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Abstract: To deal with the difficulty of obtaining accurate mathematic model for turbofan engines and the
lacking of guarantee for dynamic performance of a general model reference adaptive control, a multivariable mod-
el reference adaptive control method containing an improved reference model is proposed. The multivariable adap-
tive controller is developed with state feedback for state tracking and the tracking error feedback is introduced in-
to the reference model, which presents apparent restraints upon the overshoot of the tracking curve under large
adaptation gains and improves dynamic response. In application to the nonlinear component—level-model of a cer-
tain turbofan engine, the control system achieves satisfactory quality of less—than—2s settling time and zero

steady—state error.

Key words: Turbofan engine; Multivariable control; Model reference adaptive control; Improved refer-

ence model; Dynamic response

2| i B A W i i, A% G0 1) B AR 4 O DT R O R AT
AR SRR S RE AR BR S BN K % e s LT RE
Wt & L 25 A sl LI i BIF 58 79 AS B TR, 1k e 4 2 A8 i L AR B SR A SR AL AR A

T

* WFRBEHE: 2019-09-24; fEITHHA: 2019-12-06.
BEEWHE: HEAPHIERET (2017-V-0004-0054) .
EERIN: &M%, BiAg, MRS ZSPER . E-mail: pf_kim@nuaa.edu.cn
BIEE: BN, Wt 207, URSuchiiss Kapldmt . FBHlFAIEE2H . E-mail: jhuang@nuaa.edu.cn
SIAE: &K, R, wa R, SObS BRI R S22 B R ()], HEEROR, 2021, 42(2):
440-448.  (JIN Peng—fei, PAN Mu—xuan, HUANG Jin—quan. Multivariable Model Reference Adaptive Control for
Turbofan Engine with Improved Reference Model[ J ]. Journal of Propulsion Technology , 2021, 42(2) :440-448.)



a2k Hom

2 2 R R e B A S HL 2 AR T 2 {1 A 4 441

MEB R RGeS RSPl R S B E R AT
AR AR 2 10 72 T A e D BT GRS
AR AR ORGSR Y  5 4E Ah  k
DA ) 7 5 A e B0 T K A 1 BB PR IR 42 1 5t . i
I 7 22 1 FR T AN MOS0 A TR Y R B
HGE T BA S 80N 1 2 1R &R G 942 il 1], e B
O 2 R B AL R A A N i S

PR 2 2% [ 1 W #5 Hl (Model Reference Adaptive
Control, MRAC) , J& — A &y A & B  J7ik o o
T2 Ak MRAC W& JRZ 15 T i Jo R T IR IE 31 L
F i PR HE A, by B R B 2 R AR ik,
Narendra 557 FUF) F #% 2 %0 % 09 A R b, 2T
LyapunOVﬁéﬁi‘@}ileﬁifT*ﬁﬂi}%ﬁlﬁmﬁﬁl&u%
Gtk 1 AR A AE S R HE DL Y o O 1R
S . Costa 554 T B T 4H B 40 1 278 1
MRAC, FU HIH & 45038 i 40 B9 00 32 7 =X 4
S TE T XA BRI . Tao 5 FE £ 4F i MRAC
89 AN T] JE R0 6T TROAIL 45 ] T T o ) 45 J T, A8 T
FZA BT i T 5 MRAC H ARk # f R
L WA DRAE 3 A5 VR RE |, 78 2 85 R Y Ll B 25 U
PR R B B 2R G i AR 5 AN Tl
Stepanyan 45X HLAR B MRAC 1Y 2 % BERUAE T % 22
S dst, e T A A R [ X MRAC TR 25 4 S AL
RN IR T — RN . AR MESE R — R
S HE & Ge A X B R B AR B Ok S R B Y
MRAC 75 3% , B T 25 e s ALRE 42 i) o 2 0 i
AEUOTBE X AR G MRAC X oA HE R 5 25 ik 2 8 1 1 1 )
R, 1 — BT A4 28 S5 A BT 2 2 [l A R T I
HYER B Y T BHEE N RSl e 2 28 &
MRAC 75 % , K25 T o0 HUPE il B 8 R 50 0 s+
A AR (0] %3 ) BT, AT R R T 22 7 T £ A
BRI L B A SR AR ORI T A R S 2
AR fE MRAC R T 58 5 sl LR T % 38 10 g T TR <
B Wi i 5 88 1) 42 o), &5 R R W] 28 B MRAC R GE (e 42
B 2% PN A B A R BT VR AR AR 2
MRAC Hfim A 5 F i 45 19 45 119 3 2 2 b 62 285 ok 4% il
03 F R S ML & sl LR Lo ARG 8, 5T 7 S 9 7 ol %
W TR E TR RSB R R S S ERE .

