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Abstract

In this paper we evaluate the actuator rate requirements for control of rotating stall using a
bleed valve and provide tools for predicting these requirements. Modification of both the stable
and unstable parts of the compressor characteristic via addition of continuous air injection serves
to reduce the requirement of a bleed valve used for the purpose of rotating stall stabilization.
Analytical tools based on low order models (2-3 states) and simulation tools based on a reduced
order model (37 states) are described. A bleed actuator rate limit study is presented to compare
the actuator requirements predicted by theory, simulation, and experiment. The comparisons
show that the predictions obtained from theory and simulations share the same trend as the
experiments, with increasing accuracy as the complexity of the underlying model increases.
Some insights on the design of a bleed-compressor pair are given.

Nomenclature
B, l., m, u compressor model parameters; see [12]
A amplitude of first Fourier mode
Avom amplitude of first Fourier mode of fully developed stall cell
Cy axial flow velocity
€ noise level of the system expressed as a percentage of J
v throttle coefficient, ®7 (1) = v/4
J squared amplitude of first Fourier mode, J = A2
Ky gain estimation from method X
Ky gain for control of rotating stall in Liaw-Abed control law
Kgy gain for control of surge in Eveker et al. [9] control law
Ry rate estimation from method X
U mean rotor speed
u bleed valve control effort
Ummag magnitude saturation of the bleed actuator as percentage of ¢*
Usate bleed valve rate limit in rotor revolutions for valve to open from fully closed

*Funding for this research was provided in part by AFOSR grant F49620-95-1-0409.



P density of air
0P pressure rise
¢ nondimensionalized axial flow velocity, ¢ = C,./U
o* ¢ at peak of compressor characteristic
®r(v) nondimensionalized throttle characteristic as a function of 1
P nondimensionalized pressure rise, ¢» = §P/(pU?)
* 1 at peak of compressor characteristic
U.(¢) nondimensionalized compressor characteristic as a function of ¢

1 Introduction

Rotating stall and surge are two types of instabilities that occur in axial flow compressor systems
such as those in a gas turbine engine. Rotating stall refers to a non-axisymmetric flow perturbation
that travels around the annulus of the compressor (sometimes referred to as a stall cell), while surge
is a large axial oscillation of the flow. Typical effects of rotating stall and surge range from stress and
wear on the compressor blades, to perturbation of the operation of the components downstream of
the compressor in the engine, to destruction of the engine. Active control of rotating stall and surge
can lead to an increase in the stability of a compressor against various disturbances such as inlet
distortions and power transients. As a result, a compressor with active controls can operate closer to
the current stall/surge line. The benefits can be realized in various ways including increased points
of efficiency, lower take-off gross weight, lower specific fuel consumption, and stability /operability
enhancement in maneuvers. Examples can be found in a set of reports prepared by Pratt and
Whitney [15], General Electric Aircraft Engines [8], and Allison Gas Turbine [7] for the National
Technical Information Service of the U.S. Department of Commerce on an evaluation of control
concepts applied to gas turbine engine operations for both civilian and military aircraft.

Modeling and active control of rotating stall and surge has been investigated by a number
of researchers. A simplified model was derived by Moore and Greitzer [12] for a compression
system that exhibits rotating stall and surge. Based on this model, Liaw and Abed [16] derived a
control law using a bleed valve for rotating stall. Experimental evaluations and analysis of other
control laws using various types of actuators were investigated by other groups, including but not
limited to Badmus et al. [1, 2], Paduano et al. [20], Day [6], Gysling et al. [13], D’Andrea et
al. [5], Freeman et al. [10], Eveker et al. [9], and Yeung and Murray [24, 25]. Eveker et al. [9] is
the first group to report successful experimental implementation of a bleed valve controller. In
particular, the bleed valve actuation method tested by Eveker et al. [9] employs a 25 Hz (full
open/full close) bleed valve and reports results on a compressor with a rotor frequency between
22.5 and 26.7 Hz; D’Andrea et al. [5] proposed a pulsed air injection method which uses 200 Hz
binary injection actuators driven by solenoid valves on a compressor with a rotor frequency of
100 Hz; and the recirculation study reported in Freeman et al. [10] uses 300 Hz sleeve valves on a
compressor with a 106 Hz stall frequency. For industrial applications where the compressors may be
significantly more powerful (higher flow and pressure rise, higher rotor frequency, etc) than research
compressors, obstacles such as control actuator magnitude and rate saturation can become crucial
in these active control methods. Tools that predict and reduce the rate requirements of actuators
for purposes of control of rotating stall in compressors can be valuable in designing actuators and
circumventing possible actuator magnitude and rate limitations that may prevent successful active
control implementations.

