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Abstract 
Previous work has developed an air injection controller for 
rotating stall based on the idea of a shifting compressor 
characteristic and the Moore-Greitzer three state compres-
sor model. In order to demonstrate this form of control 
experimentally, a series of open loop tests were performed 
to measure the performance characteristics of a low speed 
axial flow compression system when air is injected upstream 
of the rotor face. The position of the air injection port rela-
tive to the hub and the rotor face and the angle relative to 
the mean axial flow were varied. The tests show that the 
injection of air has drastic effects on the stalling mass flow 
rate and on the size of the hysteresis loop associated with 
rotating stall. The stalling mass flow rate was decreased 
by 10% and the hysteresis loop was completely eliminated 
under some conditions. The results of the open loop para-
metric study were then used to implement a closed loop 
control strategy based on a shifting characteristic. 

1 Introduction 
As gas turbine engines have become better understood 
and better designed, active control has become a more 
attractive method for increasing performance. Initial 
efforts at including control involved open loop schedul-
ing systems such as that presented by Gilyard and 
Orme [5]. These control systems varied engine pa-
rameters quasi-statically as the engine transitions be-
tween operating regions and experimentally demon-
strated substantial performance increases. The desire 
for still higher performance and greater efficiency, as 
well as improved sensing, actuation, and greater compu-
tation capability, have driven research into active con-
trol techniques. 

Two of the limiting factors in the performance of 
compression systems are rotating stall and surge. Ro-
tating stall refers to a dynamic instability that occurs 
when a nonaxisymmetric flow pattern develops in the 
blade passages of a compressor stage and results in 
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a drastic reduction in the performance of the system. 
This degradation in performance is usually unaccept-
able and must be avoided. Surge is a large ampli-
tude, wdsymmetric oscillation in the compressor which 
results from exciting unstable dynamics in the over-
all pumping system. While surge and stall are sep-
arate phenomenon, the presence of stall is often pre-
cursor to the onset of surge in many compression sys-
tems. The compressor model developed by Moore and 
Greitzer [13] has provided controls researchers with a 
tractable model for controller design which qualitatively 
captures rotating stall and surge. 

Several active control techniques have been demon-
strated experimentally that decrease the detrimental ef-
fects of rotating stall in axial flow compressors; these in-
clude inlet guide vanes 1141 and air injection 13, 7]. Each 
of these schemes involved active cancellation of mea-
sured flow or static pressure perturbations upstream of 
the rotor. More recently, active control using air in-
jection was demonstrated on a full scale engine using 
linear control techniques by Weigl et al. 114 A study 
of different actuation techniques performed in [8] based 
on a linear analysis of the Moore and Greitzer model 
provided additional theoretical basis for the cancella-
tion approaches. 

Based on the Moore and Greitzer model, there are 
two additional methods for controlling rotating stall 
and surge which do not depend directly on active can-
cellation of upstream perturbations. The first of these is 
based on modulation of the throttle characteristic and 
was first explored theoretically by Liaw and Abed [10] 
and demonstrated experimentally by Eveker et al. [4]. 
The second method (which will be exploited here) in-
volves modulation of the compressor characteristic. It 
is important to note that these two control strategies 
are aidsymrnetric and are based on the changing the 
bifurcation behavior of the open loop system through 
feedback. 

Previous theoretical work based on the Moore-
Greitzer three state compressor model suggested that if 
an actuator can be found which changes the compressor 
performance characteristic, this effect could be used to 
control the growth of rotating stall cells (see [2]). Air 
injection actuators placed upstream of the rotor face 
have this capability. 

In order to apply this control technique, open loop 
experiments were performed to characterize how con- 
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dorrynalet dtsaracisthges tinuous air injection changed the performance charac-
teristic on a low speed rig at Caltech. The resulting 
parametric study identified how different geometric pa-
rameters associated with the air injection affected the 
rig performance. In the work presented here, the angle 
at which air was injected relative to the axial flow di-
rection and the span-wise position at which the injected 
air reached the rotor face were both varied. In addition, 
experiments were performed with reduced amounts of 
injected air in order to determine the minimal amount 
of injection required to achieve rotating stall control. 

