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Abstract

This paper presents the first attempt to stabilize ro-

tating stall in a single-stage transonic axial flow compres-

sor with inlet distortion using active feedback control. The

experiments were conducted at the NASA Lewis Research

Center on a single-stage transonic core compressor inlet

stage. An array of 12 jet injectors located upstream of

the compressor was used for forced response testing and

feedback stabilization. Results for a circumferential total

pressure distortion of about one dynamic head and a 120°

extent (DC(60)=0.61) are reported in this paper. Part I

(Spakovszky et al. (1998)) reports results for radial distor-

tion.

Control laws were designed using empirical transfer

function estimates determined from forced response re-

sults. Distortion introduces coupling between the harmonics

of circumferential pressure perturbations, requiring multi-

variable identification and control design techniques. The

compressor response displayed a strong first spatial har-

monic, dominated by the well known incompressible Moore-

Greitzer mode.

Steady axisymmetric injection of 4% of the compres-

sor mass flow resulted in a 6.2% reduction of stalling mass

flow. Constant gain feedback, using unsteady asymmet-

ric injection, yielded a further range extension of 9%. A

more sophisticated robust H controller allowed a reduc-

tion in stalling mass flow of 10.2% relative to steady in-

jection, yielding a total reduction in stalling mass flow of

16.4%.

1. Introduction

For a better understanding of the coupled compressor

dynamics a short overview of undistorted flow compressor

modeling is given. The classic Moore-Greitzer formulation

(Moore and Greitzer (1986)) considers an incompressible

two-dimensional flow field with an axisymmetric, spatially

uniform (undistorted) inlet flow, and a linearized approach

for the perturbations. The rotating stall dynamics for the

nth mode are described by

\

(

'9 'Pts

— +t I - =	 ^ — jnA b0,	(1)

where Tts is the total-to-static pressure rise coefficient of the

entire compressor and 0 and Jo are the compressor face flow

coefficient and its perturbation respectively. The inertia

parameters are the fluidic inertia in the rotors A, in the

rotors plus stators p, and in the inlet and exit ducts

where

,^ =	cx/f
 

	. +	
cr/f

2 	—	 COS2	
(2 )

rotors 
cos '

	stators 
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c, f, and l; are the axial chord, mean radius, and stagger

angle respectively. Solving Equation (1) with

a&(9,t) = 
	(3)

n=-oo

yields

00

8(9,t) = 	ane(a,.—anwn)teane,	
(4)

n=-oo

where 9 and t are the angle around the annulus and the
time respectively. The growth rate vn and rotation rate wn

are given by

The other goals of this paper are identification and

stabilization of the compression system with inlet distor-

tion. Our framework will be, as in Part I (Spakovszky

et al. (1998)), a multi-variable input-output characteriza-

tion where measurements and actuation are expressed as

complex spatial Fourier coefficients (Paduano et al. (1993)).

This framework is consistent with the stability analysis of

Hynes and Greitzer (1987), except their analysis was ho-

mogeneous instead of forced, and a nonlinear steady-state

condition was found numerically (ours is achieved exper-

imentally). The frequency domain input-output map, or

transfer function matrix, for the first three harmonics is

written:

aq1ts	 yo(S)	Goo(s) Goi(s) G02(s)1 -0(S)

^n =wn =	 (5)	 1(s) = G`10 (s) G'i^ (s) G12 (s)	u^ (s) ,	(6)

( ^n^ + ^/	 \ In + ^/	 [ 2(S
])	G20(s) G21(s) G22 (S)	v2(s)

This solution describes spatial waves of sinusoidal shape

(harmonics) that travel around the annulus at rotation rate
wn , and grow or decay in time with growth rate v n . Com-
pressor stability is determined by the growth rate of these

modes. In this model, the axial velocity perturbations S&(9)

are axially uniform throughout the compressor. Further-

more, the flow field for the nth mode consists only of the

nth spatial harmonic. That is, the harmonics are all decou-

pled (independent of one another).