Attempts to control rotating stall on a single-stage, low-speed axial compressor at Caltech were
carried out initially with a high speed bleed actuator and results were unsuccessful due to the fast
growth rate of the stall cell relative to the rate limit of the valve [24]. It has been shown by D’Andrea



et al. [5] that air injection can be modeled as a shift of the compressor characteristic. By adding
continuous air injection, the compressor characteristic is shifted favorably for bleed valve control
of rotating stall and demonstration of control is achieved only with the compressor characteristic
actuation [24, 25]. On the Caltech rig, the amount of compressor characteristic shifting can be
varied by modifying the geometric features of the injection actuators setup [4], providing a family
of compressor characteristics. In this paper, investigation of the trade-off between actuation of the
compressor characteristic and the bleed valve rate requirement is carried out, with the following
goals:

1. Identify possible functional dependence of the rate limit of a bleed valve in control of rotating
stall on the shape of the compressor characteristic.

2. Provide a possible route to circumvent bleed valve rate limitation given the capability of
actuation or modification of the compressor characteristic.

3. Provide insights for designing a compressor-bleed pair for purposes of stabilization of rotating
stall.

This paper is organized as follows. Section 2 describes the features of a low order model of
rotating stall and surge proposed by Moore and Greitzer [12]. The modeling of bleed actuation
and continuous air injection is introduced as a modulation of the throttle [16] and compressor
characteristic [5] respectively. The relevant control law will be given for the bleed valve. Analytical
formulas are presented as theoretical tools used for predicting the minimum gain in the control law
and rate limit of the bleed valve required for stabilization. A brief description of the simulation tools
using a reduced order model proposed will end the section. Section 3 describes the experimental
setup at Caltech including details of the sensing and actuation equipment. Section 4 presents the
results of control of rotating stall using bleed valve with continuous air injection. A comparison
study correlating the theory, simulation, and experiment in terms of the values of the gain and rate
and the various features of the compressor characteristic is included to validate the theoretical and
simulation tools. Finally, we summarize the findings of the investigation in Section 5.

2 Modeling and Theory

This section first gives a brief review of the main features of a low order model proposed by Moore
and Greitzer [12]. Modeling of bleed actuation in the model is introduced and a review of a control
law proposed by Liaw and Abed [16] is given. Expressions for the minimum gain and rate required
for peak stabilization of rotating stall are presented. The section then ends with a brief description
of the simulation tool using a high fidelity model proposed by Mansoux et al. [18].

2.1 Moore-Greitzer Model

To describe the basic behavior of the compression system, we make use of a low order model derived
by Moore and Greitzer [12]. The model consists of three ordinary differential equations describing
the evolution of the nondimensionalized axial flow velocity ¢, nondimensionalized pressure rise 1,
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Figure 1: Typical compressor characteristic and stalled operation
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where the throttle characteristic ®7 (1)) = v4/% with 4 being the throttle coefficient. The compres-
sor characteristic W.(¢) is a map containing information about the performance of the compressor
at various values of the flow in the system. Figure 1 shows an example of a compressor characteristic
and a hysteresis loop associated with rotating stall obtained experimentally.

The equilibria of the system are stable for large values of the throttle coefficient 7. As v is
decreased, a critical value ™ is reached and the system exhibits a subcritical transcritical bifurcation
in the J-v plane (Figure 2). Since J = A? > 0, we ignore the negative branch of the bifurcation
diagram for rotating stall. At v = ~*, the stability of the J = 0 equilibrium point changes from
stable to unstable. However, there is a stable J > 0 equilibrium that coexists with the J = 0
equilibrium, and thus the system stalls. With J > 0, if the value of v is increased, the system
continues to stay along the J > 0 branch of solution instead of unstalling immediately. The system
eventually unstalls when the value of v reaches a point where the J > 0 solution loses stability.
This behavior is observed on axial compressors as a hysteresis loop due to rotating stall.
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Figure 2: Transcritical bifurcation in J-v plane.
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Figure 3: Relation of controller gain and behavior of bifurcation.

