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Theoretical Study of Sensor-Actuator Schemes
for Rotating Stall Control

G. J. Hendricks* and D. L. Gysling?
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A theoretical study has been conducted to determine the influence of actuator and sensor choice on active
control of rotating stall in axial-flow compressors. The sensors are used to detect small amplitude traveling
waves that have been observed at the inception of rotating stall in several different compressors. Control is
achieved by feeding the sensed quantity back to the actuator with a suitable gain and spatial phase shift relative
to the measured wave. Actuators using circumferential arrays of jets, intake ports, and movable inlet guide
vanes upstream of the compressor, and valves downstream of the compressor were considered. The effect of
axial velocity, static pressure, or total pressure measurement on control effectiveness was investigated. In
addition, the influence of the actuator bandwidth on the performance of the controlled system was determined.
The results of the study indicate that the potential for active control of rotating stall is greater than that achieved
thus far with movable inlet guide vanes. Furthermore, axial velocity sensing was most effective. Actuator
bandwidth affected the performance of the controlled compressors significantly, but certain actuators were

affected less severely than others.

Nomenclature

steady total pressure loss across rotors
steady total pressure loss across stator
compressor annulus height

spatial harmonic number

inlet total pressure

feedback gain

compressor annulus mean radius

(o, + i )r/U

time

nondimensional time tU/r

complex feedback gain Re??

disturbance growth rate

perturbation in total pressure loss across
rotors

perturbation in total pressure loss across
stators

jet valve opening

8P, = exit static pressure perturbation

inlet static pressure perturbation

inlet total pressure perturbation

flow coefficient perturbation
circumferential coordinate

feedback spatial phase shift

inertia parameter for compressor rotors
inertia parameter for compressor

fluid density

nondimensional actuator time constant
nondimensional rotor total pressure loss
characteristic time

nondimensional stator total pressure loss
characteristic time

flow coefficient ¢, /U

total-to-static pressure rise

ideal (isentropic) total-to-static pressure rise
steady-state total-to-static pressure rise
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disturbance rotational frequency
®, = rotor rotational frequency

Introduction

XIAL flow compressors suffer fluid dynamic instabilities

known as surge and rotating stall. Surge involves the
entire compression system, while rotating stall is local to the
compressor and is characterized by a region of stalled flow
rotating about the annulus of the compressor. This study ad-
dresses active control of rotating stall.

When rotating stall is encountered in the compressor of a
gas turbine engine, the pressure rise across the compressor
drops abruptly, resulting in a significant decrease in the power
output of the engine. In addition, engine health is affected
adversely by large fluctuating loads that are induced on the
compressor blades. The compressor of a gas turbine engine
is therefore normally operated far enough away from the stall
inception point so that instability is not triggered under any
operating condition. This margin of safety is known as the
stall margin. Because rotating stall is normally encountered
close to the peak of the pressure-rise characteristic of the
compressor, the stall margin places a limit on both the per-
formance and operating range of the engine. An actively con-
trolled compressor could operate stably past the peak of the
pressure rise characteristic. With the same stall margin as in
the uncontrolled case, the peak of the characteristic could
then be a safe operating point.

Active control of rotating stall studied here is based on a
linear model of its initiation. The model implies that, at the
inception of the instability, small amplitude, long wavelength,
traveling waves develop in the compressor annulus, grow
in magnitude, and eventually develop into rotating stall
cells.'-3 Although such small amplitude waves have not
been observed in all situations, they are a clear feature of re-
cent tests on several compressors of widely different geome-
try.*>7-? In some compressors, disturbances with wavelengths
of the order of the blade pitch are observed prior to stall.®
These disturbances have a three-dimensional structure. The
present study which assumes that the disturbances are two-
dimensional (i.e., no radial variation) might therefore not
apply to compressors in which these short wavelength dis-
turbances are observed.

The correspondence observed so far between linear fluid
dynamic analysis and experimental observations is encour-
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aging since it gives one confidence in using the theory to design
devices which can be used to modify the inlet and/or exit
flowfields of the compressor in order to suppress the insta-
bility. These controlling devices would act in the inception
phase of the instability before it develops to its performance
limiting amplitude. The controllers that will be described in
this study are therefore designed to prevent the compressor
from going into rotating stall when the system is operated
within the parameters of the controller.