In the presence of circumferentially nonuniform inlet

flow the pressure rise ,ts, and therefore the slope a , is

no longer a constant but a strong function of 0. This non-

linear coupling between the steady inlet flow field and the

compressor map strongly influences the linearized behav-

ior of the flow field perturbations. The mode shapes are

no longer purely sinusoidal but have contributions of other

harmonics. In other words, distortion introduces coupling

between the harmonics. Hynes and Greitzer (1987) have ex-

tended the Moore-Greitzer model to describe incompressible

dynamics with inlet distortion. The accuracy of this model

has been verified experimentally by Van Schalkwyk et al.

(1997) on a low-speed three-stage compressor.

If an analysis accounting for compressibility is done,

acoustic modes with axial structure are introduced. In this

case, each compression system mode has both circumfer-

ential and axial structure. Modeling of this kind was con-

ducted by Bonnaure (1991), Hendricks et al. (1993), and

Feulner et al. (1994). To date, no control-theoretic com-

pressible model exists which accounts for inlet distortion.

Thus it is one of the goals of this paper to investigate the

effects of inlet distortion on high-speed compressor pre-stall
behavior.

or, in compact form,

y(s) = G(s)ii(s), (7)

where the output vector y is a vector containing the sys-

tem's primary outputs: the complex spatial Fourier coeffi-

cients (SFCs) of the pressure perturbations (analogous to

Equation (3)). The input vector ii contains the correspond-

ing SFCs of the injection profile, which is the system input.

Coupling between harmonics due to circumferential dis-

tortion is indicated by nonzero off-diagonal elements of G(s)

(G22 (s) ,0 0 for all i 54 j). The strength of this coupling can

be determined by the magnitudes of the off-diagonal transfer

functions. The consequence of this coupling is that the in-

dividual transfer functions of G cannot be treated indepen-

dently; thus controller design becomes a multi-input-multi-

output (MIMO) problem. This increases the complexity of

the controller and complicates system identification. Af-

ter describing the steady-state conditions, we will use these

concepts to interpret the identification and control results.

2. Experimental Setup

The experiments described in this paper were all con-

ducted at the NASA Lewis Research Center in the single-

stage axial compressor test facility. A detailed description of

the NASA Stage 35 test compressor and the actuation and

instrumentation is given in Part I (Spakovszky et al. (1998)),

as well as other documents, Reid and Moore (1978), Berndt

et al. (1995), Weigl et al. (1997), and will not be repeated

here. For our purposes it suffices to say that a set of twelve

evenly spaced injectors, blowing high pressure air in the tip

region of the rotor, provide the actuation, and a set of 8
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static pressure transducers located immediately upstream

of the rotor provide sensing. Both the actuation and sens-

ing signals are decomposed into spatial Fourier coefficients,
and treated as such in the remainder of the paper.

3. Circumferential Inlet Distortion

An early effort using steady blowing and bleeding de-

vices to determine if tip boundary layer control was an effec-

tive means of increasing the unstalled weight flow range of

a transonic single-stage compressor with and without inlet

flow distortion was conducted by Koch (1970). The exper-

iments revealed that the blowing device was more effective

than the bleed device and that the unstalled range could

be improved. Circumferential inlet airflow distortion that

is caused by phenomena such as flow separation or non-

axisymmetric intake duct geometry has been studied by in-

stalling a circumferential distortion screen: a fine mesh was

mounted in the inlet duct, located approximately 2.2 mean

radii upstream of the rotor (as in Part I). The screen can

be indexed through 350° around the annulus to allow more

detailed mapping of steady state compressor performance.

The extent of the screen was 120° and covered the full blade
span.

