R M S R e o A RS etk
50 M R 45 50 (Linear matrix inequality, LMI) 2 3 2%
38 3 SR i LMIAS 24 g 0 A &7k &
T LPV-H. & #", LPV -H, ¥ " 2L K ) 4
LPV #1174 Bl B A 25 & s HLEE il 3 40 M fg
SRR B, 245 Ak REE L — > Pk g A b
TR, 2 B AR #6285 I F 58 2 273z &, 1
o He $E I AE LPV 8 il 9k 2 45 3 1 )2 59 N
FRU S Ho ] DRI R g B — S R
FEVE L AH R 50 2 25 e g M BEE DL ORI . XA e
B Rl Saydy SRR R LM iR — 452 F
TAT DX B, sk AT A R 0 B A T A 3R A2 1Y LM
XA RIE R G B A — & W3 SRR SRR .

H T A SCEE A7 1 LPV B A Ry 43 B 2 301 B
A, R T T B LPV £ 4il R 48 2 6] i U]
[) L, £ T 428 i g TR) U0 4 0 AR E PR . BEXF LPV R

IR R LI PTN F ST I i S rel d R EL N o AV,
Lyapunov 3 18 Jy BEfilf , 3 i 1 5 48 N 1Y RE 5t 5 Ik
AR UE VI R g MY SCHR (224 Lyapunov bR %X
5525 B B AR ZS G, 459 20 B [a) 40 0 D) 960 1 (R E
F G U) 4 te o Ve B R U4 i 1] 32 1) 46 52 5 e
. SCHR[16]LL S BUK I Lyapunov pR Lk LAl HE
S U1 e i) Lyapunov o AR 38 451, 3 F Ly-
apunov bR U9 s i SR A T RIS SR Al . (2 DL
e gy HURE S BB ) U 4, > U0 4 e AR Ak
F, YT 4 & g0 fa o PR XE DL ORGIE |, 75 28 1 7 BT 4%
il 45

A SCEF XA S K B LA e 45 il ), 48 T
— L T A AL B Y A Bk LPV 4R 7 ik R R
RSN RN AR J5 B AE AR A 28 Tl AR B il [,
FIFHARAL 250053 B e SR 25 23 Tl A 7Y, 4t 37 B AU 35
i R BIHLE GARE DL B e & LPV AR,
F BT X R S BB A R He/ LPV $ il 7]
B K LPV W PR 2 G0 i % o5 & 7E 2w E— A
W XA LPV PR R G e PR A I AL
S SOS 2y ofi, HEAT 2 1 4% 5K i, DR IE A 3R LPV &R
Gt A — 5 1Y sh AR R B R AR E P

1 MERBNHLLPVI=ZE

1.1 HELPVER
LPV R %8 — ] DL et G AR L vk FRPE i
RO, F G0 RS 25 8] 5 8O M 2 1R 4 n] )
sl A T A I B S0 B pR L, T LARKE R B S
B PG 25 R BE o E SEBR N A 8 R R A B
T LG 1 7 1 R Al 2 B8O B, ) 1 22 200 XA
AL A RS HLLPV B
BT B & SALAE AT R — AT,
HAR LB AL AT LU IR
r=f(x,u)
y=g(x,u)
X :x e R EIHVARE & ;0 € R" N KRSl
A& 5y € RN &S L 28 .
R AHAEHE — R8T 5 (wo, 0, yo) B 0=
S (xo,u)=0,y0=g(xo,uo)e 1V (uo, 20, o)
R, AT SCHER[23 ] O 245 31 70 i 22 0K 25 748 1 A
ANy

(1)

Axr = AAx + BAu
Ay= CAx + DAu @)
AP Ar=x—x;0u=u—u;Ay=1y— y5;
A, B, C, D i 4 BOH M
TE AR 105 F3 2 s AILAT S A 3y, R i T 2 3y
AR HE PR W SR R A S 2B UG R e e A R



458 MR OME MR Kk % % M 4§51 %
Sy R bR O R O, FOIRES T R R P 0 SCREAE X R RS T R
[Aﬂ_[a” a.z}[AnI}+[/yl}AWf ) Z=AB)Z+BOut+B(Ow 0
Ay Ay axnllAny b, z2=C(0)x+D(0)u+D,(0)w
X T CUR AL R L, kS (A o B
HLT FE A PR, AR BRI, 3xt i B 2o 1 ATy BiO=
R HA RS D 2 B A R S B,(0) 0 (0)
A5 2 (3) 4525 4 AL R ALBL B0, s (4—6) DM€>J; BM)[me, (6)=
Ji s o —C,(0) 0 | —D,(0)
n, Ny ; )= s D(0)=
e @ L o 1 0
VT; VT; —D, (0) 1} _{xﬁ} [6}
.o n . nn s r=| s 2= s U—u,; w—
N = P e = P (5) L 0 0 Zz, X
W, wﬂ}
W= (6)
P;NTS -7