A schematic diagram of a conceptual controlled system is
shown in Fig. 1. A fluid dynamic variable which gives an
indication of the magnitude and form of the instability is
sensed by a suitable array of transducers. The signal from the
transducer array is processed by the controller which com-
mands the actuator to introduce a suitable control disturbance
into the flowfield. Initial studies of this problem?® have con-
sidered only simple control strategies, e.g., actuators which
introduce a vortical velocity perturbation at the compressor
inlet plane (a model for movable guide vanes far upstream of
the compressor). The use of close coupled movable inlet guide
vanes for the control of rotating stall has been demonstrated
experimentally by Paduano”-® and Haynes® (the stalling mass
flow rate was decreased by 23% in the experiment on a single-
stage compressor,”® and 8% on a three-stage unit®). The ob-

_jective of the present study is to examine the potential for
increasing the system controllability, in particular to assess
the effectiveness of a number of different sensing and actua-
tion devices.

Analytical Model

Overall Considerations

The analytical model used in this study is an extension of
that described in Refs. 1-3. The analysis is two dimensional,
so only high hub-to-tip ratio machines are considered. The
mean inlet flowfield is undistorted (uniform inlet total pres-
sure), and the inlet and exit ducts are assumed long, so that
end effects (i.e., reflection and scattering of the disturbance
wave from the ends) are not important. In addition, the tip
speed of the compressor is assumed to be low enough for the
flowfield to be considered incompressible. In the analysis an
arbitrary axial velocity disturbance wave is decomposed into
its spatial Fourier harmonics:

3¢ — zl Anesieims

where

_Na, + iw)r

U

In the above formulation w,r/nU represents the rotation
rate of each spatial harmonic nondimensionalized by the rotor
rotational speed, and «,7/U the nondimensionalized growth
rate of the disturbance. The spatial harmonics, which are the

natural eigenmodes of the system, can then be analyzed in-
dependently, since the equations describing the evolution of
the instability are linear. When the above form of the flow
coefficient perturbation is substituted into the differential
equations describing the dynamics of the fluid in the compres-
sion system, the analysis yields an eigenvalue problem in s
with the growth and rotation rates of each spatial harmonic
determined from the solution to the eigenvalue problem. If
the real part of s is negative, the disturbance is damped,
representing stable operation of the compressor; if the real
part of s is positive, the disturbance grows exponentially,
representing unstable operation.

If the compressor is assumed to operate in a quasisteady
manner (i.e., pressure rise is a function of flow coefficient
only), the model predicts that all the spatial harmonics of the
flow coefficient perturbation become unstable at the oper-
ating point where the total-to-static pressure-rise character-
istic (¢ vs ¢) becomes positively sloped. Disturbances are
damped where the characteristic is negatively sloped, and
amplified when the characteristic is positively sloped, with the
growth rate of the perturbation being determined by the mag-
nitude of the positive slope. In the formulation of the model
used in the present study, the quasisteady assumption is not .
made.

Unsteady Compressor Behavior

It has been observed in experiments!®!! that the pressure
rise across a compressor does not respond instantaneously to
variations in flow coefficient. This is thought to be a result of
the finite time required for the flowfields within the blade
passages to respond to changes in flow coefficient. The finite
response time of the compressor pressure-rise to flow per-
turbations has a stabilizing effect on the perturbations, and
higher harmonics are stabilized to a greater extent than lower
harmonics. When this effect is included in the analysis, the
spatial harmonics of the disturbance become unstable se-
quentially, with higher harmonic disturbances becoming un-

- stable at larger positive slopes of the compressor total-to-static

pressure-rise characteristic (i.e:, lower flow coefficients). This
behavior has been observed in experiments on both single-
and three-stage low-speed compressors,”® and the model shows
good quantitative agreement with experiments conducted on
a three-stage compressor.”-'2 The sequential destabilization of
higher spatial harmonics of flow coefficient disturbances has
beneficial implications for active control. By controlling only
the first spatial harmonic of the disturbance, an increase in
stable operating range can be obtained, down to the flow
coefficient at which the second spatial harmonic of the dis-
turbance becomes unstable. By controlling both the first and
second spatial harmonics beyond this flow coefficient, the
stable operating range can then be extended to the operating
point where the third spatial harmonic becomes unstable.
Using this control approach, the maximum range extension
possible is therefore dependent on the number of spatial har-
monics of the disturbance that one is able to control.