3.1 Steady State Experiments

Circumferential total and static pressure and total tem-

perature profiles were measured with probes positioned be-

tween the distortion screen and the rotor. In addition, four

circumferentially distributed wall static pressure taps at the

hub and casing, and a total pressure and total temperature

rake provided data on the flow field downstream of the com-

pressor. The steady pressure and temperature probes were
geometrically fixed and the screen was rotated in five degree

increments to obtain the profiles. Figure 1 shows the total

and static pressure profiles at the inlet, approximately 1.1

mean radii upstream of the rotor inlet, and the static pres-

sure profile at the compressor exit. The mean exit static

pressure has been subtracted from all these curves to show

the relative offset of the pressure profiles. The distortion

screen blocked the flow between 120° and 240° circumfer-

entially; these angles are marked with the dotted vertical

lines in the figure. The total pressure drop generated by

the distortion screen was about one dynamic head, that is

Apt2y	1.	 (8)

The distortion magnitude can also be described by a param-

eter commonly used in engine intake aerodynamics called

0.05
ept
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inlet

Pt
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-0.3

inlet

Ps

D.35

-0.4
120	240	360

Circumferential Angle, 0

Figure 1: Total and static pressure at the compressor inlet

and static pressure at the compressor exit for 1 dynamic head

distortion at moor? = 16.5 kg/s without blowing.
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Figure 2: Measured velocity profile for 1 dynamic head distor-

tion at rh o.,. = 16.5 kg/s without blowing.

the DC(60) descriptor (Williams (1991)). The DC(60) de-
scriptor is defined by

DC(60) — Pt 1360° i A Iw°rst 60.	(9)

a pv2

In the ideal case where the static pressure is uniform,

DC(60)=1 corresponds to zero-velocity flow within the 60°

sector, giving very poor inlet aerodynamics. The distortion

screen designed for Stage 35 with 1 dynamic head distortion

magnitude corresponds to DC(60)=0.61, representing poor

inlet conditions, as shown in the velocity profile in Figure 2.
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The inlet static pressure shown in Figure 1 is approx-

imately uniform around the annulus, while the exit static

pressure is circumferentially nonuniform with an increased

pressure rise in the range 120 0 < 9 <_ 240°. This contra-

dicts the basic Hynes-Greitzer theory (Hynes and Greitzer

(1987)) which assumes that the flow angle from the stator

vanes is uniform and that the downstream duct has con-

stant area. In a two-dimensional (incompressible) flow field

these assumptions imply uniform exit static pressure and

nonuniform inlet static pressure. This discrepancy between

the theory and measurements can be explained by consid-

ering the compressor plus downstream diffuser, and using a

parallel compressor type argument as follows (see Longley

and Greitzer (1992)): In the spoiled sector the diffuser is op-

erating with low inlet total pressure and thus low velocity,

producing a lower pressure rise than the diffuser in the un-

spoiled sector. Since the static pressure at the diffuser exit

must be uniform, the static pressure at the compressor exit

must be higher in the spoiled sector than in the unspoiled

sector.

o,

e °.

Qb

— no distortion	 ^b

circ. distortion (no blowing)

— circ. distortion (50% blowing)

0.8 '

13.5	14	14.5	15	15.5	16	16.5	17	17.5	18	18.5

Corrected Mass Flow [kg/s]

Figure 3: Speed lines for undistorted inlet (solid), circumferen-

tial distortion no blowing (dash), and with 50% steady blowing

(dash-dot).

Speed lines were measured for undistorted inlet flow as

well as with circumferential inlet distortion. The effect of

steady blowing (steady valve opening of 50%, injected cor-

rected mass flow of 0.65 kg/sec) on the pressure ratio was

then measured. The speed lines are constructed as described

in Part I: total corrected mass flow is the sum of an upstream

orifice mass flow and the injected mass flow, the upstream

total pressure is the mass average of total pressure probes

between the distortion screen and the actuators, and the

downstream pressure is from mass averaged hub and casing

static pressure measurements. In Figure 3 we see that the

circumferential distortion resulted in a peak pressure ratio

drop. However, with steady blowing the peak pressure ratio

can be recovered and even a considerable range extension

of 6.2% in stalling mass flow can be obtained. Although

the pressure ratio of the compressor is recovered by blow-

ing, there is no change in the inlet distortion, because the

distortion screen is upstream of the compressor, and there

is considerable non-uniformity in the compressor face flow

field, as evidenced by the system identification results in the

next section.