This paper is organized as follows. Section 2 de-
scribes the theoretical basis for the shifting compres-
sor characteristic control strategy. Section 3 describes 
the Caltech compressor rig and the air injection ac-
tuators. Section 4 presents the open-loop parametric 
study on how the compressor performance character-
istic is affected as the injection parameters (injection 
angle and span-wise position). Section 5 combines the 
open loop experimental results with the theoretical re-
sults presented Section 2 to implement a rotating stall 
controller. Finally, Section 6 summarizes the results of 
the paper and suggests some areas of future work. 

2 Theoretical Basis 

The Moore-Greitzer three state model for rotating stall 
and surge in axial flow compressors was originally pre-
sented in [13], and the basic fluid mechanics assump-
tions in the model can be obtained there. Note that 
throughout this paper flow coefficients will be normal-
ized by the mean rotor speed, Vm  (the speed of the 
rotor at mid-span), and pressure rise coefficients will 
be normalized by ipV 2  where p is the density of air. 

2.1 Moore—Greitzer Model 
The following set of ODEs describe the dynamics of the 
compression system: 

ca 	1 ( 
T6 = 4/32 	7‘n) 
d(I> 1 	 a2 W \ 

=L 
— c(S) 	+ 4 Dv 

Ea, 	2 y (aTe ± .331pc) 
de 	+ 2 Q1  04) 	ado ) 

where W is the average pressure rise coefficient, 4 ,  is 
the average flow coefficient, .71 is the square ampli-
tude of the sinusoidal flow coefficient perturbation, 6 
is dimensionless time, if, is the steady state compres-
sor characteristic, 7 is the throttle coefficient (denoting 
the amount of throttle opening), and 1,, B, and it are 
parameters which depend on the compression system. 
The steady state compressor characteristic AMC is pa-
rameterized as 

	

= 0.0 + ai(D + a24.2  + a3 (1.3 . 	(2)  

Figure 1: Bifurcation diagram showing jumps associ-
ated with the hysteresis loop for an open loop compres-
sion system with the characteristic shown at the left 
(pure rotating stall case). 

For further details on the development of this model see 
the original work by Moore and Greitzer [6, 13]. 

The bifurcation behavior of system (1) has been ex-
plored by McCaughan [11, 12] and Abed et al. [1]. The 
analytical results showed that the model exhibits surge 
(which corresponds to a Hopf bifurcation) and rotat-
ing stall (which corresponds to a transcritical bifurca-
tion). In addition, the experimentally observed hystere-
sis associated with rotating stall is also captured; this 
is shown by the bifurcation diagram for J1 versus the 
throttle coefficient, -y, presented in Figure 1. In the fig-
ure the unstable equilibria are shown as grey lines, and 
the stable equilibria are shown as black lines. The dia-
gram suggests a hysteresis region since as the throttle is 
closed (7 is decreased) J1 = 0 is a stable solution until 
-ye is reached, at which point the stable solution for J 1  
is non-zero (which corresponds to a jump to rotating 
stall). The system has substantially different solutions 
depending on the path that 7 follows. Further details 
on the bifurcation behavior of system (1) can be found 
in [11, 12]. 

Several rotating stall controllers have been proposed 
based on system (1) that work by changing the shape 
of the bifurcation diagram shown in Figure 1. Throttle 
controller by Liaw and Abed [10] and by Krstie et al. [9] 
and an air injection controller by Belmken et al. [2]. The 
work here focuses on using the air injection controller 
and more details on the behavior of this control law will 
be presented later. 

2.2 Compressor Characteristic Shift 

Based on the experimental results described in [2] we 
model direct actuators of the steady state compressor 
characteristic. Here we present previous results from [2] 
for the closed loop system where the feedback is pro-
portional to the size of the first mode of the stall cell 
squared: 

= Wc.m  + KJI 'Pc. 	 (3) 

where 

= ao + 	+ a2c12  + a3(1)3 	(4) 

(1) 
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'P c =co+ci4'. 	 (5) 
A shifting of the steady state compressor characteristic 
curve proportional to .11 can change the character of 
the bifurcation shown in Figure 1. To see how, we first 
solve for the slope of the bifurcation curve at the point 
7*. On the stalled branch of the bifurcation diagram, 
the following algebraic equations must hold: 