AT — P LA A R B3 5 % (Linear Quadratic Reg-

ulator, LQR) oAy JE E 42 il &% , 3% |7 MRAC by £ 2 45 1]
w7 G T RGN AN E tE RSN R TR B
;[;%g,ri[zole] .

FH I AT DL, 30 AT oK [E] A 4 2 48 5 MRAC 78 RBLEE
il b B8 R B 98 S T R (DA A ] R ok

B A RE T LA A& sh AL s i R i N
LA 1 i B 20K 248 B MRAC FH T2 & shibl, 5
R HH AR e i A (a0 LQR) 1Yy i Bl 4% 1l 4% L 1%
A T4y K ¥ 2275 B P R MRAC A AR 350 T 4G 5 502
BN R 4. FEML 2 K s AL b B4 N £ A8 &
MRAC I &4 i gl S MR RE M B 52 58 2 D

AR SCR TR AS B2 35t 0 0 2 52 IR A R B2, 4
— Pk S B 2 AR AR S 2 )
B AR W B R BB R AT T L B UE T
ZOTIR N B A TERE .

2 ZTERVSERENEHEZE

2.1 £ ZTEMRAC
1 G AR 75 R IR 245 BR BE 10 £2 78 B MRAC Z5 48 4
K1 TR .

oY

all

Adaptive
mechanism

+
Fig. 1 Structure of multivariable MRAC

B A5 R G RS A3 TR B Oy
£, (1) =A,x, (1) + Bu(t) (1)
K u(r) e RS, x, (1) € R PR
GRS T B A, e R B, € R " AR M
272 BRI RS =5 [ AR A Oy
%, (t)=A,x,(t)+ B,r(t) (2)
XM rt)eR"NSHSL x,(t) e R WS HHL
KR M, A, e R™",B, e R " T MU,
e(t) ==, (1)~ x,(1) (3)
FEH HbR R e(r) — 0, BISE IR 6l R G ARE X S
5 RS AR A 1) T R
TESEAT P S BT E Z i, 328 0 R R
(1) (A, B,) 72 ;
(2) A, /& Hurwitz [ , W 17 76 %F F% IE & 5 P,
Qe R "HE
A'P + PA, =-2Q (4)
TEREIRAS R AR 2 i 42 1l 4
u(t)=K,x,(t) + K,r(1) (5)



442 o # R 2021 4F
KK, e R"", K, e R"*" 43 5l J& 4 il 12 m] I ) 221 ¥R e MOER R PR fE
T H 55 B AL 5 2 25 B 98 BUIE 2 1Y Lyapunov PR &L
s oA 55 M B R 4 , ~ . |
¥ SHRAKX (D) BB RS . 1 ["Pre + r(R. IR + w(R,IFED] (15)
x,(t)=(A, + B K)% (1) + B, K,r(t) (6) 2
MK =K, K, = K, BV A 45 0 4 25 45 PERE S B A A
BRBRAE IR, i 12 A58 8 DL JE 2% 1F K =K, = ~B'Pex'T, (16)
A, +BK =A, K,=K,=-B'Per'T,

(7)
BK =B,

SERSADOIE % i N TP G G| O 7
I
WEHIR%EK, =K, - KK, = K, - K;, ¥
(2),06), (HRAKX), HHRERS
é(1)=A,e(t) + B, K ,x, (1) + B K,r(t) (8)
TEBUIE 22 1Y Lyapunov PR %L
v :% [e"Pe + tr(K,T'7'K") + tr (K, I";'K])] (9)
XM MRIEEMET, e R, T, e R
R VEE A R ()RR (8) L, 15 5
V =-¢"Qe +
w[K,(x,e'PB, + I''K!)] + (10)
w[K,(re'PB, + T';'K}) ]|
A1) A 55 2 A EE 3 WU % 13 S8 H ik

K, =K, =-B'Pex'T,

Iéz =K, = ~B, Per'I’,

X (1D RARHSEAEN T, Lyapunov PREL

M FHY = —e'Qe < 0,0 RGE 4 R Wi A 2 &

(11)

GiAfESARY . HE—-ENE.K, =K K, =
K, B 0B A S &, (o) Bl r (o) AR H SIS (o) AR S0
Jah 22