2.2 Bleed Valve Control
For stall control, Liaw and Abed [16] proposed a control law that modifies the throttle characteristic:

Sr(v) = (v+u)Ve,

u = I(RS J.

This control law can be realized experimentally through the use of a bleed valve. For a large enough
value of Kgg, the nominally unstable branch of equilibrium solution created at v = v* “bends over”
and eliminates the hysteresis loop, i.e. the subcritical nature of the transcritical bifurcation is
changed to supercritical (Figure 3).

By substituting the stall control law and computing the quantity % at the stall inception
throttle coefficient v*, the minimum gain needed for this phenomenon to occur can be found by
asserting the condition that %|w=w* < 0 (see Figure 3). The expression for the minimum gain
required for peak stabilization is given by

FUI(E) W) ,
S Se 2
which depends on the shape of the compressor characteristic. Since the second term is always non-
negative around the peak, the larger the value of W' (¢*) the smaller Kgs ... Roughly speaking,
this amounts to a compressor characteristic which is more “filled out” to the left of the peak. This
expression serves as one of the theoretical tools for predicting the bleed valve requirement needed
for peak stabilization.
In addition to the minimum gain, the requirement on the characteristics of the bleed actuator
for control of stall can also be analyzed. The detailed theoretical analysis for the effects of actuator

I‘theory = I‘Rs,min =
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Figure 4: Effects of Liaw-Abed control law with actuator limits. Solid line: stable equilibria, dashed
line: unstable equilibria.

limits can be found in Wang and Murray [21]. In the following we only sketch the ideas qualitatively
and present the main results that are used for comparisons in later sections.

A study of the effects of actuator magnitude and rate saturations can be motivated using
Figure 4. Figure 4(a) shows the effects of the Liaw-Abed controller with finite magnitude saturation
and infinite bandwidth. The bleed valve controller fails to stabilize stall when the magnitude
saturation is reached, and thus cannot eliminate the hysteresis loop beyond ~vr. Furthermore,
any arbitrarily small noise of J will grow to fully developed rotating stall no matter how big the
controller gain is if the throttle is operated at v < +J. It can also be seen that the region that
benefits from the controller is much smaller than the unsaturated case (Figure 3) if the magnitude
saturation is severe.

Suppose now that the rate limit is finite in addition to the magnitude saturation. Then the
region that benefits from the bleed valve control is even smaller (shaded region in Figure 4(b)).
Roughly speaking, the region of attraction of the operable equilibria is decreased as the rate limit
of the actuator decreases. As a result the extended operable region is further restrained.

The noise level for a real compression system is not arbitrarily small. When the noise level is
of finite amplitude, the open loop system will go to rotating stall at a throttle coefficient which
is larger than v*. In this case, region benefited from active control becomes even smaller. In the
following we give an approximate analysis to evaluate the shaded region in Figure 4.

Consider the Moore-Greitzer model given in equation (1). Suppose the Greitzer B parameter
is sufficiently small, such that the surge dynamics is exponentially stable, and the compressor
characteristic is smooth. The transcritical bifurcation for the uncontrolled system at v* implies the
existence of a center manifold near the transcritical bifurcation point. By viewing the control input
u as a parameter, system (1) can be reduced to the center manifold when the throttle is operated
near the stall inception point v*. The dynamics on the center manifold is given by the following
one dimensional system

J = (84 u)J + ayJ?, (3)
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and all the derivatives are evaluated at the peak of the compressor characteristic. To account for the

magnitude and rate limits of the control input u, we assume that the actuator opens according to
the rate limit and saturates (see Figure 5). The system then has the following boundary conditions.

J(0) = ¢, u(0) =0,

Umagy _ 7 _ M Umag) _ (4)
J(’U. N )_JC__ (umag-l_(s)? u(u " )—umag7

rate o) rate

where ¢ is the noise level of the system.