A Py, TS 40 0l 3R & sh HLiE 1< B
75 31 0 SR 28 2 () AR A
|:A7?1,ci| _ |:acll ac12}|:AnLc:| 4 l:bc1:| [AW@ (7)
Aty A Aol LANy, be»
Xrh :acij:aijTT};bci =b; v T2*§i,].: 1,2,
T 25 & sl ML e TR e e o T g R LR )
BLAILAM 2 A LA B PR 2 fer A AR 00 v TR G B8 |
F M 2 W LB A R AR Ak, DL e R
B TRy U B SR, BT (TR Y R AT N g

JE AR

RS DL b i 8 B MR 2 s 1) A 2 R RO [ e H T
R L2 E , &SN e L RA LPV
R
|:A7?I-C:| :AC(71HC) |:An1-fj| + Bc(nHr)Ach
Ay Anye

(8)
Anye = C.(ny.) |:

XA (np)=A nn B (ny)=
[0 1LD(nu)=[0 0]
1.2 T LPViRE
LA R LR GEAFAE Y AN T, ) =X
()L 25 & B il 2 T K LPV R 48
&,=A,(0)x,+B,(0)w,+B,(0)u,
y,=C,(0)x,+D,(0)w,+D,(0)u,
A P 0=nu; x, = [ Any, =AW,
¥y, =My w, € RONINRTHAFS A,,B,,.C, Ml
D, X @)+ A.,B.,C.HD;B, D, 55 kT 4k
B N\ o R A 3o I
W RS re R, M R 228 e =
r—y,, BT RGN RR AR 22 D

%%mﬁ%ﬁﬁ%%%ﬁﬁmxm:ﬂdwmo
BB O 22 o R 22 BUY o ME K 2 55 1T

A
nLc:| + Dc(an)AWl'c

My

Bcfn;ic; Cc ( an):

.
Any] 5w,

B RN T i O R Y A% 1 R B
AW, 1

AW, Tust1 11
KAF B R AL R R G X 4
r—=A(0)2+B(0)a+ B,(0)w (12)

s—=C(0)z+D(0)a+D,(0)w
X .x = [An Ay AW x50 = AW

A, B, 0]
f=z;w—|[w M]3 A=] 0 —1/Ty, 0};
—C, —D, 0]
0 B 0 _
al o

S 1/TW[;B1: 0 0,C|: Cﬁ 0 0;
0 0 1]

0 7D/]1 1

o= o
0 0

2 EFXEHR O EY# H /LPV
7 )

2.1 EFREHRAEEH./LPVIEH
B X (L2) B il iR w6 42 RS RO
il
a—= Kz (13)
T 45 5 S A P 2R 9 il 40 T 4 ) H A

(1) e He 2 Tl s X A1 B 1 90 EL AT 48 1 410
Efym, B H. PERESR AR I 5] oo
(2) o e 7 B M BE B R R ER 20 2 4R 5 7

E%%l‘?ﬂ%*&ﬁ1ﬁ?”§¥ﬁi~4‘%ﬁﬂ@l_iajilj\]o
F AN AKX A2)AT 15 H B LPV RGN
r=A(0)z+ B, (0)w
2=C(0)x+D,(0)w
X A(0)=A(0HB(0)K;C(0)y=C(0)+D(0)K.

EE1 X T2 EERE(0), A7
TE—H SOSH FF S,(0),5.(0),-++,8,(0), i 15 %

(14)



T A T DR T B R A LA A HL/ PV R 459

55 4 ES
WAHEE0)—S,(0)g.(0)— -+, —S,(0)g:(0)
ESOSHIE I LXTHANIEO,

E(0)>0 (15)

RS, K o= {0lg.(0)=0,i=1,- .1

IERR MR SCHk[24]F SOS S M4 iy & X nl i,
4 51(0),8,(0),-++,8,(0)H SOSHFE, W S, (9)>
O, i=1,-,0, ;o 0} a0 2R 2 i X5 B E(0)—
S1(0)g(0)— -, —S,(0)g:(0) N SOS Hi [ , F
FA A 21 22 100 20 00 G 55 % 1 ERE, iT A 22 10 X
JMEE(0)> 0,

EE2 EX RS (14), 4 E He Y RESS b
Ve >0,L1&Lbji$&,ﬁﬁa§@ﬁb Ekra=> 0,0 <
B<<90°, # fF 7E SOS M M X LL K S.(0)(i=