4. Open Loop Compressor Dynamics

Having characterized the steady-state behavior, we

turn to the dynamic behavior near stall. Using sinusoidal

frequency sweeps on each spatial harmonic, we quantify the

dominant eigenmodes of the system, their circumferential

structure, and the degree of coupling between harmonics

that exists in the input-output dynamics. The latter is im-
portant for control law design; it is also of interest to de-

termine the degree of coupling between harmonics in com-

pressible pre-stall modes.

Using standard frequency sweep methods (see Ljung

(1987)), we measured the transfer function matrix (Equa-

tion (6)). The of diagonal elements, G2j (jw) for i # j, were

found to have magnitudes of about 0.1 to 1.0 times the di-

agonal elements, indicating strong coupling between some

harmonics. A subset of the transfer functions is shown in

Figure 4. The magnitudes of the off-diagonal transfer func-

tions G01(jw) and G10(jw) are of the same order as the

diagonal transfer functions Goo(jw) and G11(jw). To find

the eigenvalues, and for control law design, state-space mod-

els were identified based on the measured transfer functions

using an MIT-developed method called FORSE (Jacques

(1994)). The transfer functions of the identified state space

model are plotted as dashed lines in Figure 4.

The peaks in the transfer functions indicate that there

are several lightly damped modes in the pressure pertur-

bations. Due to compressibility, several modes with simi-

lar circumferential structure can exist, each having different

axial structure. Therefore we denote the modes by [n, m],

where n is inferred from the circumferential harmonic that

is largest in the mode, and m indicates the postulated axial

mode number (higher values of m indicate higher frequency,

usually associated with more axial mode structure, as in

acoustics) 1 .

'The mode names used here are primarily for conveying the physical

effects involved, and do not effect controller design at all; controllers
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Figure 4: MIMO transfer functions Goo(jw), Goi(jw), Gio(jw), and G11(jw), with circumferential inlet distortion at tn orr

16.0 kg/s and 85% corrected design speed.	= measured, - - = identified model.

Mode number assignment requires careful data reduc-

tion and analysis. First, to visualize the spatial structure of

the modes, we reconstruct the mode shapes using the eigen-

structure of the identified state-space model (Spakovszky

(1998)). Figure 5 shows some of the reconstructed mode

shapes, including the harmonic content in each. For these

experiments the distortion screen ranged from 180 0 to 300°
- this is marked with x's in Figure 5. Next, we assign the

number n based on the harmonic which contributes most to

the mode shape. The first two modes in Figure 5 have strong

0th harmonics, indicating that overall compression system

are based only upon the input-output model

parameters (such as duct lengths and plenum size) will have

a strong influence on their stability. The second two modes

have strong 1st harmonics, and we will see that stabiliza-
tion of these modes can be achieved by controlling the first

harmonic of the flow perturbations. Finally, the "acoustic"

mode number m is assigned by looking at various factors.

Higher frequencies are considered to be more acoustically

coupled, and are given larger values of m. We note that

the mode shapes, and therefore the harmonic contents of

each mode, is a function of time. Figure 5 thus portrays the

modes at several specific instants in time. Eigenvalues ob-

tained without distortion Weigl et al. (1997) (also see Weigl
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(1997)) are compared to those found here, to judge how dis-

tortion has altered their frequency, stability, and harmonic

content; this also helps to assign the mode numbers. In

addition, low speed modeling (Van Schalkwyk (1996)) is

employed to help associate mode numbers with the peaks

when strong coupling is present. The results are summa-

rized in Figure 6, which shows the identified poles and as-

signed mode numbers.