M UL ] L, 2 58 MRAC HARIE T 6l R 54 Rk
FE T IR R T R R ) s A M B D G TE .
22 BMHSERBNESTEMRAC
T B AR G R N Y B A
PR 2G| A SRR
%,(1)=A, %, (1) + B,r(t) + Ge(t) (12)
KX GeRIEG >0, MIRERG AN
é(t)=(A, - G)e(1) + B,K,x, (1) + B, K,r() (13)
i R AR E MK, WAL N FEBR (W Hurwitz Bf
—HEHE, A, <0, A, - G <0, fFIEXFRIE
EMEP,,Q, e R R
(A, - G)'P, + P, (A, - G)=-20, (14)

AE , A< SCORF B

3K Lyapunov R 803 80, JF U5 &5 X (13), (14) 1=
(16) BB V' = —€"Q,e < 0, W] 2 G5 42 )= ¥ i 74
SE, lim e (1) = 0
222 BhAMGE
w2 T A (13) A
e(t)=exp[(A, = G)t]e(0) +
[explA, =€)t - ) ]p(e)dr

X @(1)=B K x, (1)+ B K,r(1). H_E3CHEH
KRG A SH R AR @ (1) 1 087 7E
e < @

SR ER I 35N

(17)

,0< @, <,

GZ? (18)
LG erR™HG,>0,seRFN—B/PHIE
He MR (172 7 B
e(t) = exp (oA, = 6,) - 1e(0) +

(19)

[ explten, - 6)—"1p(e)de
TFAE 5 & S — X IE KK (b, y), fR 2209 38

BOA R

”e(t) || < |lexp [ 0) || +
g It —T
o [ |[exp [(24, - 6)——1|ldz < (20)
0
ke, .
K[ e(0)[[exp (—y— )+~ g
& y

g5 A b RIS W SO O IO ME R X T
JEA N & R 207 BRI LR AR F exp (- @m&
HOH R S 0 4 B, 56 B BB (10 3 7 1 S
(3

3 (AESW

AR SORE T 4 A4 k2 5 B 22 A8 i MRAC
J5 2 I FH 3168 B S AL AR 2t AR A AL | R AT 0



a2k 2

FWFSE o AR LM IR PR R A R S ALK R
SHL R E IR R RS N T R e = R R A A
BB A, G TP OE A R AR AR TR R B e A AR
FET R 7 B2 T AU & OF i R Dy 5O Al A AL JR] T
VB 77 7 BRI R 25 T R o BRI BB AR AR AT S
(7o R 7 450 ) R Yl I T R A IR G 1T AR AR S
B SR ARt AR AL, T A B & sh LA R M BE S
BT RN CIT L&At . a8
TP

WE 1 248 MRAC #H RGP R, B Xt 4
R B K LR A A A5 B L B3 H S
Sr=[N, =] . Z2BEARSL, =[N, ], %
S A Bl AL BB A A A A ] A FAR S i 2w
(W, A Fix, =[N, 7], Hi N, JE s T4
W, R R SIALE G, WSk SRR I B A R R A
A L E bR R E S IS N A A g
w, {15 & S ALY R A5 W 2 R B 2 2 R RS /D
e(t)=x,(t) - x,(t) — 0, I8 i xF 2 % B R (Y 2 i
A3 R R L R B R AP s A PERE .

Ry S PR 22 0 Sk R 0 I i R A R RN A 3 AR Y
S A AR, W UE Y B LN T 2s, TR AR DR 22 4F L 1k
BT R B G R

A, = diag{ - 3, - 5},B,, = diag{3, 5}, 25
5 FEE R - G = p-diag{l10, 5}, i % % p > 0. Lyapu-
nov J5 BRI (14) v i 1E 2 X FRBE Q, = diag {10, 10}

MFARE R E N, =[N, 7] BB L,
TERITRLNSSEMm A=W A, HEARS
() 77 8] PR A AR CRID W i 35 m 51 e Ny 38 K, 7 35Kk
A M SR N 3G K m ) o BT AN IR R
RYAE — > AR A S R B2 1Y 2k A 88 Y JF AN o —
AN TR] T AR A5 28 AR ASE Yl R A [R) Sk 5650 AR )y 3 1
I35 P [ A el 2 o 4 A A5E AR RO, % 1 K B L
B AR RS 0 A IS ), O R — i Uk B ALY
B, =[1,1; 1,- 1],

SR N A TR I R ARG T = T, =
A-diag (10,20 ), Horr B A > 0. T TREN HAYH
W, D B U B s 0T R S 50 P E K (0) F
K, (0) 5 K, FK, (A5 FR1E I 25 A K0
3.1 SEEmEITEE o

DL B R ML E H=0km , Ma=0, N,=92% 1] T.
PE R (iE R s 1) 0, 32 5 i /3R 3l e i LG
PR AR S B

AT+

Bk S AROR 1 T B R B WL 2278 BT 2 1 5 4 443
~ { 14.5406 —11.7899}
" [240.5470 -170.0167
B [ 3.0366  —4.6099 }
" 393146 -67.3873

W15 22 IR I 25 FF G = p- diag{10, 5} B i g
H) 52 e AT 0 B oA A5 R R 2, B3 s . R Eh A

PERETR R OB T35 1.