L), Ji ki W fdi1e

AO)YX +B(OYW + XA"(0)+ W B (9) B,(0) (C

L(0)=— (0)
C(0O)X+D(o)W
Lz(ﬁ):
| sing(A 0)X+ B(0)W -+ XA"(6)+ W'B"(4))
cosB( XA"(0)+ W'B"(0)— A(0)X — B(0)W)
L;(0)=—A(0)X—B(0)W — XA"(6)—

Li(0)— >, ,S(0)g (0),j=1,--.3 (16)

1 SOS 4 B4, mum%%é}ﬁ/ﬁﬁ%ﬁ IR 4
H YEfedstr yo, UK H REW SEEMAE 1

FF % 0 5P T X R S (@l 8) L HOK = WX,

o
\ Im

—a 0 Re

HM\

K1 PR S(a,f)
Fig.1 Classical regions S(a,f)

()X +D(O)W)"
—y.I D, (0)
DAl((g) — 7l
cosB(A(0)X+ B(0)W — XA™(0)— WTB"(0))

sinf(A(0)X+ B(0)W + XA"(0)+ W'B"(0))
WTB'(0)— 2aX

(17)
ERR MRE(6)LL Mo a1, (7S T
A(0)X+B(0)W+XA"(0)+W'B"(0) B,(0) (C(0O)X+D(0)W)
B.(0) —y.I D () <0
C(O)X+D(0)W D, (0) — 5.
sinB(A(0)X+ B(0)W + XA™(0)+ WTB™(0)) Cosﬂ 0)X+ B(0)W — XA (0)— W'B"(0)) o
cosB(XAT(0)+ W'B"(0)— A(0)X — B(0)W ) sin(A(0)X+B(0)W +XA"(6)+ W'B"(4))
A(a)x+é(e)W+XAT(e)+W B"(0)+ 22X < 0
(18)
4 W=KX,[{AX(18), J
x+XA1 9) B,(0) C(O)X"
—y.I D.(0) |<0
L Dl(ﬁ)i —vl ) 19)
sinf (A( )X+ XA"(0)) co%ﬂ(A )X — XA (0)) 0
cosB(XA"(0)— A(0)X) sinf(A(0)X+ XA (4))
A(0)X+ XA"(0)+ 22X < 0

H T X R SOS A, BT L X = 0, R IE 4 A2
PP K X a4 o5 P BRSO AT A D) P 3 R 48 (14)
WL REE IR S HoYEREFS AR y o, DA AT BR R
G i VEAE N 1R I & 10 X 38 S (a, )

2.2 YR LPVEH

% L8 B K S AL s A RV BE R B S H0E L
HH B S BUE A B3R e B 1T & i
il g, EAR AT LAGRIE M R R G0 B i A e 1k, 4 2



460 [ =S NI NI S %51 %
Wit —ALPV 426l a8 L AT 2 sl A RATR PR RE RS P, BT IR RO D) g i 1, R0
2 PN AR T B S L PN A A B o AR G RE u=Kzx i=1,2,.Z (21)

PAPRIIE
R SCRE R B2 B0 o3 2 A X 251 DX
A EL A i, R
e=Ue, (20)
XS BRI S HO R LPV DI R 58, K

Kb Z 20 U B S5 KA

EE3 XA KLU R 5(20), 4 &
LB Ay, >0, a, >0, 0°<<p <90°},i€z, 2
BAES O RHLTFHE(O,),i € 2o X TALEPIAMSEK
F X W S,S(i,jEeZ), B A A LR

PRUEAT 25 & AL 30 R G140 T o de e 1k, 3l A
A0)X,+ X,A"(0)

Bl (0) —vyl

C(0)X, D, (0)

{W.),i €2 MSOSHIE{X,},i€ =z, [Hi14
B.(0) C(0)XT
D.(0) | <0
oyl
cosd(A(0)X,— X, A" (0)) .
cosd( X, AT (0)— A(0)X,) sind(A(0)X,+ X, A" (9))
A(0)X,+ X, A"(0)+ 2aX, < 0, X, = X,
K A)=A0)+B(O)W, X, ',C(0)=C(0)+  Lyapunov bf ¥ {E K [ 100 T B , B & & A it 12
DOW, X', Xt FVeeco Ul i, jcz)# ik R A, AR 40 Sk [26]7b a2 B 2.3 n] 41, U 4 b 368 &R 42
S7 25 R Zh L BR 2 SE A KAT A0 4 N i i RS 1E Lyapunov & X R R, H A M R G583 76
S DA FR RS ME A P P 1 R R P LIRS (e, B ML FER AR
WS(a, B)N,HK,=W.X,— 1, Y4 5 1) K A Bl AR B, Lyapunov 28 5 {8 475 Bl B[]
EM 5 X Lyapunov BECH i W 2R 45 9 2 G 1 0 R 5 I
V.(x(t)=x(t) Xz (1) (23)  Lyapunov X T RUER]
K o FRn B ZI9E RN 1 F X3 . 3 (FEBIES5SH
8 & 38 A7 IR BE [0, T ]9 U1 48 i 15 20 7 )
3.1 ®REFE

sinf(A(0)X,+ X,A"(6))