It has been mentioned earlier that the slope of the com-
pressor pressure rise characteristic dy/d¢, is an important
parameter governing the growth rate of a disturbance wave.
The pressure-rise characteristic (shown later in Fig. 13), which
has a slope going to an infinite positive value at a flow coef-
ficient of 0.25, is used in the computations described below
since it covers all positive slopes that could be encountered
in practice.

Actuators and Sensors

In this study only actuators that are close coupled with the
compressor are considered. This eliminates the time delay
associated with the convection of the vortical component of
the control disturbance from the actuator to the compressor,
which was found to have a destabilizing effect on the system.
Actuators can be considered close coupled if they are posi-
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tioned a distance smaller than the disturbance wavelength
from the compressor inlet or exit plane.

The following actuators are considered: 1) movable inlet
guide vanes upstream of the compressor, 2) jets upstream of
the compressor, 3) intake ports upstream of the compressor,
and 4) valves downstream of the compressor. This is not a
complete list, but the actuators considered show the perfor-
mance variations that one could expect in selecting an actua-
tor. The actuators are shown schematically in Figs. 2 and 3.
The intake port and jet actuators are similar physically, but
they differ in the supply pressure to the actuator. The jet
actuator is supplied by a high-pressure reservoir, whereas the
intake port actuator is supplied by a reservoir having the same
total pressure as the compressor inlet. In the study, the res-
ervoir of the jet actuator is supplied by the exit of the com-
pressor, so the reservoir stagnation pressure is set equal to
the exit static pressure at the compressor operating point. The
intake port actuator does not require such a high-pressure air
supply; fluid at the total pressure of the inlet air can be derived
from the freestream outside the compressor casing. (Gysling!?

has identified the jet distribution as an effective actuator in

a similar study on control of rotating stall using aeromechan-
ical feedback.) The movable inlet guide vane actuator has
already been implemented experimentalty by Paduano’® and

Haynes,%and is used as a basis for comparison for the other
actuators. These experiments have also served as a validation
of the modeling technique used in the study.

In the uncontrolled compression system the relation be-
tween flow coefficient and pressure perturbations at the com-
pressor inlet and exit planes is determined by the dynamics
of the fluid in the compressor, and in the inlet and exit ducts
of the compressor. Under active control these relations can
be manipulated by the actuator. In the analysis done for this
study the actuators are modeled using quasisteady actuator
disk theory. The last aspect of the analysis involves sensing
a fluid dynamic variable, and prescribing a feedback law be-
tween the sensed variable and the actuation. Only the fol-
lowing proportional feedback law is considered in this article:

actuation = Z X sensed variable
where
Z = Reid

R is the gain in amplitude of the sensed variable, and 9, the
circumferential spatial phase shift of the actuated wave rel-
ative to the sensed wave. In the study, the gain and spatial
phase of the feedback signal are optimized for various com-
pressor operating conditions.

In practice, the output of the actuator will differ from the
command given by the controller. To capture this nonideal
bebavior, the actuator is modeled as a first-order time-lag
system:

_ d(actuation) .
7, —a = command — actuation

A time lag 7, is assumed between the actuation and the com-
mand given by the controller. The inverse of this time con-
stant, 1/7, represents the bandwidth of the actuator.

When the feedback law and actuator dynamics are coupled
to the compressor dynamics, a new eigenvalue problem is
generated, with the eigenvalues of the system, i.e., the growth
rate and frequency of the disturbance, dependent on the gain
and phase of the feedback signal. The effect of nonideal be-
havior of the actuator on the system performance can be
assessed by varying the time constant associated with the ac-
tuation (varying the bandwidth of the actuator). These effects
are described in the next section.

Sensors measuring the following flow variables are evalu-
ated: 1) axial velocity, 2) static pressure, and 3) stagnation
pressure. A comparative study was done with the sensors
positioned at various axial stations in the compression system;
upstream of the actuator, between the actuator and the com-
pressor, and downstream of the compressor. The performance
of the controlled systems are reported only with the sensors
located at the axial stations where they perform most favor-
ably.