The analytical solution to equation (3) can be difficult to obtain. However, an approximation to
the solution of this two-point boundary value system can be obtained. The rate limit requirement
for stall stabilization in a system of a given noise level can then be found [21]. Let

o8 J
A=l4== p=agd,  [=2 Lo=eo+1-A)
2
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then equation (3) with initial and final conditions (4) can be written as follows:

f (A—1=2n)f+ f%
foy =1,
f)) = 14+0-A
The approximation to the solution of f(7) can be obtained as follows. Additional boundary
conditions characterizing derivatives at the boundaries can be obtained from f’. A form for the

function f is then assumed while satisfying the desired boundary conditions. For instance, by
letting f(n) satisfy the following boundary conditions,
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Figure 6: The phase portrait of the system (equation (3)).

we obtain

u
R1 eory — —E 5
e T 4 Zoi? arctan (o) (5)

after algebraic manipulations. Alternatively,

1- %arctan (%O'_)

Rcheory = umag (6)

1- lfl,-_a% arctan (%O’ﬁ)

is obtained if a slightly different set of boundary conditions is chosen (see Wang and Murray [21]
for details). These different boundary conditions essentially translate to different values of the
growth/decay as the trajectory of J starts and ends (see Figure 6).

Formulas (5) and (6) are used in later sections of this paper to compare with results from
simulations of a high fidelity model and experiments.

2.8 Simulation Model

A high fidelity model proposed by Mansoux et al. [18] is used as the basis of the simulation tool.
The model proposed by Mansoux et al. [18] takes the form

é = _E_I'A'¢+\I;c(¢)_T'QZ7
. 1 _
Y o= M(S'¢_@T(¢))7
where
FE G~ Dg -G,
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and M = 2N +1, where N is the number of Fourier modes. This formulation of the Moore-Greitzer
model [12] is suitable for control analysis and design, and allows accounting of higher modes.

Some realistic considerations are included. One example of such effects is unsteady losses [14]
with the form:

\IIC = \Ilc,qs = \Ilc,isen - LT - L57
1

I;r = - Lr‘ 88 LT )
T
L = RWiien — Yoo,
. 1
Ls = - Ls ss LS i
T

Ls,ss = (1 - R) (\Ilc,isen - qjc,qs)a

where W, . = W, denotes the quasi-static compressor characteristic, W, .., the isentropic compressor
characteristic, L, the losses associated with the rotor, Ly the losses associated with the stator, R
the reaction, and subscript ss steady-state. Another example is the dynamics of the actuator such
as magnitude, bandwidth, and rate limitations. For the simulations reported in this paper, a
simulation with five Fourier modes resulting in 34 states for the compressor, and 3 states for the
bleed actuator is used.

3 Experimental Setup

The Caltech compressor rig is a single-stage, low-speed, axial flow compressor with sensing and
actuation capabilities. Figure 7 shows a drawing of the rig and Figure 8 a magnified view of the
sensor and injection actuator ring.

The compressor is an Able Corporation model 29680 low speed single stage axial compressor
with 14 blades, a tip radius of 8.5 ¢cm, and a hub radius of 6 cm. The blade stagger angle varies
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Figure 8: Sensor and injection actuator ring.

from 30° at the tip to 51.6° at the hub, and the rotor to stator distance is approximately 12 cm (1.4
rotor radii). Experiments are run with a rotor frequency of 100 Hz, giving a tip Mach number of
0.17. In the configuration shown in Figure 7, rotating stall is observed to occur with a frequency of
approximately 67 Hz. With a plenum attached at the outlet (for compliance effects), surge occurs
at approximately 1.8 Hz. Data taken for a stall transition event suggests that the stall cell grows
from the noise level to its fully developed size in approximately 30 msec (3 rotor revolutions). At
the stall inception point, the velocity of the flow through the compressor is approximately 16 m /sec.

Six static pressure transducers with 1000 Hz bandwidth are evenly distributed along the annulus
of the compressor at approximately 5.7 em (1.1 rotor radii) from the rotor face. By performing
a discrete Fourier transform on the signals from the transducers, the amplitude and phase of the
first and second Fourier modes of the pressure perturbation of a nonaxisymmetric disturbance can
be obtained. The difference between the pressure obtained from one static pressure transducer
mounted at the piezostatic ring at the inlet and that from the piezostatic ring downstream near
the outlet of the system is computed as the pressure rise across the compressor. For the velocity of
the system, a hotwire anemometer is mounted approximately 13.4 ecm (1.6 rotor radii) upstream of
the rotor face. All of the sensor signals are filtered through a 4th order Bessel low pass filter with
a cutoff frequency of 1000 Hz before the signal processing phase in the software.