F ot b TR0 ELESE DI AL (e AT I UL S AT
W oo (2)=i,0(00)=j, B 22T LU A AR BT ST B
X, =Xpy=X=>V_ . (2)=V,,(x) (24)
k /~ AR 75 25 [ A6 750 2% 50H M T 22 B 125 90 4 38
MaEM 1WA, Mrelt 101],0(0)=7, LA K& 75 AL BT TR 2 o7
0= 0, A1 AL 27T DL B, 4 2 Fe R 2 2 [ A %
V(2(1)=A0)X + XA (0)< 0= B I 7T 26 B 25 5 P 000 55 A A AL L e
V,(z(t )< V,(x(t)) (25)  ILE A 4V P L R AR L0 2 0 7 1
A& ReHMK(25),FH k.
V,(z(t )< V,(2(1) (26) AT AL P 0 R A LT R 2 s e
ALLA M, RS HLE G E [0, TN, MRRE TR S B A4 T

—253.86m), + 384.51n}, — 141.54n,, — 4.2389 (0.70 < ;. < 0.92)

G { 496.00n%, — 2 388.6n%, + 3 287 .9y, — 1398.1 (0.92 < ny, << 1.10)
—1595.6m% + 3 958.2n%, — 3 2589y, + 892.82 (0.70 << nyy, << 0.92)

| 768.58n0 — 2.392.7nk + 2 47120y, — 844.31 (0.92 < my < 1.10)
27946}, +672.85n%, — 540.70n,, + 144.91 (0.70 < ny,, < 0.92)
{ 431.92n%, + 1144 4n%, — 995167y, + 282.27 (0.92 << ny, << 1.10)
{ 881.41n}, —2198.3n% + 1812.1n,, — 495.59 (0.70 << ny, < 0.92)

551.58n} + 1 652.0nf, — 1 648.4ny, + 544.84 (0.92 << ny, < 1.10)
—23.495n},. + 61.641n5, — 51.488ny. + 13.889 (0.70 << . << 0.92)
—149.36n},. + 420.01nf, — 384.01ny + 114.39 (0.92 << . << 1.10)



5 4 ] FoT AR AT DU RS S R Sl A HL/LPV R i 461
b — —6.6125n],. + 17.662n5 — 13.844n,,, + 3.3918 (0.70 << ny. << 0.92) (o7)
- —59.371n},, + 180.21nf, — 178.06m,, + 57.985 (0.92 << nyy << 1.10)
0 45 0.5
_ + REEL
2t 401 0.0
4 ° — WA
-4 351 0.5+
§ —6r < 301 J-1.0}
sl 254 -1.5¢ |
e itl . TR
-10F M%ﬁﬁ% 20f 20F — AL
— L L L L L 5 L 1 L 1 1 - L L I I L
12 07 08 09 1.0 1.1 07 08 09 1.0 1.1 07 08 09 1.0 1.1
Py, Py, Ny,
(a) Fitting for the coefficient of a,,, (b) Fitting for the coefficient of a_,, (c) Fitting for the coefficient of a,,,
-1.0 1.6 12F
15} « JRTRELAL
— WA 12f 10
20F
. _osl _08f
§ 2.5} < Y 0.6
-3.0F 041 04}
35t ook 0.2F
-4.0 L L L 1 L ! L ! 1 1 0L L 1 L L
07 08 09 10 1.1 07 08 09 1.0 1.1 07 08 09 1.0 1.1
Py, 1™ Pye

(d) Fitting for the coefficient of a.,,

(e) Fitting for the coefficient of b,

K2 B R BOE TR B g B R
Fig.2 Fitting for the coefficient of corrected system matrix upon 7y,
LPV #4585 5045 0 5 AR 2o v 0 45 1 — B 4%
b M MR AR ZE /N T 100, 7] LUE I W R
SHHLEh SR, HA B RS .
N B UE A 3C 4 A 2R LPV R R S Bl P9 4 45 2L

N I UE AR SCHE ST B A 2k PV B R A AT
5540 8 3 B mmp%%r@fs#%fw T3 o
FEAL LR AT R R U 4IRS DL B RS o, A TR
T IR 1 7N ﬁ%fﬁ,‘o AR SCAEAL R N AT AR L 2 A4
ARZS SHEAT /)M 22 07 ELIAIE , 43 5] 40 18] 3—4 B