A detailed analysis of the compression system coupled with
the jet actuator is given in Appendices A and B. Analysis of
the inlet guide vane actuator is based on the model developed

‘by Paduano et al.”-#

Calculated Results and Discussion

Influence of Actuator Type

Figures 4—7 present neutral stability curves for the first
harmonic of the disturbance wave. The results for the higher
spatial harmonics show trends similar to those for the first
harmonic. The figures show the maximum compressor slope
(d/d¢) at which stabilization can be achieved, as a function
of controller gain for the four actuators considered. The areas
below the neutral stability curves represent stable operation
of the controlled system. For the jet, intake port, and valve -
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Fig.4 Jet actuator; compressor slope at neutral stability as a function
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Fig. 5 Intake port actuator; compressor slope at neutral stability as
a function of feedback gain and phase. The system is stable in the area
under the curves.

actuators, gain is defined as the ratio of the nondimension-
alized mass flow added to, or removed from the flowficld,
and the sensed variable (velocity, static pressure, or stagna-
tion pressure as indicated in Appendix B). For the movable
inlet guide vane actuator, the gain is defined as the ratio of
the deflection angle (in radians) of the inlet guide vanes from
their zero positions, and the sensed variable.

In each case the performance of the controlled system is
shown with the best sensor located at its optimum axial station
(in all cases sensing the axial velocity perturbation through
the compressor gave the best results), The horizontal axis in
the figures represents the spatial phase shift between the
measured disturbance and the actuation, and the vertical axis
shows the slope of the compressor total-to-static pressure rise
characteristic. Only positive compressor slopes are shown, so
the figure represents an operating range that was previously
inaccessible to the uncontrolled compressor. The analysis was
also performed for negative characteristic slopes; this indi-
cated that the control system could destabilize a naturally
stable compression system for certain phases of the controller.

To facilitate comparison, the neutral stability curves for the
four actuators operating at a gain of four are plotted on the
same axes in Fig. 8. This gain was used for comparison since
all the actuators showed unstable behavior for certain phases
above this value. An experiment on a three-stage compressor®
also showed that the performance of the system was degraded
for gains above four.
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Fig. 6 Downstream valve actuator; compressor slope at neutral sta-
bility as a function of feedback gain and phase. The system is stable
in the area under the curves.
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Fig. 7 Inlet guide vane actuator; compressor slope at neutral stability
as a function of feedback gain and phase. The system is stable in the
area under the curves.

It should be noted that the performance of the inlet guide
vane actuator is influenced by the “swirl sensitivity” of the
compressor, i.e., the rate of change of pressure rise across
the compressor with inlet guide vane deflection. The swirl
sensitivity of the three-stage compressor on which the exper-
iment was performed® was used in the analysis since it was
thought to be representative of practical compressors. Swirl
sensitivity is determined primarily by the rate of change of
the pressure. rise with inlet guide vane deflection in the first
stage, since the inlet angles to the rotors of the downstream
stages are not affected significantly by inlet guide vane de-
flection. It is therefore not dependent on the number of stages
of the compressor, if the geometric configuration of the first
stage is similar.

Three performance parameters that are important in com-
paring the various actuation systems are 1) the largest positive
compressor slope that the controlled system can achieve, this
gives a measure of the range extension provided by the ac-
tuation system; 2) the phase margin of the controller, which
gives a measure of the range of phases over which the con-
trolled system is stable at a particular operating point; and 3)
the rotation rate of the controlled perturbation. Under active
control both the growth and rotation rates of the flow per-
turbation are modified. The rotation rate of the controlled
disturbance is important since it is one of the parameters that
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Fig. 8 Comparison of actuation schemes; velocity sensing, gain = 4.
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determines the bandwidth requirement of the actuator. An
actuator that increases the rotation rate of the perturbation
is undesirable.

From Fig. 8 it is apparent that the upstream jet distribution
delivers the most favorable performance. In addition to pro-
viding the highest degree of range extension, the jet distri-
bution also has the largest phase margin at a fixed operating
point. For example, at a compressor slope of 1, the jet dis-
tribution stabilizes the compressor over a phase range of 250
deg, as opposed to 100 deg for the intake port distribution,
and approximately 190 deg for the downstream valves. The
movable inlet guide vanes cannot stabilize the compressor at
any phase at this slope.

Figure 9 shows the change in the growth and rotation rates
of the first spatial harmonic of a disturbance in the individual
controlled systems, at the optimum phase for each, as the
feedback gain is increased. The jet distribution again performs
most favorably since the disturbance rotation rate is reduced
as the feedback gain is increased. Note that the rotation rate
of the disturbance wave is dependent on the gain and phase
of the feedback signal, and the dependence of rotation speed
on gain shown in the figure holds for the optimum phase based
on range extension at the particular operating point that was
chosen. For a particular operating point one could aiso op-
timize the phase of the actuation to produce the lowest ro-
tation rate for the controlled disturbance. Even if feedback
phase is optimized in this way, the trends shown in Fig. 9
hold, i.e., the jet actuator achieves lower disturbance rotation
rates than do the other actuators.

