plenum

_ downstream
\:nlet duct duct

AN

(3¢

AN

fffff -

AN

NN

| compressor

throttle

-/
j\‘

Compression system

Compressor characteristic

(<))

Moore-Greitzer model:

A
b

\j

o 27'('
——/’ (b + Asin ) sin 6do
3mJo
1 2w
-4u+——/’ (b + Asin0) do
27 JO

1
@(‘D_@T)

Cubic characteristic:

Ve (®)=Vco+1+

Family of “deep-hysteresis”’ characteristics:

Ve (P)=WVco+1+ +

20
1+ P2




A new parameterization

Deep vs. small hysteresis

small hysteresis

deep hysteresis

The e-MG3 Model:

R = o R(1-®?-R)

2 1
teo |1- 5 1/2
V2 [(97 - 4R - 1)% + 497]

3

+ (92— 1) (@2 —4R—1) +4<1>2)1/2”

. 3 1
d = —WH+Weo+1+ <—¢—§¢3—3¢R

2
V2sgn(®)
1/2
[(qﬂ _4R-1)%+ 4<1>2}

+

x { [(@2 —4rR-1)" + 4c1>2} Y

\ij = %(@—CDT).

X <(<(Cb2 —1) (®?>—4R 1) _|_4¢2)2 + 64¢2R2>1/2

)

2 1/2
+ (2 —4R - 1)}




Open-Loop

Throttle characteristic:
1
V== (1+Pco+ P1)°

—bifurcation parameter

Using values for a three stage compressor from
Eveker et al.

3r 27
2.5¢ A~
. 1t e
Diagrams 2t s
7
R 15 0, ///
1t 7
-1
0.5 //
0\ S L _2 L L L L
0 0.5 1 1.5 0.5 1 1.5
Y i
4. 4
3r 3r
e ~
w S w S
- / ~ — /
2 / \\ 2 [/ // \‘
// ; \ // !
1 /// 1’ \ //
0 0
0 0.5 1 1.5 2 -2 -1 0 1
0% b
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Critical Slopes

do R

5, = PR+ (R)
di  |p=o

A R

5, = VRt (R)
dR  |p=g

S1 —skewness

12

Bifurcation control for

aeroengine compressors

Moore-Greitzer model with general comp. char.:

R = oRF (R,®)

® = —W+G(R D)
. 1
v o= @(q’—‘DT)
where
(R, ® L_ [""w (& 4 2VRsing) sin9do
, = Sin Sin
(B®) = 75 )y Velet )
1 2w
G(R,®) = —/ Ve (o +2vRsin6) do
27 JO
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Throttle characteristic

1
W= (1 + Pco + P7)?

Backstepping control law:

T+ (cyV —copP)
B N

Full-state feedback control law:

I -I— 32 (C\UW — Cq;cb + CRR — dq)q))
B VW

set-point/disturbance parameter

14

Control Objectives:

° bifurcation w.r.t.

e Minimize of R to

e Mmaximize the
with stable stall equilibria

beyond stall inception

15



Control design with actuator dynamics

Theorem. Suppose the following cond’s are satisf’d:

— Sy 4 Socy, >0 Actuator with a Lag:
>0
+ >0 = 1 U
s+ 1

Then, an interval of stall equilibria sufficiently close

to the stall inception point are locally exponentially Full-state feedback control law:

stable. The stall inception point is locally asymptot-

ically stable. M+ 32 (cyV — co® + cpR — do®)
u — N

Proof. Linearization + Center Manifold Theorem.

—set-point/disturbance parameter

16 19



Theorem. Suppose the following cond'’s are satisf’'d:

— + >0
>0

T 1 24 dcg )\ ° 1
+ +52><T+252(2+Wc0)> <C¢+32>

Then, an interval of stall equilibria sufficiently close
to the stall inception point are locally exponentially
stable. The stall inception point is locally asymptot-
ically stable.

Proof. Linearization 4+ Center Manifold Theorem.

20

Closed-Loop Diagrams

[—Dbifurcation parameter

Using values for a three stage compressor from
Eveker et. al.

21



Right-Skew Case
Full-state (W, R, ®)-controller

B=1.42,7=0.44
CR = 43, Cy = 17, Chp =— 22

Peak seeking for compressors

r/_P W w

Full MG model

Stabilizing feedback
BQ(C\U\U—Cq)CD—CRR—dq;.d))

3 2
25
”
2 \\ ///
AN
N \
R ® 0 \
1 b /
~ \
o -1 //
05 \\ \\\\41///
\\
0 — -
-200 -100 0 -200 -100 0
M—1TIo M—1To
4 4
3 3
// ///'
Voo : Vool ’
~ o \ \ .
S \ . //
1 N 1 L
0
-200 -100 0 -2 -1 0 1
Mr—To >

24

G L R R b
L \i‘ s+ w; \ﬁ s+ wy
asi‘n wt Peak seeking feedback

Peak seeking scheme for the full Moore-Greitzer
model
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A trajectory under the peak seeking feedback
A trajectory under the peak seeking feedback
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V¥ and bleed valve angle relationship

Peak seeking scheme for the ,

Caltech ri o7
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Two Experiments

e Initial point at axisymmetric characteristic

— integrator gain = 600

— frequency of perturbation :
— amplitude of perturbation :

— initial bleed angle :

e Initial point at

— the settings are same as above except integra-

tor gain = 400

— initial bleed angle :

110°

150°

5 Hz

30

characteristic

a7

The time response of the bleed angle initiating
from the characteristic.

105 I I I I I I I I I
0 5 10 15 20 25 30 35 40 45 50

48



The time response of the pressure rise The time response of the bleed angle initiating
initiating from the characteristic. from the characteristic.

155

150

4 145 { =

140 bl

135 b

1 30 L L L L
50 0 5 10 15 20 25
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The time response of the pressure rise
initiating from the characteristic.
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