A high speed and a low speed bleed valve are available on the Caltech rig. The high speed
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bleed valve, used primarily for stall control, has a magnitude saturation of 12% (corresponding to
an area of 11.4 cm?) of the flow at the stall inception point and is approximately 26 cm (3.1 rotor
radii) downstream of the rotor. The low speed valve, used primarily for surge control and throttle
disturbance generation, has a magnitude saturation of 30% of the flow of the system at the stall
inception point and is estimated to have a small signal (+5° angle modulation) bandwidth of 50
Hz and a large signal (+90° angle modulation) bandwidth of 15 Hz.

The air injectors are on-off type injectors driven by solenoid valves. For applications on the
Caltech compressor rig, the injectors are fed with a pressure source supplying air at a maximum
pressure of 80 psig. The injectors are located at approximately 10.4 cm (1.2 rotor radii) upstream
of the rotor. Due to significant losses across the solenoid valves and between the valves and the
pressure source, the injector back pressure reading does not represent an accurate indication of the
actual velocity of the injected air on the rotor face. Using a hotwire anemometer, the maximum
velocity of the velocity profile produced by the injected air measured at a distance equivalent to the
rotor-injector distance for 50 and 60 psig injector back pressure are measured to be approximately
30.2 and 33.8 m/sec respectively. At the stall inception point, each injector can add approximately
1.7% mass, 2.4% momentum, and 1.3% energy to the system when turned on continuously at 60
psig injector back pressure. The bandwidth associated with the injectors is approximately 200 Hz
at 50% duty cycle. The angle of injection, injector back pressure, the axial location of the injectors,
and the radial location of the injectors can all be varied.

All experiments are run in real time using Sparrow [19] with a sampling frequency of 2000 Hz
on a Pentium 100 MHz PC.

4 Results

In this section, we present the results for axisymmetric bleed with continuous air injection. Control
of rotating stall is demonstrated first. A description of the procedure leading to the comparison
study is then given, followed by the results.

4.1 Demonstration of Control

At certain injector angles and locations, different injector back pressure can reduce the size of
the open-loop hysteresis loop by different amounts on the Caltech rig. Addition of continuous
air injection is conjectured to reduce rate and magnitude requirements for bleed valve controls of
rotating stall by changing the compressor characteristic.

To validate the conjecture, the air injector angle is set at 27° (with positive angles implying
counter-compressor-rotation) and 60 psig injector back pressure. With the plenum attached, surge
cycle data is taken and the algorithm for identifying the unstable part of the compressor charac-
teristic as described by Behnken [3]. Figure 9 shows the results.

The identified compressor characteristic is more “filled out” on the left of the peak. The crosses
in Figure 9 are experimental data points of the stable side of the compressor characteristic with
continuous air injection, the right solid curve the polynomial fit of the experimental data points,
the left solid curve the identified unstable part of the characteristic in the presence of continuous
air injection, the dashed the compressor characteristic with no air injection, and the shaded region
the experimental surge cycles data for W.(¢) in the presence of air injection. As shown in the figure,
the shape of the compressor characteristic is shifted in the presence of continuous air injection.

The shifting of the compressor characteristic serves to reduce the bandwidth and rate require-
ment of the bleed valve for control of rotating stall. To observe this phenomenon, equation (2) can
serve as an initial tool. Equation (2) gives a formula to the minimum gain required for stabilization
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Model Identification for new configuration: compressor characteristic fit
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Figure 9: Identification of compressor characteristic with continuous air injection at 27° and 60
psig injector back pressure. The crosses represent data points taken from experiments, the solid the
identified compressor characteristic, the dashed the compressor characteristic without air injection,
and the shaded region the experimental surge cycles data for W.(¢) with air injection.

of rotating stall at the peak of the compressor characteristic. A 4th order polynomial fit to the
unactuated compressor characteristic in Figure 9 gives

U, (¢) = 0.71 — 10.596 + 60.80¢% — 126.39¢> + 87.486%,

with the peak at (¢,) = (0.38,0.35), and the second and third derivative values of -14.99 and
39.45 respectively. A similar fit to the actuated characteristic gives

U (¢) = 0.78 — 8.82¢ 4 49.49¢* — 104.77¢° + 74.1331%,

with the peak at (¢,) = (0.35,0.38), and the second and third derivative values of -12.07 and
-5.92 respectively. Equation (2) applied to the unactuated characteristic gives Kgs minunace = 4.00
and to the actuated case gives Kgs minact = 2.16 < Kgs min unact-

With this evidence, a detailed experiment is carried out with the injector back pressure set at
55 psig. Figure 10 shows the open- and closed-loop behavior of the system in the ¢-¢ plane and
the v-J plane respectively.