4,2 =  

ji  az w e  
'Pc = — — 4 .9cla 

and 
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Noting that, for each equilibrium solution on the stalled 
branch of the bifurcation diagram, choosing .11 fixes 
4, , IP, and 7, and by differentiating equation (6) with 
respect to J1 we obtain 

2  dIP 
LW— = z7W

V
, 

VI
— • I  

By differentiating equation (7) with respect to Ji, an 
expression for IP': at the peak of the compressor char-
acteristic is found to be 

dW 	 2 e  „ 
dtlity=7. 	" 4 84,2  

	

= 	10W 
+ 	• 

By similar differentiation of equation (8) with respect 
to .11, an expression for (dWId.h) at the same point is 
found to be 

(14,  I 	IC8* + i 3 t ars 
02iP, 	 (11) 

dJi 

(12) 
+1 ,10j1 	.(KWW1+Iteen)  

where all expressions in the right hand side of equa-
tion (12) are evaluated at the equilibrium point at the 
peak of the compressor characteristic, and ( ) 1  denotes 
partial differentiation of ( ) with respect to I. 

From this expression it is easy to see how varying the 
gain on the shifted characteristic affects the slope of the 
bifurcation diagram at 7'. Typically, (d.11/d7)1.i .n,y. 
is positive (as is shown in the bifurcation diagram in 
Figure 1) and if this positive value were increased, the 
size of the hysteresis region could be decreased. If the 
shifted portion of the characteristic, T e„ , has a positive 

Figure 2: Bifurcation diagram for the shifting of com- 
pressor characteristic control law given in equation (3). 
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Figure 3: Caltech rig in rotating stall configuration. 

offset term (co  > 0) the slope will be increased by a 
positive gain K, and if the shifted characteristic has 
a negative linear term (c i  < 0) the slope will also be 
increased for a positive gain K. Figure 2 shows how the 
bifurcation diagram changes as the gain K for a model 
of the Caltech rig. 

The above analysis applies to any physical mecha-
nism which can be used to change the compressor per-
formance characteristic. Some other possible methods 
of achieving a shift in the compressor characteristic in-
clude active casing treatments and hub distortion. The 
optimal choice of shift would be as described, and equa-
tion (12) would show the tradeoff of varying the slope 
versus the offset. In this paper, shifts in the compressor 
characteristic obtained using air injection will be used 
to implement this control strategy. 

3 Experimental Description 
Previous work on using pulsed air injectors to control 
rotating stall was presented in [2]; initial work towards 
locating an optimal controller was presented there as 
well as a complete description of the Caltech compres-
sion system. A short summary of that work is presented 
here in order to present further experimental results. 

A schematic of the Caltech compressor rig is shown 
in Figure 3. The compressor itself is an axial flow com-
pressor driven by an electric motor. The rig is instru-
mented with pressure transducers 5 cm (0.7 mean rotor 
radii) upstream of the rotor which are used to deter-
mine the amplitude of the first and second modes of the 
static pressure perturbation produced by the rotating 
stall. Additional pressure sensors are used to determine 
the annulus averaged pressure rise and flow rate, and 
a PC-based data acquisition system was used for the 
experiments presented here. The rig was operated at a 

(6)  

(7)  

(8)  

(9)  

(10)  

If equations (10) and (11) are substituted into equa-
tion (9) and the result solved for (thl1 ld7), the slope of 
the bifurcation diagram at the equilibrium point asso-
ciated with -r is obtained as: 

d..11  
der 1 7=7. 
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Figure 4: Caltech rig compressor characteristic. Dark 
lines indicate continuous changes in the operating point 
while lighter lines represent discontinuous changes. 

sensor ring (end view) 

Figure 5: Parametric study details. The dashed line 
shows how the injection position was varied for the plots 
presented by D'Andrea et al [2) which were reproduced 
in Figure 7 and the dotted line shows how the injection 
position was varied for the plots in Figures 8 and 9. 

rotor speed of 6000 RPM which corresponds to a mass 
flow of 0.19 m 3 /sec and a pressure rise of 940 Pa at 
the peak of the steady state compressor characteristic 
(see Figure 4). The frequency of the first mode of fully 
developed rotating stall for this rig under these oper-
ating conditions is 64.5 Hz. Three air injectors placed 
120 degrees apart around the compressor annulus 9 cm 
(1.26 mean rotor radii) upstream of the rotor were used 
as actuators, and each of these injectors had a maximal 
control authority of 1.7% relative to the total mass flow 
through the compressor. For further information about 
the system see [2]. 