Mode Shape	Mode #	Harmonic Contribution

	0	 [0,0] 0.5 fl
0

i	0	90	180 270 360	 0	1	2

	

0	 [0,1] 0.5

0	90	180 270 360	 0	1	2

	

0	 [1,0] 0.5

_nIilri
0	90	180 270 360	 0	1	2

`o

	Z 0	 [1,1] 0.5

0	90	180 270 360	°	0	1	2

Circumferential Angle 0	 Harmonic

Figure 5: Left: mode shapes for the four primary modes of the

identified dynamics, plotted in several positions as the eigen-

mode travels around the annulus. Right: amplitude of the har-

monic contribution to each mode, indicating which harmonic

dominates and the degree of coupling between harmonics. Ver-

tical scales are arbitrary, since only the mode shape is shown.

Several statements can be made based on Figure 5.

First, note that mode [1,0] has a minimum at approximately

250°, which is about in the middle of the distorted region.

This behavior is predicted by the low-speed model and has

been observed in a low-speed compressor by Van Schalkwyk

et al. (1997). Furthermore, the Fourier decompositions of

the mode shapes, shown in the right hand graphs of Fig-

ure 5, indicate that several harmonics are present in each

mode; this is also predicted by incompressible theory. The

compressible modes [0,1] and [1,1], on the other hand, rep-

resent an effect which has not yet been modeled: it appears

that these higher frequency, compressible dynamics are also

coupled, to an extent very similar to the incompressible dy-

namics, by inlet distortion. Finally, we note that the rich-

ness of the dynamics displayed in Figure 4 and Figure 5

makes the control problem more complex, but this complex-

ity is mitigated by the fact that some of the high frequency

1.5

3
0.5

is

a oC
0

6 0.5

-1.5

-2
-0.5	-0.4	-0.3	-0.2	-0.1	0	0.1	0.2

Growth Rate, a

Figure 6: Identified poles of the multi-variable transfer function

system at 7nCO ,.r = 16.0 kg/s.

modes are relatively well damped, and do not tend to go

unstable as mass flow is reduced.

To study the relative stability and sensitivity to mass

flow of the various compressor modes, we conducted system

identification at various mass flows. By comparing all of

the transfer functions at all the tested mass flows, it was

found that the [1,0] mode is primarily responsible for system

stability. To summarize our conclusion, Figure 7 shows the

magnitude and phase of G11 measured at four different mass

flows. The [1, 0] mode is particularly visible in this transfer

function. Only the positive frequency (forward traveling

wave) portion of the transfer functions are shown. As the

mass flow is decreased, the magnitude of the peak at 0.4w,.

increases, indicating a lightly damped mode. At the lowest

mass flow tested this mode is actually unstable. This can

be determined by looking at the corresponding phase plot:

for rh =14.0 kg/s (solid line), the phase increases in the

range 0.3 < w,. < 0.6, indicating that the pole associated

with this mode is unstable. For m =15.0 kg/s (dash-dot)

and 14.7 kg/s (dash) the respective phases decrease in the

same frequency range, indicating that at these mass flows

the mode is stable. Note that for rh =16.0 kg/s (dotted)

the phase also increases in this frequency range. However,

at this high mass flow the mode is stable. The increase in

the phase is a result of a zero at 0.35w, which is clearly

visible as a deep valley in the magnitude of the transfer

function.

Note that the compressible modes in Figure 7 (la-

beled [1, 1] and [1, 2]) do not change significantly with mass
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Figure 7: Measured Gil(jw) at 16.0 kg/s (dotted), 15.0 kg/s

(dash-dot), 14.7 kg/s (dash) and 14.0 kg/s (solid) total cor-

rected mass flow.

flow. These eigenmodes cause peaks in the transfer function

which change only slightly as the mass flow is decreased,

indicating that their degree of stability is not greatly af-

fected by the decrease in mass flow. Similar conclusions

were drawn about other pre-stall modes by looking at the

relevant transfer functions and studying eigenvalue migra-

tion with mass flow.

Throttle ramps into stall revealed that indeed the [1, 0]

mode resonates strongly as the stall point is approached.