The closed-loop behavior shows no hysteresis loop on Figure 10, as expected from the theory. As
Figure 10 shows, after the bleed valve saturates, the system returns to the original stalled equilibria.
The v-J plot in Figure 10 is expected to show the same observation. The mismatch at low values
of v is due to the formation of the second mode of stall in the open-loop case. For the open-loop
system with continuous air injection, the second mode of rotating stall forms at a value of v smaller
than that for the formation of the first mode. At v = 0.45 on Figure 10, the second mode forms
and becomes dominant, and the amplitude of the first mode is decreased. Further decrease in
leads to a further reduction in the amplitude of the first mode. At around 7 = 0.33, the throttle
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High speed bleed with Liaw—Abed on Caltech rig with air injection
High speed bleed with Liaw-Abed on Caltech rig with air injection
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Figure 10: Open- and closed-loop behavior of system on ¢-1 plane for control with bleed valve and
continuous air injection at 55 psig injector back pressure.

is almost fully closed and the first mode becomes dominant again. In the closed-loop case, this
phenomenon is not observed since the high speed bleed valve saturates and remains open. As a
result, the main flow level is not low enough for the second mode of rotating stall to form.

4.2 Procedure for Comparison Study

We now compare the rate predictions derived in Section 2 with the experimental results. The
air injectors back pressure and angle are varied to produce a set of scenarios. Data is taken and
analyzed to obtain the theoretical and simulation predictions, as well as the experimental values
for the rate limit requirement for stabilization of stall.

The amount of the effects of air injection on the system can be varied by modifying various
geometrical characteristics of the injector location and configuration [4]. For this study, the injector
angle relative to the axial flow direction is varied between 27° and 40° in the opposite direction of
the rotor rotation, and the back pressure of the injectors is varied between 40 to 60 psig, producing
a total of 16 different scenarios and the nominal open-loop system without air injection. At the
various injection settings, experiments are carried out to obtain the gain and rate values required

for peak stabilization. For this study, peak stabilization is achieved if the following conditions are
met during the experiment:

where ¢ is the axial velocity and A is the amplitude of the first Fourier mode, ¢* is the flow at
stall inception, and A, is the amplitude of fully developed stall without bleed valve control. It
should be noted that ¢* is taken experimentally at the stall inception point for each of the case of
the injection setting under consideration.

The rate limits are determined on the experiment as follows. A function is written to increment
the gain until the conditions of peak stabilization are met. An analogous function is written for
the rate. The gain/rate required for peak stabilization is then obtained by first setting the system
operating point to stable but near stall inception. With the rate/gain fixed, injection and the
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CAl actuated Compressor Characteristics At 3 different CAl settings
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Figure 11: Fitted compressor characteristics for Figure 12: Identified compressor characteristics
the 11 cases. at 3 different continuous air injection settings.

controller is then activated with the gain/rate set to zero. The load of the compressor is then
increased by changing the throttle setting until a nominally unstable operating point is reached.
The gain/rate incrementing function then increments the variable of interest until peak stabilization
is achieved. The gain and rate obtained from the experiments are referred to as K.,,, and R.,.,
respectively.

Among the 17 injection settings, peak stabilization is achieved in 11 cases and the nominally
stable side of the compressor characteristic is experimentally recorded at each of the 11 settings.
The unstable sides for each of these cases are identified by using surge cycle data with an algo-
rithm proposed by Behnken [3]. For this study, a fourth order polynomial is used to approximate
the piecewise continuous curve for each case. Figure 11 shows the fitted compressor characteris-
tics. These polynomial compressor characteristics are then used with realistic values of various
parameters (e.g. noise level in system) in analytical relations Kipeorys Blineorys and R2pe0ry, and in
simulations that estimate the gain K., and rate R, requirements on the bleed valve for stall
stabilization.