P AT RN 4

(f) Fitting for the coefficient of b,,

ERBPLBIT L (AT R

ok XA BEAT /M 26 477 BB A I, 42 ALk D E50) | 38 A P A S 3 A Sk AR A AR
0.809
.......................................................................... 0.860
— JEL A '
........ | — JRE PR
0808 LRV 089 F LPV#5i#
< £
0.807
0.858 |
0.806
I I 0.857 . .
15 20 25 30 15 20 25 30

t/

S

(a) Response curves of low pressure rotor speed

B3 H=3km, Ma=0.34b## {5 B L5

Fig.3 Simulation at H =3 km, Ma=10.3

[

0.984 |

< 0983

0.982 |

— R IR
---------- LPVHER

=
<

20

15
t/

25 30
s

(a) Response curves of low pressure rotor speed

t/'s

(b) Response curves of high pressure rotor speed

1.002 -
1.001F
1.000 |
0.999

0.998 -
0.997 L

— R
---------- LPVA

15 20

25 30

t/s

(b) Response curves of high pressure rotor speed

B4 H=15km, Ma= 1.8 b #I ) 1 85
Fig.4 Simulation at H =15km, Ma=1.8



%51 %

462 BMOoR O oa B K Rk OE %
FUMG ZER 25 DL AN /W03 K A 22 477 BT HE 56 IE

A3 S an K 5—6 FT 7 o

A E A UE KR B, AL LPV AL HAR X T E
2 MRS T 2 A i B R Y — ECPE B , AR R R

3 o Xof A5 AU R AT A8 AR DA 0 SRl 22 /9 ZE/NT 1500, HA B 1Y Bl A5 0 10 it J5T FRORS BE o
1.2
8.0 08}
. 1.0}
F60r i
= S 0.8t o
= 4.0
= o6l 04|
2.0
. . . . . 0.4 . L . L L 02 X . . . .
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
t/s t/s t/s
(a) Flight altitude law over time (b) Flight mach law over time (c) Fuel flow law over time
1.1 1.05 2
1.0} 1.00
L 09t . 095 i\o
< < | ‘g
A e . e ) n
- — Rk R —n
0.7 vaiﬁi = 0851 - LPVHE  \.. _—
72 1 1 1 1 L
0 10 20 30 40 50 080570 20 30 40 30 0 10 20 30 40 50
t/s t/s t/s
(d) Response curves of i, (e) Response curves of n,, (f) Error between two modelings
K5 SaLBiife |
Fig.5 The first modeling simulation in the full envelope
16.0 1.8 0.5
14.0 1.6F L
ms 0.4
=120 S 14} K o3f
T
10.0 12F ook
8.0 . L L . . 1.0 . . L L . . . . . .
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
t/s t/s t/s
(a) Flight altitude law over time (b) Flight mach law over time (c) Fuel flow law over time
2
096 /7 1.02
0.88} 0.96 s
= 080} = 0.90 E
0721 — JELARRRY 0.84
vaiﬁ;ﬁ_
0.78 L . L L . . . 1 L .
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
t/s t/s t/s
(d) Response curves of n, (e) Response curves of 7, (f) Error between two modelings
K6 SaLrsiga Il
Fig.6  The second modeling simulation in the full envelope
3.2 LPVEH 1.0t
EFXE 2.1 AR LPV £ 05 7%, 43 9 6 U oslh
[ 119 52 °F- a7 LM DX 3k 2 80 o, 0345 1 45 20 900 AR 2 o
LR A B 2R 0 /N W R 005 L L 2R 8 0 i e ) 7 -3 = MKt
I o N 2 0.4 —o—a=0.
FF 7 o PR 2R G M B S P R 2R 5 0 7 1 35 0 1 s a0l
—v— a=0.
I‘Eﬂ ﬁu %% 1 F)’fﬁ—\‘ o 0.2 —o—0=04
. ——0=0.8
FLHE I 7RISR LT BLR B, Y o= 0, R G B ds L
Gtk 7 S0 R TR e R B 1 L SR 150 175 200 25 250
t/s
) A I szl s R4 7 & 2 45 o N

2y 285 W) N R A 24 R, 2 R T XA e B Y
H../LPV il 8% , P ¥R 2 5t 2l 25 45 2 0k LRI

parameters

Fig.7 Closed-loop simulation with different LMI regions



5 4 3] LT A R T XA SR A S K AL gk H./LPV 5] 463

1 AEARBRAERESH,ERNRESEIN
Tab.1 Analysis of controllers with different LMI re-

gions parameters

KB ST 25 e WIS /s EiEZE s
a=0 4.05 (—0.7914,0)
a=0.1 3.84 (—0.8430,0)
a=0.2 3.52 (—0.904 4,0)
a=0.4 3.10 (—1.036 5,0)
a=0.8 2.71 (—1.1325,0)