Figure 5 shows a schematic of how the air injectors 
are physically placed in the compressor annulus and 
shows each of the three geometric parameters described 
above. In the studies presented here, only the angle rel- 

Figure 6: Air injection geometry and velocity profile of 
the injected air at the compressor face. 

ative to the mean axial flow and the span wise position 
of the air injection were varied. All combinations of air 
injection angles and span positions were not possible 
with the current experimental apparatus because if in-
terference with the inlet nose cone. In addition, the air 
injectors did create a blockage upstream of the rotor 

Figure 6 shows the velocity profile (with uncertainty 
shown by a dashed line) of the injected air when it 
reaches the rotor face (1.25 mean rotor radii from the 
air injection port exit). 

4 Open Loop Experiments 

The focus of these experiments was to determine how 
air injection upstream of the rotor can affect the stall 
characteristics of the compressor. Figure 7 shows exam-
ples of how the steady compressor performance char-
acteristic can be changed by continuous air injection; 
these figures where originally presented by D'Andrea et 
al. [2] and were obtained by injecting approximately 5% 
of the mean mass flow through the compressor at differ-
ent span-wise positions and at different angles relative 
to the mean axial flow. The key aspect of this figure 
is the wide range of performance characteristics which 
were obtained using the same amount of air injection. 
The experiments presented here separate the effects of 
span-wise injection position versus injection angle. The 
shift of the compressor characteristic obtained by con- 
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Figure 7: The compressor characteristic obtained for 
different air injection positions is shown as a solid line. 
For comparison, the compressor characteristic obtained 
with no air injection is shown as a dashed line. (Plot 
reproduced from [2].) 

Figure 8: Air injection parametric study of geometric 
parameters: change in stalling flow coefficient. 

tinuous air injection can be described by two parame-
ters, the amount that the stall point is moved and the 
change in the size of the hysteresis loop. 

After the geometric parameters of the air injection 
have been established to shift the compressor charac-
teristic in a useful way (see Section 2), these shifts will 
be used for closed loop control. The purpose of the open 
loop experiments is to identify shifts of the compressor 
performance characteristic which are available on the 
Caltech rig so that the control law can be demonstrated 
experimentally. 

4.1 Stall point location 

Figure 8 shows how the stalling flow rate is extended for 
various injection angles and span-wise injection heights. 

Figure 9: Air injection parametric study of geometric 
parameters: change in pressure rise at stall point. 

The plot shows the difference between stalling flow co-
efficient for the uninjected case and the continuous air 
injection case. Lower stalling flow rates than the un-
injected case are shown as positive values. The results 
indicate that the greatest extensions occur at large in-
jection angles and at near 100% span (i.e. at the tip). 

In addition to the stalling flow coefficient, the presure 
rise coefficient at the stall point is also affected by the 
air injection. Figure 9 shows the change in the pressure 
rise coefficient delivered by the system as a function 
of the injection angle and span-wise position. Again 
the results are plotted as the difference between the 
stalling pressure rise for the uninjected case and the 
injected case. Positive values in the plot correspond 
to the injected case providing higher pressure rise than 
the uninjected case. The plot shows that the greatest 
extension occurs for positive injection angles and 100% 
span injection. 

4.2 Size of hysteresis region 

Figure 10 shows the size of the hysteresis region for 
different air injection parameters. The plot shows the 
difference between the amount that the throttle coeffi-
cient must be varied to clear the rotating stall for the 
no air injection case and the amount that the throttle 
coefficient must be varied to clear the rotating stall for 
the air injected case. In this case the throttle coefficient 
rye  is defined as: 

40, 
7e = 	 ( 13) 

where the 4), is the equilibrium mean axial flow coef-
ficient and W e  is the equilibrium plenum pressure rise 
coefficient. 