This mode can be related to the incompressible Moore-

Greitzer mode, and has also been observed with radial dis-

tortion in Part I (Spakovszky et al. (1998)). The spectro-
gram of the first harmonic of the pressure perturbations

during a stall event is plotted in Figure 8. We note that,

even right up to stall, there is relatively little activity at 1w,
and 1.6w,. This indicates the [1,1] and [1,2] compressible

modes are well damped and that it is the [1,0] mode that
loses stability.

In summary, in the presence of circumferential distor-

tion, the stability of the compression system is determined

by the [1,0] mode. This behavior is analogous to that ob-

served in low-speed compressors. The additional compress-

ible modes were also observed with radial distortion by

Spakovszky et al. (1998). Unlike radial distortion, there is
strong coupling between the harmonics, that is, each mode

contains several harmonics. This coupling is considered dur-

ing design and testing of controllers to stabilize the compres-

sion system, discussed in the next section.

Figure 8: Spectrogram of the 1st harmonic perturbations dur-

ing an open loop stall ramp.

5. Active Control Results

In this section we discuss active control of rotating

stall in a high-speed single-stage compression system with
circumferential distortion. Two different controllers were

tested: a constant gain controller, and a dynamic, model

based controller. The two controllers are discussed in the
following sections.

5.1 Constant Gain Control

Constant gain control has been used successfully by

several researchers to stabilize rotating stall in low-speed

compressors. Paduano et al. (1993) developed the experi-

mental design procedure on a single-stage compressor, and

Haynes et al. (1994) applied it to a three-stage compres-

sor. The same approach was used by Van Schalkwyk et al.

(1997) to stabilize a three-stage compressor with circumfer-

ential distortion of the inlet total pressure. However, Weigl

et al. (1997) showed that constant gain controllers are not

effective in high-speed compressors with uniform inlet flow.

A similar result was obtained in Part I (Spakovszky et al.

(1998)) with radial distortion. However, as we will see mo-

mentarily, constant gain control was very effective on this

machine in the presence of circumferential distortion.

The idea behind constant gain control is as follows. The

circumferential pressure perturbation bp(9) is measured and
decomposed in a Fourier series analogous to Equation (3).

The nth harmonic is then spatially rotated by an experi-
mentally optimized angle (3n , multiplied by a constant gain

k to form the nth harmonic of the control signal. For ex-
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ample, for a sensed first harmonic perturbation yl = bpl
the constant gain control law is

ul = _k 1eyQ^6p
1	(10)

where ul is the corresponding first harmonic SFC of the

injection wave. Finally, the individual actuator commands

are reconstructed based on the Fourier coefficients.

A first harmonic constant gain control law was found

to be effective at stabilizing the circumferential distortion

case investigated here. When the gain and phase were set
to k1 = 1 and ,(31 = is respectively, the stalling mass flow

was reduced by 6.8% relative to steady blowing. The total-

to-static speed lines are plotted in Figure 9 for undistorted

inlet flow (solid), circumferential distortion without blowing

(dash), and with 50% steady blowing (dash-dot). The stall

>,
Cl)
C
a,

Cs

U
aD
a

iy

^J^y 

-^ ^y worrrtalized by	
2 "cove

y Rotor Frequency	' 1(0 

Figure 10: Spectrogram of the first harmonic pressure pertur-

bations with first harmonic constant gain control.

1.3
0
co

1.2

2 1.1
a
U

Cs
51
O
ro
o 0.9

x x +	o,

0.0 Q
ro^q

^?p

o open loop tests

+ 1st harm. constant gain	 ^b
* oth,lst and 2nd harm. constant gain	b
x 1st harm, robust control

13	14	15	16	17	18

Corrected Total Mass Flow [kg/s)

a

C

Cs

U
a)
a

CD

d
0
0
a 0.8

Figure 9: Speed lines for undistorted inlet flow (solid), cir-

cumferential distortion without blowing (dash), and with 50%

steady blowing (dash-dot). Stall points with control are: 1st

harmonic constant gain control (+), 0th-1st-2nd harmonic

constant gain control (*), and 1st harmonic H control (x).

point with the first harmonic constant gain control law is
marked with a + in this figure.