Table1 N, and = performances with different error gains
when H=0km, Ma=0, N,,=92%, =80

Ny ™
p=0 p=05 p=2  p=0 p=0.5 p=2

Performance

Settling time/s 140 1.22 126 120 0.49 0.66

Overshoot/% 1.61 0 0 1.55 023 1.33
Steady-—state error/% 0 0 0 0 0 0
25
20 | — -
— N,,, with p=0
-~ AN, with p=0

"""" N, with p=0.5
-—— AN, with p=0.5

3
154 158 162

-0.5 L
14 15 16 17 18 19
Time/s
(a)
5t e
4 7 with p=0
4r -~ AT with p=0
L z with p=0.5
X R A wi -
S 7 with p=0.5
< Lt
l -
0 —_
14 15 16 17 18 19
Time/s
(b)
106
74 b
105
72
104
103
= 102 £
A 7A8w%thp=0 101 T
—A8w1.thp:0.5 1100
— W, with p=0
—— W withp=0.5 1%°
- .
) ) 198
17 18 19
Time/s
(c)

Fig.2 Engine responses with improved reference model
when H=0km, Ma=0, N,=92%, /=80



444 oM R 2021 4
p = O, ik 2% # AL i £ 78 i MRAC IR L
N - N L N 2+
e 248 5 MRAC, ¥ 2 R W] 1E B£8Ry i N
SR B DL P i R R A L T AR S 2 AR
x
MRAC, % 2 %5 # BUAE 51 5% 22 S A5t A8 8 B AT 33 %m T
) . . . N —— AN, with =10
R 0 R T2 M SO T e T B AN, with 160
MBS A B, P 3 R Rl A TR 25 S I AR A4 K, 0 — ANy with =100
SRR A P B (ER AR G0 B A R T : : : :
14 15 16 17 18 19
NN )t 22 AR ar 14 0 O BRI A R R, X2 Time/s
TR 28 [ A5t 51 S 2 25 A5 A ) 25 1 B IR AR JE T 52 1 (a)
BRER R B Sh A PERE RIS IR o Zead f 2k N A TAE AR 6
B A2 5 BT B e Y p (LA G BIOCER 5 A, YOG R
ORI 5 AR G 00 AR RE eI E 3 40 i 5 3 4t
AP R L = 0.5, s
= 2+ — Arwith =0
2L —— A with =30
—— Az with =100
0l
SR 14 15 16 17 18 19
5: —— AN, with p=0 Time/s
— AN, with p=0.5 (b)
—— AN, with p=2
01
14 115 1I6 1I7 IIS 19
Time/s
(a) . o
2 g
- —— W, with 2=10 -
6 = —W:_z;:m:w qlor s
—— W, with =100 {100
—dime
A, with A=
T — 4 with =100 1%
N L L 98
E ) 17 18 19
2+ Ax w1-th p=0 Time/s
Az with p=0.5
Az with p=2 (c)
07 Fig. 4 Engine responses with different error gains when
" 1'5 116 1'7 ll8 o H=0km, Ma=0, N,=92%, p=0.5
T‘(“; R 4 6 1) 0 T R/ O S K, W 9 3
b

Fig.3 Engine responses with different error gains when
H=0km, Ma=0, N;=92%, 2=80

B HE N L, = T, = A-diag { 10, 20 } % iR
3 M BB 1 52 e AT 0 LA BT S5 SR R 4 PR . e sl
SPEREE PR IE M8 T3 2,

Bl A R BE R 5R 25 YRS & O i B AR R, VT

F (i) LR R S 408/ o Bl 4 R W], A7 30~100 [i] A2 4k
i 2 495 IR 0 T 5 119 30 25 1 BB 48 R FLAH 25 R K T A
(R 38 23 i R F5E i £ B TH A o R S AL ALk Y HA T
VER O EAF DL L, AN FEBEIR . 3R I R G 3 25
PE TR B4 i i A, R A e (30, 100),

e FRWE RSN TAEST A E A
MRAC J5 3% (B Z 50X = 80,p = 0.5) 5 3C#k[2] H 43

Table 2 N, and = performances with different adaptive gains when H=0km, Ma=0, N,=92%, p=0.5
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