The optimal choice for geometric location of the air 
injectors for closed loop experiments, based on the anal-
ysis presented by Behnkeia et al. [2], would be positive 
injection angle around 30 degrees at the tip of the rotor. 

VT: 
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parameters: change in size of hysteresis region. 
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Figure 11: Flow extension for low flow condition with 
close coupled air injection. 

This corresponds to the greatest reduction in the size 
of the rotating stall hysteresis loop. 

4.3 Reduced injection flow rate 

In the second parametric study, the amount of injected 
air is varied in order to determine the minimum amount 
of injection required to achieve the decrease in stalling 
flow rate and the reduction in the size of the hysteresis 
loop. This study is of particular interest because the 
viability of air injection actuation on real gas turbine 
engines depends on using very low amounts of injection. 

For this parametric study, the air injection flow rate 
was set to 75% of the maximum, and the angle and 
span position of the injected air was varied as in the 
previous study. Figures 11 and 12 show that for lower 
air injection flow rates the trend observed under the 
previous conditions still holds; the optimal choice for 
geometric location of the air injectors for closed loop 
experiments, would be positive injection angle around 

Figure 12: Pressure rise extension for low flow condition 
with dose coupled air injection. 

30 degrees at the tip of the rotor. 
As the figures in this section suggest, all combinations 

of air injection angles and span positions were not possi-
ble with the current experimental apparatus. This was 
because if interference with the inlet nose cone. In ad-
dition, the air injectors did create a blockage upstream 
of the rotor which varied based on the position and 
orientation of the air injectors. This blockage varied 
from 1-3% of the total area of the compressor annulus, 
but does not explain the changes in the stall point or 
size of the hysteresis. For example, Figures ?? and 12 
asymmetry between positive and negative air injection 
angles, but the amount of blockage depends only on the 
magnitude of the injection angle, not on the sign. 

5 Closed Loop Experiments 
In order to test the closed loop compressor characteris-
tic shifting idea presented in Section 2, a series of exper-
iments were performed. The control scheme presented 
there was based on a shift of the nominal compressor 
characteristic which was proportional to the amplitude 
of the first mode amplitude of the rotating stall, (see 
equation (3)). In order to achieve this proportional 
feedback on the amplitude of the stall cell magnitude, 
the duty cycle of the air injectors was varied. A carrier 
frequency of 100 Hz was used (selected to be as high as 
possible while still obtaining stable performance for the 
air injector valves), with the duty cycle varying between 
0-100% proportional to the amplitude of the static pres-
sure perturbation amplitude (obtained using the static 
pressure transducers located 0.7 rotor radii upstream 
of the rotor face). Two compressor characteristic shifts 
were investigated for closed loop experiments, one with 
a rotating stall hysteresis region that did not overlap 
that of the uninjected case and one with a hysteresis 
region that did overlap. 

Figure 13 shows the closed loop compressor charac-
teristic obtained for the non-overlapping hysteresis re- 

40 	So 

6 

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/G

T/proceedings-pdf/G
T1997/78712/V004T15A027/4218872/v004t15a027-97-gt-316.pdf by guest on 21 August 2022



 

Proportional latalttack wart 1-0 actuation 
0.33 

026 

0.34 

1032 

11.1 

;02I 

024 

on 

023 	03 	0.35 	0.4 	0.45 
	

03 
now cmIndera 

Proportional imam* with 1-0 actuatiOn 

1.6 

1.4 

12 

II 

g0.6 

0.4 

0.2 

Proportional holdbaCk wit 1-0 anuatiOn 

024 

on 

025 	03 	035 	0.4 	0.45 
Flow caldlidera 

Pmpaticnal Ilacback w11111-0 actuation 

05 

gA OAS 0.5 OM 0.6 025 02 0.75 OA 015 Oa 
Throttla onflatent 

Figure 13: Closed loop compressor characteristic and 
bifurcation diagram, obtained with 1—D proportional 
feedback: non-overlapping hysteresis case. 

Figure 14: Closed loop compressor characteristic and 
bifurcation diagram obtained with 1—D proportional 
feedback: overlapping hysteresis case. 

gion case (top plot), along with an experimental bifur-
cation diagram (bottom plot). The bifurcation diagram 
shows that the entire nonzero rotating stall equilibria 
branch is stable, and there is therefore no hysteresis re-
gion associated with the rotating stall. This case is in 
agreement with the analytical analytic results presented 
in Section 2. 