Influence of Sensor

Sensing schemes were compared with the sensors located
at various axial stations in the compression system for each
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Fig. 11 Jet actuator; neutral stability as a function of actuator band-
width.

of the actuators considered. Only the results for the jet ac-
tuator are presented here since it appears to be the most
effective based on the performance criteria identified above,
and the results for the other actuators are qualitatively similar.
Figure 10 shows a comparison of the system performance with
the various sensing schemes. In this figure the sensors are
located at the axial station where they perform best: down-
stream of the actuator for axial velocity sensing (either up-
stream or downstream of the compressor), and downstream
of the compressor for static and stagnation pressure sensing.
From the figure it is apparent that the system performs best
when axial velocity is sensed. While axial velocity is readily
measured in low-speed flows with hot wires, these sensors are
not practical in high-speed turbomachinery. Here, velocity
could be synthesized from total and static pressure measure-
ments.

There are indications that the disappointing performance
of the pressure sensors could be a result of the simple pro-
portional feedback law that was used. The system perfor-
mance could possibly be improved if dynamic compensation
is used in the feedback loop, but this was not pursued in the
study.

Influence of Actuator Bandwidth

For the results that have been presented thus far, a band-
width of five times the rotor frequency has been used to
compare the actuators and sensors operating as close as pos-
sible to ideal. This actuator bandwidth might be difficult to
achieve in practice. Figure 11 shows a comparison of the
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Fig. 12 Perturbation growth and rotation rates (bandwidth = 2 X
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performance of the jet actuator for various bandwidths, from

five times rotor frequency down to 50% of rotor frequency.
The major effect of decreasing the bandwidth is narrowing of
the phase margin of the actuation system. The range extension
gained from the actuator is affected less severely by narrower
actuator bandwidths.

The other actuators are impacted more severely by a de-
crease in actuator bandwidth than is the jet actuator; as seen
in Fig. 12. The plot is similar to Fig. 9, except that the actuator
" bandwidth has been decreased from five times to twice rotor
frequency. Because the rotational frequency of the controlled
disturbance is small in the case of the jet actuator, the in-
creased time delay corresponds to a small additional spatial
phase shift between the sensed and the actuated waves, so
the effect on the stability of the wave is relatively small. With
the valve and intake port actuators, the frequency of the
controlled wave increases significantly as the gain is increased,
as seen in Fig. 9. An increase in actuator time delay therefore
increases the spatial phase shift between the sensed and ac-
tuated waves significantly. In addition, from Fig. 8, it is ev-
ident that the range of phases over which these controlled
systems are stable is significantly smaller than in the case of
the jet actuator. The additional spatial phase shift in the ac-
tuation which results from the increased time delay moves the
system outside the area of previously stable operation. This
is clear if one compares Fig. 12 to Fig. 9. The effects of time
delays can probably be decreased if suitable dynamic com-
pensation is used in the feedback loop, but this has not been
pursued in the present study.

Conclusions

The model that has been used in this study captures the
behavior of the rotating stall disturbance waves that have been
observed in experiments. The quantitative agreement of the
model with the experiments gives us confidence in using the
modeling technique in the analysis of the controlled com-
pressors considered in the study. This theoretical analysis in-
dicates that a circumferential array of jets upstream of the
compressor performs significantly better than the other ac-
tuators that were considered, in all of the performance criteria
that were identified. In addition to providing the maximum
range extension, jets also outperform the other actuators that
were considered in other areas that would be important in
practical applications. The large phase margin associated with
jet actuation implies that the system will not be sensitive to
errors in disturbance wave measurement. The jet actuator
decreases the rotation rate of disturbances and this alleviates
the high bandwidth requirement of some of the other actua-
tors. One may, however, incur an efficiency penalty when the
jet actuator is used because of the high-pressure air supply
required. This penalty is incurred only if the compressor is
operated in the previously unstable flow range. Whether this

- efficiency penalty is acceptable or not depends on the design

goals of the compressor.

The results of the study also indicate that velocity sensing
is more effective than either static or total pressure sensing
in controlling rotating stall disturbances, for the proportional
control law that was considered. In low-speed compressors
velocity sensing with hot wire probes is effective, but in high-
speed compressors the use of hot wires might not be practical.
The velocity perturbation could then be synthesized from static
and total pressure measurements.