BEAN Bl A o (G T, B AR 52 o X B & i R
SRS | PH IR AR G e R R 32 R R S IR
LM X355 9 D i 0ze | R 249 o PA) A 2R 46 Al o 1) 5K
0 B8 R Al B | D) A A R 5 M g PR

e B 2 S8 (y. = 3,a=0.8,=145"),
KA 2.1 By 5 i LPV #4148, LPV i
W RGNS A B 8 irs AN E R H (y.. =
3) PR REHE AR 1 LPV ¥ il 25 % 7 ) B o5 43 A [ dn 1]
97N o

L8 FHE 9 W] LA K& B, AN 5 i H.. 1k fE 48 b
(1 LPV 5 i 2% , B 25 18 P 20 2 G o5 i 5 24 o)
B, PR 22 5 S W a5 B T st 1 B 0 0 3k DX Sl b
FACE H./ LPV 4556 B9 B8, X 380 5 i 8
VA A 2R e W sl 29 RAE S 1T B 0 — A5 7

3
2L
1t Soge)
x
b xx&
Sl

‘W20 % 6 4 2 0 2
Re
B8 e T X A BC & Ho/LPV 6 4% F 3R R e
73 A7 1
Fig.8 Closed-loop poles with H../LLPV controller based on

guardian maps theory

2+ X 2
X X
X

1F X x
24

b3

X
EO-x XX X XX XX € X HOMHK WK

X
X
X

-1t .
x
X X
-2+ x);é
-16 -12 -8 -4 0
Re

B9 H../LPV ¥l & , 36 R Gul 5 o A 1E]
Fig.9 Closed-loop poles with H.. controller

M DR UE 22 B8 FLAT AR () 45 i A PR 1 [R] s, i L
B0 RS sh S

BB LPV 45 i 5 X 3 4 9% AF Ze v AR A
HEAT /R iR B o s ), BB AT LR S (H =
5km,Ma=0.5)F (H=15km,Ma= 1.5)1E N &
E A5 F5 I RCR 43 0 an 18 10— 11 o .

M 10 A 11 AT RL & B, AR SCi T i 2k 1 X
B 5 T Y Ho/LPV il Bon T 5 3l
AR PE FFR SRRV | P 2 28 498 0 07 174 9 35 B[] AN R
i 3s, BMENT05%, FaBiRENT 1%,
3.3 VIRLPVIEH

SR HT 22795 (R B0 4 45 1 5 0k B v R T XA A
e & 0 H../LPV P15 6l 4% | JF 75 2 2 [ N 1
WU Zh L CAT B0 5 il 3 s an B 12 Fn I 13 B R
RNV TAELE T FARA 44 TR AT AR (L B, W
Tl 55 R Bl AL sk ) 7 4 551 G 81 14 FAL 15 B

M 13 FE 15 H 45 B 45 50T LA B, & sh bl
AL N, Bl A BT A (R B SRk DL &
D2 ) KA AR A, R Pl A o Ag 8 AR 47 1 R
AR ) B i e AR B bR B R B A
M) o7 M, R B AN B L 3 s, B R /N T 0.5%
AR E/NT 1%, il de &k £V 22 6 &
AEMS Fa i TR, H T LS B4 il 2 L1 V1 e i

0.88 - ---1RA R
' — LPVHh]

0.86 E
0.84 -
F 082+
0.80 -
0.78

0.76 |

10 20 30 40 50 60
tls
B 10  (H=5km,Ma=0.5) &b % 45 1 05 1%

Fig.10 Simulation of compressor speed at H=5 km ,Ma =

0.5
1.08

--- RS
LO6F — LPVEH

1.04} !
= 102¢
1.00}
0.98}

0.96 -

1I0 2IO 310 4IO 5.0 60
t/s
BI11 (H=15km,Ma=1.5)4h %% 4 i i 1
Fig.11 Simulation of compressor speed at H=15 km ,Ma =

1.5



%51 %

464 BMOoR O oa B K Rk OE %
4

H/10’m

0 10 20 30 40 50 60
tls

FI12 RAT e AN R RO A (T )
Fig.12  Variation of flight altitude and mach number during

simulation ( ] )

12,0
18.0
1.8
16.0
o 16
= 140
= 14 S
T 120
12
10.0
—H 110
8.0 1 1 1 1 1
0 10 20 30 40 50 60

t/s
BI13 e e A SRR RO AT
Fig.13  Variation of flight altitude and mach number during

simulation (1] )

1.05 . 100
— LPViZH]
1.00} ---PLA 80
0.95 60
& o tmeee- <
0.90 - 40 £
085[ 20
0.80 1 1 1 1 1 0
0 10 20 30 40 50 60
t/s

K14 PLAZSfLFIRE S BRER LR 1)
Fig.14 Variation of PLA and response curves of compres-

sor speed (1)

0.94 — 100
Switching Switchin,

092} / I

0.90 -

0.88 - .7
=

PLA/ %

E ,
0.86 | J
0.84} .