There is uncertainty associated with the computation of the theoretical predictions and the
experimental data. Due mainly to the unsteadiness of the fluid in the system, there is uncertainty
in each of the identified compressor characteristics from the 17 settings. Results computed using
these characteristics thus inherit the uncertainty which needs to be accounted for. The experiment
gain and rate data also has uncertainty associated with it again due primarily to unsteadiness of
the system.

To determine the level of uncertainty associated with the theoretical predictions and the exper-
iments, an investigation is carried out on 3 of the 11 points, namely, experiment number 2 (expt2),
5 (expth), and 7 (expt7) (see Figure 12). For each of these settings, ten different segments of
the surge cycle data are used to identify the unstable side of the compressor characteristic. The
resulting characteristics are then used to compute the theoretical predictions, and 95% confidence
error bars (adjusted with T-statistics) are obtained for Kipeory, Blineorys and R2e0r,. Similarly, for
the uncertainty associated with the experimental gain and rate data, ten experiments are carried
out for expt2, expth, and expt7, to give 95% confidence error bars on K., and R.,;.
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Gain: MGS3 vs. Experiment
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Figure 13: Comparison of gain predicted by MG3 and experimental gain required for stabilization
of stall. The bars in the x direction are error bars associated with the the uncertainty in computing
the theoretical gain values (through identifying the unstable of W.(¢) using surge cycle data); the
bars in the y direction are error bars associated with the experimentally obtained values.

4.3 Comparison Study

Based on the functional dependence of the analytical relations for the minimum gain and rate
requirement on W/ (¢*) and W (¢*), an examination of Figure 12 would indicate that experiment
5 should require the least gain/rate while experiment 7 should require the most. The theory and
simulations are expected to show at least a qualitative trend with respect to the experiment.

The values of the gain predicted by the theory are plotted against the gains obtained on the
experiments in Figure 13. In all of the plots presented in this section, the dashed line represents
the one-to-one line between the theoretically and experimentally obtained values. As shown in the
figure, the Kj..,, estimates are not quantitatively reliable but do present the qualitative monotonic
trend as expected. The main factor contributing to the quantitative disagreement between Kij.ory
and the experiment is the lack of actuator dynamics in the derivation of the analytical expres-
sion. The bleed valve is assumed to be ideal with infinite bandwidth and magnitude saturation
in the analysis while actuator limits are present in the experiments. Nevertheless, experiment 5 is
predicted and verified to require the least gain, and experiment 7 the most.

The values of the rate predicted by the two analytical relations, Rl,.o;, and B2, are plotted
against the rates obtained on the experiments in Figure 14. First of all, it should be pointed
out that the experiments show that the rate requirement for peak stabilization is reduced from
approximately 3300 cm?/sec to below 230 cm?/sec (with a magnitude saturation at 11.4 cm?) by
varying the amount of compressor characteristic actuation. Regarding the theoretical tools used for
prediction, one can see from the figure that R1,,..,, predicts the rate requirement more accurately
than R2y.0ry. Furthermore, R1,;.,., seems to be more accurate at more severe rate limit values. The
main difference between the two expressions originates from the different ways an approximation
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Rate: 1-D Formula vs. Experiment
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Figure 14: Comparison of rate predicted by theory and experimental rate required for stabilization
of stall. The bars in the z direction are error bars associated with the uncertainty in computing
the theoretical rate values (through identifying the unstable of W.(¢) using surge cycle data), and
the bars in the y direction the error bars associated with the experimentally obtained values.

to the solution to the one-dimensional center manifold (eq. (3)) of the Moore-Greitzer equations
is made. Despite their quantitative differences, a monotonic trend similar to that observed in the
theoretical gain comparison is again displayed.

The values of gain and rate predicted by simulations are plotted against the experimental
values in Figure 15. The gain and rate estimates of the simulations match with the experimentally
obtained counterpart more closely than the theoretical predictions. However, there are a number
of factors affecting the remaining difference. A possible explanation for this phenomenon is that
the only difference in the 11 simulations are the compressor characteristics and the effective length
parameter in the model /.. The effects of continuous air injection on the system in certain cases
may require modifying more parameters in order to accurate capture the reality. A more careful
identification of the system at each point should present a more reliable simulation.

From the K..,, expression,

B ¢*\I;/c//(¢*) _7*\Iﬂc/(¢*)
By Wy (¢*) By~

it can be seen that K,y..r, depends linearly on W”'(¢) and nonlinearly on W”(¢). A similar conclusion
can be drawn for Rl,..,, and R2,,.,,, with a closer examination of the expressions. The values of
the gains from the theory, simulations, and experiments are plotted against ¥”(¢) and ¥”'(¢) in
Figure 16.

