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Abstract: Aiming at the problem of robust servo performance of temperature and pressure of Flight Environ-
ment Simulation System (FESS) of Altitude ground test facilities (AGTF) over the whole operational envelope, a
PI gain scheduling control design method based on Linear Matrix Inequality (LMI) pole assignment is proposed.
On the basis of considering the FESS modeling uncertainties caused by variable specific heat pipe volume differ-
ential equation, pipe heat conduction, control valve flow characteristics, hydraulic servo system dynamics and

sensor gain, a complete and accurate nonlinear model of FESS was establised. Then, the nonlinear model is lin-
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earized around an equilibrium point and the LMI pole assignment PI gain scheduling control design method is de-

duced based on the linear system. Furthermore, 36 steady state points were chosen over the whole working range

of FESS to design the LMI pole assignment PI gain schedule controller. Finally, two types of flight environment

simulate tests are devised to verify the robust servo performance of the designed PI gain schedule controller. The

simulation results show, for temperature control, the steady—state and transient errors are both less than 0.1%,

for pressure control, the steady—state error is less than 0.5% and transient error is less than 0.7%.

Key words: Altitude ground test facilities; Flight environment simulation system; Linear matrix inequali-

ty; Pole assignment; PI gain scheduling

1 35l

TH 545 [ 6 T R 7 LA R A AT R
SR IR BN e R RE MR SR B R S PL T R AE ok ok
R AT R E R BRI IR A G
5 (TBCC, Turbine Based Combine Cycle) % 21 #L i
- G R N T O o L i £ L B 5
117 e 25 R B (R AR = 2 O VE IR 48 Kk 3
PL.TBCC R FHL It B WO R R oG (il
P R I 0 30 18 A, X AT A B AR R R R
BHEREZMERTY ., XWEWE R &S GO
B HEGEE) 1) TAERL NI AT IR ALK
KR RE ), M RAT B R R G (LA i FR FESS)
h A 6 SR S HLEE AR (SRR R ) B
LR R gt , HoA5 0 & G0 0 i B2 A 7 0 4 1l e )
HEDE T &2 A0 TR BRI A AE ) .
I, IF J FESS (9 I B FlL I ) fE 3 TAE R NI &
Byl M RE oY oA S L,

My, A B A s A A E R N AR
T R i R e A Horh RS R
ST B ) 1 2 AR DL G 6 b 24 T 9% R Y B A TR &
J& s (AEDC, Arnold Engineering Development Com-
plex) , Hrfr LAY 3 42 5 AL 45 1 J1,J2,C1, C2 AN 5
25 i 41 B Y A 25 4 E 2R 48 e 25 5 (ASTF, Aeropropul-
sion System Test Facility) 4 51| 2y [ 5 /& i 75 2 4% 0>
W57 A B 5 U & % 5 APTU (Aerodynamic
Propulsion Test Unit) %' 0 2002 4F , AEDC 7£ & %
A BAC AL A — 1 fL 350 H (TOMIP, Test Operations
Modernization and Improvement Program ) H1 X% J-2 15 25
BT T IR | E L FESS R T — HHT B
RAMARTE T @28 B 0 R G0 ©AT SR8 09 B4 g
J3t . T T N 4% K 24 1Y Sabine Fl Sebastian 7E fifl
TR 38 SC R R A 28 T W AR K2 s s B 1
AL AR, Sabine B XIS R G2 H KLY By Wi I 5]
BT R T A BIBFST , Sebastian £ %t 15 23 4 BE (R

T

ERTEREREAT TR A MBS, $2TF T RS 2 B
P 2R G0 R BRI RE . i K Y Borairi 4
AL TR KA A B BB B Ok TR kA7
T FESS I8 & A1 TR 7 B9 PTD L[] 5 fige 15 42 61 9F 52, (2
I U A A R A LIS T S e
T A SC A A SR T 8 258 M A5 Y 2 A8 L B 25 1R T 4
T

2 M50 [ A 55 3 (Linear matrix inequality, LMI)
WERGE N LR EH Lyapunov?fétﬂﬂ/ﬂ,aﬁﬁ
BTz W T AR G A R i e 2R G B RE
[ R e P 42 ] 245 10 R0 LA R Wl i T e
4 JZ £ 41 ( Gain—scheduling) £ 5 /2 i Shamma H:f# +
WS K S8 SCF T TAEh SRR, HETE
B TR R v e B P AR B ik — B
B 5 PR G 1o s ] — S i B S A T R R IE
Mk RG2S TAE AT etk b, I B 23l
B % L AR5 kTR B 2 O R R 4 ) g AT
T A5 3 4 Jm) 1 14 45 0 B2 B0 2R . H AT, 1Y 4R
JE B2 B T RO R S Y R
ALY SR AL PR AR AR AT E R R 7E R A
EECI B LA R