082}

0.80 L 1 L L
0 10 20 30 40

t/s
FI15  PLA S LA ol bR s i 2 (1)
Fig.15 Variation of PLA and response curves of compres-

sor speed (11 )

& it

AR SC LA AN AT 0 A A3 168 B Bl B R E 5
PG T RS HUARRL T AR 3, 4 5 e BOREE
AR T AL N B R A DL B R PV
B B A S FRAE U E 5 LPV B,
I 55 AR LR TR A s AL £ L LA, B TR i R B
AR R o BF XTI S 80 B LPV R 58, % &
B F DX S Y H/LPV B 05 3 AR E
P 2R GE M I R P b — D BEAR Y D,
VL Lyapunov o8 50k LAk, B 7% ¢ T 0 B 2 5000 B
F P a4 ), 7 PR IR R GEAE 4B 2R3 [T B U4 B
8 VE Y [F] B B R hE B B A PR DL KB R R
M

Az

SE Wk

(1] s, A, &, & s B oLk RER 2 1%
W5 LI ] Wiz 3 J1 244, 2012,27(7) « 1595-1604.
HUANG Jinquan, QIU Xiaojie, LU Feng, et al. Per-
formance recovery control method for aircraft engine
[J]. Journal of Aerospace Power, 2012,27(7): 1595-
1604.

[2] #3058 . LPV R 406 0 A8 8 45 45 0 WF 58 T H R
(D] KU - H PR, 2009.

LI Wengiang. Research and application of robust gain-
scheduled based on LPV system[D]. Changsha: Na-
tional University of Defense Technology, 2009.

[3] MRy, £, #h/ha, 5. s KLt 5%
HBITEB I LT]. SR, 2007, 28(4) : 418-421.
LI Huacong, WANG Xin, HAN Xiaobao, et al.
Study of aeroengine linear parameter varying modeling
[J]. Journal of Propulsion Technology, 2007, 28(4) :
418-421.

[4] REBERGA L, HENRION D. LPV modeling of a
turbofan engine[ C]//the 16th IFAC Word Congress.
Czech Republic: Prague, 2005: 3-8.

[5] HENRION D, REBERGA L, BERNUSSOU 1J, et
al. Linearization and identification of aircraft turbofan
engine models[C]//16th IFAC symposium on automatic
control in aerospace. Saint-Petersburg, Russia: [s.n.],
2004 : 13-19.

[6] WILFRIED G, DIDIER H, JACQUES B.
Polynomial LPV synthesis applied to turbofan engines
[J]. Control Engineering Practice, 2010, 18: 1077 -
1083.

(7] Zker, PNV . i 2 dhpL R D 22 R 25 748 e A 7 e
S5 L) BRI A R K A oA, 2010,42(2)
175-178.

LI Qiuhong, SUN Jianguo. Aero-engine large-devia-
tion state variable modeling [J]. Journal of Nanjing

University of Aeronautics and Astronautics, 2010, 42



5 4 3] B

T A T DB A T RS R s Pl ek Ho./LPV

465

(8]

[9]

[11]

[12]

[14]

[15]

(2):175-178.

B0, WA, TSR iz K a4 AT 2 /M i
ZHBBFHA[T]. B ETRREZROAAP
W), 2002, 3(5): 12-16.

LI Jian, XIE Shousheng, DING Kangle. Whole flight
envelop small - deviation state variable modeling for
aeroengine [J]. Journal of Air Force Engineering Uni-
versity (Natural Science Edition), 2002, 3(5): 12-16.
S, mAaR . MR G R GELPY
PERI A BT[], W A2 LR R 2 4k, 2014, 46
(2): 252-258.

WU Bin, HUANG Jinquan. Robust gain scheduled
LPV control design for aeroengine in full envelope[J].
Journal of Nanjing University of Aeronautics and As-
tronautics, 2014, 46(2): 252-258.

TRV, MR, WA TLAL . A R R Bl e AT
i WL BT ], A 3 J3 24, 2011, 26(3) : 537~
542.