The analogous plots for the rate expressions are shown in Figure 17. It can be seen from both
plots that the gain and rate values obtained from theory, simulations, and experiments share the
same trend on their dependence on W/ (¢) and ¥ ($). Since the values of the derivatives cannot
be obtained without identifying the unstable part of W.(¢), it is thus a natural conclusion that the

I‘theory =
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Gain and Rate comparison
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Figure 15: Comparison of gain and rate predicted by simulations and experimental values required
for stabilization of stall. The bars in the y direction are error bars associated with the experimentally
obtained values.

shape of the unstable part of ¥, contains information for the gain and rate requirements of bleed
valve control of stall.

A final remark is that the reduction of the bleed actuator requirement via air injection is
demonstrated on the Caltech rig for convenience only. Other realizations of compressor charac-
teristic actuation that result in favorable shifting of the characteristic can in principle serve to
reduce the actuator requirement as well. Some possible mechanisms include air injection at the
tip of the rotor, casing treatments [11], complete or partial guide vanes that redirect the air flow,
hub distortion on tip-loaded compressors [17], and mistuning [22]. More information on possible
implementations is described in [23].
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Gains vs. 2nd derivative of Psi, Gains vs. 3rd derivative of Psi,
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Figure 16: Dependence of K,yeory 0n ¥/ (¢) and W' (¢): experiment (Expt), gain from theory (MG3),
and simulation. The error bars in the z direction indicate the error in computing the derivatives
(through identifying the unstable of W.(¢) using surge cycle data); the error bars in the y direction
indicate the error in computing/obtaining the predictions/experimental values.
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Figure 17: Dependence of Ry, expressions on ¥/ (¢) and ¥/ ($): experiment (Expt) and rate
expression n from theory (ID_n). The error bars in the z direction indicate the error in computing
the derivatives (through identifying the unstable of W.(¢) using surge cycle data); the error bars
in the y direction indicate the error in computing/obtaining the predictions/experimental values.
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5 Conclusions and Future Directions

Theoretical and simulation tools have been developed to analyze bleed valve requirements for
control of rotating stall and validated against experiments. Compressor characteristic actuation
via air injection is found to reduce the bleed valve rate requirement for stall control. Both the stable
and unstable side of the compressor characteristic are changed by the addition of air injection and
found to be crucial in analyzing the closed-loop system.

For the Caltech compression system, the compressor characteristic is more “filled out” on the left
of the peak in the presence of air injection, and the peak location, second, and third derivative at the
peak are different than those of the unactuated characteristic. This change of system characteristics
reduces the bandwidth and magnitude requirements of a bleed actuator in performing bleed valve
controls of rotating stall. With a compressor rotor frequency of 100 Hz, active control of stall with a
high speed bleed valve is achieved only when the compressor characteristic is actuated. Furthermore,
the experiments show that the bleed valve rate requirement is reduced from approximately 3300
cm? /sec to below 230 cm? /sec when the amount of compressor characteristic actuation is increased.
This actuation is captured by a change of the shape and a shift in the peak of the compressor
characteristic. Theoretical tools based on a low order model (2-3 states) and simulations based on
a reduced order distributed model (37 states) have been developed to estimate the gain and rate
requirements of the bleed controller. All of the proposed analytical formulas and simulations share
the same qualitative trends with respect to W” W" and the experiment. The agreement implies
that bleed valve control of rotating stall depends crucially on the rate limit of the bleed valve which
in turn depends on both the stable and the unstable part of the compressor characteristic.

The effects of air injection are accounted for via a shift of the compressor characteristic in
this paper, whereas the actual effects are much more sophisticated. A more detailed fluid dynamic
model of the effects of air injection on compressors will provide a more accurate basis for theoretical
analysis as well as simulations.

Aside from rate limit, bandwidth and delay are also parts of actuator dynamics. A comparison
study between the theory, simulation, and experiments on various features of actuator limitations
will not only validate the model and the analysis, but also allow a more complete picture of how
control implementation is affected. The resulting sensitivity analysis can be used as a design guide
line for compressor-bleed pair construction with intent of active control of stall implementations.
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