The bandwidth requirement of actuators is important since
it has a significant effect on the performance of the controlled
system. For the jet actuator, the phase margin of the con-
trolled system is degraded as the bandwidth of the actuator
is reduced.

Finally, although the movable inlet guide vane actuator
performed well in practice, it did not compare favorably with
the other actuators that were considered in the theoretical
study. The potential for compressor range extension is there-
fore much greater than that achieved thus far in the labora-
tory.

Appendix A: Overall Flow Model

The basic derivation of the flow has appeared before,'-3
and is included for completeness. In the model the pressure
rise across a compressor is modified by the pressure difference
required to overcome the inertia of the fluid within the blade
channels when the flow within the compressor is unsteady. If
one assumes that the flow within the blade passages is one-
dimensional, the unsteady pressure rise across the compressor
can be written as!214

P e P i
pU?

9 _ prig

VA T U (A1)

where
l/’zltb‘i_Lr—_l‘s (A2)

The inertia of the fluid in the rotors and in the compressor
are represented by A and ., respectively. At the inception of
rotating stall, the flow coefficient through the compressor is
modified by a small perturbation 8¢ so that

_ 4y,
=¢+ 6 P =t =
¢ = ¢+ ¢ V= bt g 09
P, =P, + 8P, L,=L, + oL, (A3)
Pti= Pti+ 8Pti Lr= Er+ BL’

The compressor pressure rise perturbation equation is there-
fore

P =Py _ g o 2E9)  pr i(e9)

pU? do ¥ U o
(Ad)
6L, is taken to be given by the differential equation
o0L) _ oL,
T T3 b 8¢ — SL, (A6)

oL, has to be calculated in a reference frame rotating with
the rotor:

. [a(aL,) N

=8¢ - 8L, (A7)

dé

UaL)| _ dL,
ot r o9
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In the analysis, a general perturbation in flow coefficient of
the form

8¢ = Z A"e(a,,+iw,,)tein19 (AS)
n=1

is considered. Each spatial harmonic of the perturbation can
be considered separately and only the ath spatial harmonic

S = A,elentionigind (A9)

will therefore be examined.
The variables describing the evolution of the perturbation
can be nondimensionalized as follows:

= (A10)

_ (@, + io)r
5= u

where U is the rotor speed, so that the equations describing
the perturbation become

8P, — 8P, _di ., o o 08P 9(54)
= a 8¢ — L, — 8L, —~ A" — p o
(A11)
_d@L) _dL, .. '
R T ag % oL (A12)
_[oL) | oLy _ dL,
7,[ T ot | = Ggee - L (A
5¢ — Anesfeinf) (A14)

The upstream stagnation and downstream static pressure per-
turbations are given by the expressions®

oPy _ _ 1 9(59) (A15)
pU? |n| ot
5P, 1 a(5)
¢ = =t Al
pU?  |n| af (A16)

Substitution of Egs. (A15), (A16), and (A14) into Eqs. (A11-
A13) produces a generalized, complex eigenvalue problem
ins

(A — sB)ox = 0 (A17)
where
[ 1 (dd, 1 1]
§<d¢ "“) [ .
1dL, 1
A= Y ~ 0 (A18)
1dL, (o1
| %9 0 (’" * ,>_
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Fig. Al Compressor total-to-static characteristics used in the anal-

ysis.
1 0 0
B = <0 1 0) (A19)
0 0 1
d¢
oxX = <6Ls> (A20)
oL,
2
{ = <m + ;L) (A21)
y, = + L, + L, (A22)

The solution to the eigenvalue problem yields the growth and
rotation rates of the perturbation wave.

To determine the unsteady response of the compressor to
flow perturbations, an isentropic pressure rise characteristic
for the compressor has to be assumed. For the analysis it is
assumed that the compressor operates at its maximum effi-
ciency at a flow coefficient of 0.6. At this maximum efficiency
operating point, the slope of the isentropic pressure rise char-
acteristic is close to that of the measured pressure rise char-
acteristic, since the losses are minimum. To simplify the anal-
ysis, the isentropic characteristic is assumed to have this slope
over the entire operating range of the compressor as shown
in Fig. Al. The steady total pressure loss [L{(¢) = L.(¢) +
L{$)] used in Eq. (A5) is then the difference between the
isentropic pressure rise curve and the measured one. In the
analysis it is also assumed that steady total pressure losses are
equally distributed across the rotors and the stators (i.e., L,