LI Shuging, ZHANG Shengxiu, HU Weihong.
Whole flight envelope corrected equilibrium manifold
modeling for a turbofan engine [J]. Journal of Aero-
space Power, 2011, 26(3): 537-542.

Toab, Tk, AR, . — RS & s HLN 4 BESE
WL PE S AR [T]. A28 3h 144, 2014, 29(3)
696-701.

WANG Bin, WANG Xi, SHI Yulin, et al. A real-
time piecewise linear dynamic model of aeroengine[J].
Journal of Aerospace Power, 2014, 29(3): 696-701.
ZEMhA, AR, XURI, AF R AT A LPV
R W T] FE R TR SR FHOR, 2011,33
(6): 1327-1331.

QIN Weiwei, ZHENG Zhiqiang, LIU Gang, et al.
Robust variable gain control for hypersonic vehicles
based on LPV [J]. System Engineering and Electron-
ics. 2011,33(6): 1327-1331.

SUN Changyin, HUANG Yiqing, QIAN Chengshan.
On modeling and control of a flexible air - breathing
hypersonic vehicle based on LPV method[J]. Frontiers
of Electrical and Electronic Enginerring, 2012, 7(1) :
56-68.

SU Xiaofeng, JIA Shengxiu. Self - scheduled robust
with  Hinf
hypersonic vehicle [J]. Systems and Control Leterrs,
2014, 70(70): 38-48.

HUNTER H, WU F. Hinf LPV state feedback
control for flexible hypersonic vehicle longitudinal
dynamics [C] / ATAA Guidance, Navigation, and
Control Conference.[S.I.]: ATAA, 2010: 1105-1112.
TRIENE, My T, WINE . m A TR R &)
B LPV Ik [T]. i 244, 2012,33 (9): 1-10.
ZHANG Zenghui, YANG Lingyu, SHEN Gong-

decoupling  control performance  of

[17]

[18]

[19]

[20]

[21]

[22]

[24]

zhang. Switching LPV control method in wide enve-
lope for hypersonic vehicles [J]. Acta Aeronautica et
Astronautica Sinnica, 2012,33(9): 1-10.

Fout, WA ST U 2 M LPV 1Y R E Pl 2
2 ] R A 4 (00 iz 8 1 2E AR, 2016, 31(8) ¢
2040-2048.

WU Bin, HUANG Jinquan. Intermediate state control
turbofan engine in full envelope based on switched
polytopic LPV approach [J]. Journal of Aerospace
Power,2016,31(8): 2040-2048.

LOGIST F, HOUSKA B, DIEHL M, et al. Robust
multi-objective optimal control of uncertain (bio)
chemical processes[J].Chemical Engineering Science,
2011, 66(20): 4670-4682.

TR XL A EE S T LMI Sk sh £ A
b H/H AR H[T]. R 8 LA %4z, 2010,23(2)
167-172.

NING Xiangliang, LIU Junhong, TAN Ping, et al.
Multi-objective robust H,/H.. control for structural vi-
bration based on LMI[J]. Journal of Vibration Engi-
neering, 2010, 23(2): 167-172.

SAYDY L, TITS A L, ABED E H. Guardian maps
and the generalized stability of parametrized families of
matrices and polynomials [J]. Mathematics Control
Signals Systems, 1990, 3(4): 345-371.

LU B, WU F, KIM S W. Switching LPV control for
high performance tactical aircraft[ C]/AIAA Guidance,
Navigation and Control Conference and Exhibit.
Providence, Rhode Island:[s.n.], 2004: 5-11.

LU B,WU F,KIM S W. Switching LPV control of an
F-16 aircraflt via controller state reset [J]. IEEE
Transactions on Control Syestems, 2006, 14(2) : 267~
277.

MR, Lk, BFH, HF RS RIPURE R
(] 7 4 5 1E D7 3 [T ] HESE £ R, 2005,26(1) : 46~
49.

ZHENG Tiejun, WANG Xi, LUO Xiuqin, et al.
Modified method of establishing the state space model
of aeroengine [J]. Journal of Propulsion Technology,
2005,26(1): 46-49.

UFUK T, ANDREW P, PETER S. Stability region
analysis using simulations and sum-of-squares
programming [ C ] // Proceedings of the 2007 American
Control Conference. New York: [s.n.], 2007: 6009~
6014.

SCHERER C W. LMI relaxation in robust control[J].
European Journal of Control, 2006, 12(1): 3-29.
BRANICKY M S. Multiple Lyapunov functions and
other analysis tools for switched and hybrid systems
[J]. IEEE Transactions on Automatic Control, 1998,

43(4): 475-482.

(m#.x Z &)