Figure 14 shows the closed loop compressor charac-
teristic obtained for the overlapping hysteresis region 
case (top plot), along with an experimental bifurcation 
diagram (bottom plot). The experimental bifurcation 
diagram shows the effects of saturation described in [2]. 
The hysteresis region is as would be expected from the 
analysis presented there. 

While the size of the hysteresis region for the closed 
loop system is as the analysis predicts, no new small 
amplitude rotating stall solutions were observed (the 
theory predicts that there should be some prior to tran-
sition to rotating stall). One possible explanation for 
this discrepancy is that the gain for the proportional 
control was not large enough. The experimental search  

for these new small amplitude rotating stall equilibria 
was not exhaustive, and there is room for more investi-
gation of this phenomenon. 

The experimental bifurcation diagrams for the con-
tinuous air injection case show that the air injection 
introduces a large amount of non-axisymmetric flow dis-
turbance. This is evident in both the non-overlapping 
and overlapping hysteresis cases, and is one reason that 
the active control strategy is better than simply using 
continuous air injection. In other words, with the active 
injection scheme the flow perturbations are introduced 
only when necessary. 

Based on the Moore—Greitzer three state model, a 
controller based on an axisynunetric compressor char-
acteristic shift behaves very similarly to what was ob-
served in these experiments. This suggests that other 
control methods which would rely on a compressor per-
formance characteristic shift as a means of active con-
trol could be modeled in the same way. The analysis in 
Section 2 is general enough that it captures any mecha-
nism for producing the shift from the nominal compres- 
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sor characteristic W e. (G). Some other possible methods 
of achieving a shift in the compressor characteristic in-
clude active casing treatments and hub distortion. 

6 Conclusions and Future Work 

Based on previous theoretical work which suggested 
that if an actuator can be found which changes the com-
pressor performance characteristic in a particular way, 
this effect can be used to control the growth of rotating 
stall cells (see Section 2 or [2]), open loop experiments 
were performed to characterize how continuous air in-
jection changed the performance characteristics for the 
Caltech rig. The resulting parametric study identified 
how different geometric parameters associated with the 
air injection affected the rig performance. In the work 
presented here, the angle at which air was injected rela-
tive to the axial flow direction was varied and the span-
wise position at which the injected air reached the ro-
tor face were both varied. In addition, experiments 
were performed with reduced amounts of injected air 
in order to determine the minimal amount of injection 
required to achieve rotating stall control. 

It was found that the stalling mass flow could be 
reduced by injecting air near the tip of the rotor face at 
an angle of nearly 30 degrees relative to the mean flow 
direction. In addition, the hysteresis region associated 
with rotating stall was completely eliminated for the 
same parameter choices. 

It was also found that similar trends to those found 
for the maximum air injection flow rates were also 
present for a flow rate of 75% of the maximum if the air 
injection port was moved closer to the rotor face. This 
result is promising because it shows that there is room 
to further reduce the amount of mass and momentum 
required for active control of rotating stall. 

Closed loop experiments were performed which sup-
port the simple compressor characteristic shifting model 
for the control of rotating stall presented in [2]. The 
two cases investigated (non-overlapping hysteresis and 
overlapping hysteresis) both agree with the theoretical 
results for the size and shape of the rotating stall hys-
teresis region. 

The MG-3 model of control using an asdsymmetric 
compressor characteristic shift behaves very similarly 
to what was observed in these experiments. This sug-
gests that other control methods which would rely on a 
compressor performance characteristic shift as a means 
of active control could be modeled in the same way. 
The analysis in Section 2 is general enough that it cap-
tures any mechanism for producing the shift from the 
nominal compressor characteristic W c‘, Some other 
possible methods of achieving a shift in the compressor 
characteristic include active casing treatments and hub 
distortion. Areas of future work include attempting this 
sort of axisymmetric control strategy on multi-stage or 
high speed rigs and identifying and demonstrating other 
methods of obtaining the characteristic shifts such as 
those described. 
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