Spectrograms of the first and second harmonics of the

pressure perturbations, immediately prior to the control-on

stall point, are shown in Figures 10 and 11 respectively.

The [1, 0] mode appears to be relatively well damped dur-

ing the first 1000 revolutions in Figure 10, while the [1, 1]

mode and the [2, 0] mode (Figure 11) are resonating strongly

during the entire pre-stall period. Other evidence indicates

that the [2, 0] mode goes unstable first, and in fact adding

I'7..c JU  

ormalized by Rotor Frequency	,^ije'

Figure 11: Spectrogram of the second harmonic pressure per-

turbations with first harmonic constant gain control.

a second harmonic constant gain feedback with k2 = 1 and

,32 = it damped out the second harmonic mode and achieved

a further range extension of 2.2% in stalling mass flow rel-

ative to the first harmonic constant gain control case. The

measured mass flow and pressure ratio is marked with a *

in Figure 9. A zeroth harmonic feedback, with gain k o = 1,

is also in operation during this run.

These results clearly show that constant gain control

is effective in the presence of circumferential distortion.

Since a compressible, distorted flow, control theoretic model
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does not exist, it is difficult to explain these phenomena.

The system identification experiments indicate that a sin-

gle mode with dominant first harmonic and incompressible

features determines the stability, suggesting the applica-

bility of a constant gain control strategy. This was also

qualitatively and quantitatively verified using incompress-

ible modeling methods (Van Schalkwyk (1996)). However,

the measurements in Figure 4 show that there are compress-

ible modes that have significant magnitudes in the coupled

(off-diagonal) transfer functions (e.g. the [1, 1] mode has the

same magnitude in G11 (j) as in Glo(jw)). Such coupling
is typically detrimental to any control law which does not

explicitly take it into account. Even without this coupling,

the [1, 1] mode in this compressor has invariably been desta-

bilized by constant gain control without circumferential dis-

tortion (Weigl et al. (1997), Spakovszky et al. (1998)). Ap-

parently the effect of distortion in this machine is such that

the constant gain control law, tuned for mode [1, 0] stabiliza-

tion, does not destabilize the other lightly damped modes.

It is not clear whether this fortuitous effect will exist in
other compressors with inlet distortion.

5.2 Robust He Control

In this section the performance improvement obtained

using robust H control is investigated. As in Part I

(Spakovszky et al. (1998)), the lack of a theoretical model

requires the use of an identified model for the design of these

model-based dynamic control laws. This is particularly dif-

ficult when circumferential distortion is present, because the

compressor becomes a MIMO dynamic system in which one

common set of eigenmodes describes the coupled compres-

sor dynamics; in other words, one cannot treat one harmonic

at a time. This complicates system identification and sig-
nificantly increases the order of the controller. Because of

this added complexity, initial tests of a MIMO H. con-

troller did not show an improvement in stalling mass flow

over constant gain control (Spakovszky (1998)). Although

further iteration and improvement of the MIMO controller

design should be possible, time did not permit this approach

to be pursued. Therefore an alternative method, described
below, was investigated.

The dominance of the first harmonic in the [1,0] mode

and the presence of a resonance in the [1,1] mode in Fig-

ure 10 suggests that a robust controller which ignores cou-

pling, and is designed for the first harmonic only, might

yield improvement in performance. Fortunately, such a con-

troller already existed at the time of these tests, because the

frequencies associated with the [1,0] mode for both circum-

ferential and radial distortion are approximately the same

(0.4wr). In fact, the eigenvalue location of the unstable

[1,0] mode used for design of the radial distortion controller

was almost identical to the identified eigenvalue location

for this mode with distortion. Figure 12 shows the iden-

tified eigenvalues with circumferential distortion, together

with circles indicating the range of eigenvalues which the

first harmonic H., radial distortion controller from Part I

(Spakovszky et al. (1998)) was designed to stabilize. The

1.5	c^ '

1	 O ++ [1,1]

).5
(l,O]T TT

0 -------------------t,O]+--------------

).5

.5

-0.4	-0.2	0	0.2

Growth Rate, a

Figure 12: Identified coupled unstable dynamics at ynco,r =
14.0 kg/s and perturbation circles of H control law designed

for radial distortion.