PRI, 2% 08 B 38 45 I B HOR £ A 31K T AR 2R
5 5 R O H RN PR W 25 9 R S MY TR B
455 LMI M 50 TC & 78 K fiff 22 748 i P il % 0 A0 3
A SCHE T — AT LMK A5 IC Y PTY 6 O B 45
il 25 BT 7 R i e FESS 76 84 TR L2 19 & 4k
PERE 7] B, 3z JH 78 bE AR A 28 IS 1o T e R g I ) A
o SR T7 1, O 455 R RO R R A R A
% 22 G R LA R A% S AR R 4257 T FESS Y 4R R A
R XS AR R AP A AT R MR AR AR 4G ) RO L A
I HR 4 8 ) L P AR Y 4 5 T AR T LMIAR s T Y P
P 4% BT 7 5 5 7 FESS B9 TAR G2 N B 1 36 1
Fa S BT 12 T LMIAR 5 BC & A0 LY 25 98 JB2 425 1)
i s BUE T R S AL TRAT B R AL 56 X Bt
PLI 25 I8 B2 455 ] 2% 76 A~ TAE AL 00 & 1 P g

bt 3t



HA0% B 11 FeF LMI W e 1 s 25

137 05 H S AIE
2 BEAMTIMEEIRSGER

2.1 ¥ITHREEMNRGHNEE . EHMIFRE

S B RAT BT R G 00 A5 A R T 1 An
LR, B B AT 32 3 e HL A M % SR — B HEC
A S 1 RN 2 B S0 0 A R TR IR R B
TG AR T B 3 o 4 ) G o 1S R 2 5 R T R AT
P, HESCTE o A R Y 2 S & S HLAEE | ik
5k S LR LA B Y i AR . AT IR RLIL R &
2 R 3E L P [R) 4 o v I I R I R R Y DA
P AR TR SO B 3B TR H B L R 5 AR R R O R
DEE G 2 ok 52 %l 56 gh AL 11 4% 1 (lF <R R
AR H) B, B 1 T,p,m, Cor Bl Rm RN
W RSy TR A PR, Q R FESS 5
Hh S 2Z ]38 Ao BE TH A% 38 ) #E VR IR FESS I A TR
AR SR FH 2% 10 AR i 8 FESS P AR 1 4 B AR b ok
L IE B E FESS N I 1 1R A8 fL 2218, FESS HES
FRE S FESS W AR IR A — 8, Scmk(2]hE %
H T 56T FESS 1Y TR EE FE 0 5 A2 0 1 40 4 =2
T, 51 SCk b i 45 SR T S

dT RT
—= {(RT = B) (s + 1 = ) +
d py(c, - R)
c..’ C.?
hinl + - n.Linl + hmZ + - n:'/inZ - (1)
2 2
c. ’ .
2
d R
2 [(c},T ) (s + Ty )
dy(c, - R)
c..? Cc.,’
(hml + o )rﬁ“inl + (h;nz + = )minZ - (2)
2 2

c ? .
(h+ °2"' )n‘z“m+Q

AP €, 0 FESS AR E T L FAA , h 2 FESS
PRI KEAE by, i FESS i LI SR IS (8 L b, N
FESS % ik % MR 109 K5 18, R R A3 %, Q O Sz i
] N FESS 55 4h 5L 22 i 1) # i
22 RITINEEMRSGEREER

X T RAT FBE R R G b i Bt B B & F)
RATHR LR G N A R P RS o) HoR A R
PR AE 25 ) (] IF A1 B D S B AR DR T D A%
AT R A5 SR AT A G0 B R B TR AE R A A

AT RSB R G PLYYG 25 98 14 45 o 0 52 2589
o
ff
Control valve 1 T .p.. T —
—— " C, ;
= . To engine test cell
7:p’ mmll -

V Cuul

Control valve 2

]—;IIZ’ pinl’ minZ
]Xl:\ .

Fig. 1 Simplified structure diagram of FESS
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Fig.2 Nodal points for heat transfer in long tube
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Fig.3 Structure diagram of disc type special control valve
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Fig. 4 Closed-loop transfer function block diagram of servo

system
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