= LS)’

Appendix B: Modification of the Flow Model for
Active Control

In an actively controlled compressor, the relation between
pressure and velocity perturbations can be manipulated by
the actuator. Quasisteady actuator disk theory is used to de-
termine the relation between actuation and the perturbations
introduced into the flowfield. The upstream jet distribution
will be used as an example to illustrate the analysis method.
A mass balance across the actuator gives

p(cx + Scxl)la + pcxjalj = p(cx + 6c)rZ)la (Bl)

and nondimensionalizing the velocities by U yields

5b, = 8¢, + % (B2)

",
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Fig. B1 Jet actuator.

The nondimensionalized injection rate ¢;(8l/1,) is a function
of the annulus spatial variable J. The nondimensionalized
injection axial velocity ¢,, the jet nozzle opening 4/, and ,,
are indicated in Fig. B1.

A momentum balance across the actuator gives

plc, + 8¢, )%, + (P + 8P)I, + pc2dl;

X7

= ple, + 8c,)’l, + (P + 8P,)l, (B3)

If only first-order terms are retained, the above expression
can be written in terms of total pressure perturbations up-
stream of the actuator and at the compressor face

6P12 — 8Prl _ %
ot G- 9T (B4)

The downstream static pressure perturbation is given by
expression (A16). It is apparent from (B1) and (B4) that the
compressor inlet total pressure and flow coefficient pertur-
bations can be controlled by specifying ¢,(8//1,), the annular
injection rate of jet fluid into the airstream.

Control is accomplished by sensing a fluid dynamic variable
describing the perturbation. The measured sighal is then pro-
cessed by the controller which commands the actuator to in-
troduce a suitable perturbation into the flowfield. In the sim-
plest controller, the measured signal is modified in amplitude
and shifted spatially in phase (proportional feedback). This
is implemented analytically as follows; if the flow coefficient
perturbation at the compressor face is sensed, the commanded
jet injection rate is

ol,
d)j l_ = Zb¢, (BS)
Z = Re (B6)

where R is the gain in amplitude of the signal, and ¥, is the
spatial phase shift of the commanded signal relative to the
measured signal. In practice, nonideal behavior will cause the
output from the actuator to differ from the command given
by the controller. To capture the nonideal dynamics, the ac-
tuator is modeled as a first-order system

YR AN
T“ai<¢f la) - e,

where 7, is the time constant associated with the actuator. If
the flow cocfficient (axial velocity) at the compressor face is
sensed, the actuator equation becomes

8l
- 4,7 (B7)

c a

o ol 5l
Ta 5; <¢j Z:) = Zép, — jl_a/ (BS)

Sensing the other fluid dynamic variables gives the following
actuator commands:

stagnation pressure upstream of the actuator

ol
&7

a

5P, s 8l; ’
= ZpUi = —Zm <8d>2 - ¢,«,—’> (B9)

c

static pressure upstream of the actuator

L ) S 8,

o e |l ",
(B10)
exit static pressure
al; oP; s
=z - 7=
¢ Ll U2 V4 ] ¢, (B11)
exit stagnation pressure
8l 6P s
| = z=E=z[=
¢/ ln . pUz <|n| + ¢> 6¢2 ~ (B12)

which, when substituted into Eq. (B7), yield equations similar .
to Eq. (BS).

Equations (A11-A13) and Eq. (B7) with the appropriate
sensed variable produce an ¢igenvalue problem. Parameters
in the analysis are the operating flow coefficient (which de-
termines the slope of the pressure rise characteristic), the gain
and phase of the feedback control law, and the bandwidth of
the actuator. For the jet distribution with velocity feedback,

- the system of differential equations reduces to the form given

in (A17), where the matrices A, B, and the vector 8% are now

1 (dg, . ) 1 1 1
(== - i) -= —= ~(¢; -
7 <d¢ z ;. (W9
1L L :
A = -s dd) 7_-3
1dL, 0 —|in+ 1 0
7, d¢ ,
1 ' 1
—Z 0 0 -
L T, i,
(B13)
1
1 0 0 ——
|n|¢
B=|0 1 0 0 (B14)
0 0 1 0
0 0 0 1
3¢,
5L,
5, 5L, (B15)
8l
¢,‘Z

There are four eigenvalues for each spatial harmonic of the
disturbance.
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