[1,0] mode perturbation circle includes the unstable pole

associated with circumferential distortion, indicating that

the controller should be able to stabilize this mode. Al-

though the [1, 1] mode with circumferential distortion is

more lightly damped than in the design model, the fre-

quency is accurately captured by the design model. This

proves to be sufficient for success of the controller, indi-

cating that this pole remains stable for the mass flows of
interest.

Based on these arguments the controller originally de-

signed for radial distortion was tested experimentally and

showed a large range extension. The stalling mass flow was

reduced by 10.2% relative to steady blowing, resulting in a

total reduction in stalling mass flow of 16.4%. This is in-

dicated in Figure 9. Of all the methods tested, this first

harmonic robust control law achieved the largest reduction

in stalling mass flow, which is comparable to the reduction

in stalling mass flow with radial inlet distortion shown in
Part I (Spakovszky et al. (1998)).
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6. Concluding Remarks and Summary

This paper presents the first experimental investiga-

tion of coupled compressible stall dynamics and it is the

first time that a transonic compressor with circumferen-

tial inlet distortion was actively stabilized. The distortion

magnitude was about one dynamic head, corresponding to
DC(60)=0.61.

Forced response experiments revealed strong coupling

between the harmonics of the pressure perturbations. Anal-

ysis showed that a single mode of the compression system

determines its stability — this behavior is similar to that

of low-speed compressors. Constant gain control achieved

a large range extension. The dominance of an incompress-

ible mode, together with fortuitous coupling between the

harmonics, appears to change the stall dynamics in such a
way that (unlike the undistorted flow case) constant gain
feedback does not destabilize lightly damped compressible

modes. Thus, although the details of the measured dynam-

ics are strongly affected by compressibility, the control strat-

egy applied here was the same as that used in low-speed

compressors. The maximum reduction in stalling mass flow
with zeroth, first and second harmonic constant gain con-

trollers was 9.0% relative to steady blowing, giving a total
reduction in stalling mass flow of 15.2%.

In general, a MIMO control law is indicated when cou-

pled multi-variable dynamics are present. In this experi-

ment, however, the dominance of the first harmonic in the

destabilizing mode suggested that a SISO H controller

for the first harmonic might work well. This in fact proved

to be the case: a controller originally designed for radial

distortion achieved a total reduction in stalling mass flow

of 16.4%, thus demonstrating robustness with respect to a
change in inlet flow from radial to circumferential distor-
tion. Time did not permit comparing this performance to a
MIMO controller.

These results, together with the results of Part I

(Spakovszky et al. (1998)), show that active control of rotat-

ing stall in a high-speed compressor results in a significant

increase in the stable operating range of a compressor op-

erating in the presence of inlet distortion. These results

are very promising for future work and applications. Much

work remains to be done, however. In particular, the de-

pendence of the dynamics on nonlinear coupling between the

compressor and a (typically unknown) inlet distortion add

a degree of uncertainty which is addressed in our approach

only to the extent that our control law is robust to model-

ing errors. More explicitly designing for, and subsequently

testing against, unknown distortion scenarios are needed. It

is also necessary to investigate and better understand the

interplay between distortion and lightly damped compress-

ible dynamics. This interplay was beneficial in these exper-

iments, but may not always be so. Finally, one would like

to use as few actuators and as little mass flow as possible

to achieve results like those presented here, and do so in a

multistage high-speed environment.
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