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Simplified Approach for Control of Rotating Stall
Part 1: Theoretical Development

O. O. Badmus,* S. Chowdhury,t K. M. Eveker,$ C. N. Nett,§ and C. J. Riverat
Georgia Institute of Technology, Atlanta, Georgia 30332

In this article the theoretical foundations of a simplified approach for control of rotating stall are presented.
This approach requires two-dimensional sensing, but only a single one-dimensional axisymmetric effector with
relatively low bandwidth requirements. The reduced actuation requirements of this approach are a consequence
of the fact that in this approach one does not require or act upon rotating stall phase information. This is due
to the fact that one does not seek to extend the theoretical stable axisymmetric flow range of the compressor.
Rather, one seeks to directly address persistent disturbances that would otherwise throttle the equilibrium into
the unstable axisymmetric flow range of the compressor. In addition, one seeks to enlarge the domains of
attraction of linearly stable axisymmetric equilibria, thereby addressing impulsive disturbances that would
otherwise perturb the system state beyond the domain of attraction of the stable axisymmetric equilibrium.
Experimental validation of this approach on a single-stage low-speed axial compressor rig is discussed in Part
2 of this article.

I. Introduction

T HE compressor aerodynamic instabilities of rotating stall
and surge correspond to relatively high-frequency and

high-amplitude flow oscillations.1"4 Rotating stall is an in-
herently two-dimensional localized compression system os-
cillation that involves a circumferentially rotating partial an-
nular flow blockage. Surge is an essentially one-dimensional
global compression system oscillation that involves axial flow
oscillations and in some cases even axial flow reversals. At
the very least, these oscillations result in a dramatic loss of
compression system performance and operating efficiency.
However, in some instances these oscillations can result in
catastrophic system failure. For these reasons, rotating stall
and surge must be avoided at all costs in compressor opera-
tion.

Compressor stall margin is used to accommodate compres-
sion system uncertainties and disturbances that would other-
wise cause the system to enter an unstable operating regime
resulting in rotating stall or surge. These uncertainties include
modeling errors, in-service deterioration and manufacturing
quality variations, to name a few. The uncertainties can be
characterized as either unmodeled dynamics, parameter ig-
norance, or slowly time-varying parameters. Compression
system disturbances include transients, inlet distortion, cus-
tomer bleed, and internal noise (such as combustion noise),
etc. These disturbances can be characterized as either im-
pulsive disturbances or persistent disturbances. Impulsive dis-
turbances perturb the system state momentarily from the cur-
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rent equilibrium without throttling the system equilibrium.
Persistent disturbances throttle the system equilibrium, thereby
creating a new system equilibrium (or set of equilibria). To
accommodate these uncertainties/disturbances the stall mar-
gin restricts demanded compressor operation to a region of
stable axisymmetric compressor operation, at a "safe" margin
from the stall line,5 which represents the boundary between
the regions of locally stable and unstable axisymmetric com-
pressor operation. The use of a stall margin to ensure safe
compressor operation introduces a loss in performance and
design opportunity. Reduction or elimination of the com-
pressor stall margin through the use of an active stall control-
ler6'22 is the major goal of a more modern approach for ad-
dressing compressor stall phenomena.

The previous discussion on active stall control may give the
reader the impression that the most likely use of an active
stall controller would be to reduce the operational stall margin
for an existing compressor design. While this may be a de-
sirable goal for some compressor designs, in most cases this
would be detrimental relative to the efficiency of the com-
pressor. This can be readily seen by examining the existing
compressor design process. In conventional compressor de-
sign, a design point pressure ratio (based on cycle require-
ments) and mass flow rate (based on thrust requirements) are
specified. A stall margin requirement is also specified. The
compressor is then designed to maximize the design point
efficiency subject to the stall margin specification. Remaining
design freedom is used to address secondary design consid-
erations such as off design performance, weight, cost, etc.
Now, if the operational stall margin is reduced through the
use of active control, the efficiency of the compressor may,
in fact, be reduced. For this reason, we would rather think
in terms of using active stall control as part of a control-
configured compressor design process, wherein the design
process would proceed as follows: 1) specify a design point
(pressure ratio and mass flow rate), 2) specify a reduced stall
margin requirement, 3) maximize design point efficiency sub-
ject to reduced stall margin requirement, 4) use remaining
design freedom to address secondary design considerations,
and 5) design an active compressor control system to permit
safe compressor operation.

This article is concerned with the subject of active stall
control. However, in order to keep the scope of this article
reasonable, active control of surge is not addressed, and rather
only control of rotating stall is addressed. In addition, con-
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sistent with previous work on rotating stall control, we will
not address directly the effects of compression system uncer-
tainties in our discussion here on active control of rotating
stall. While this is an important consideration, we feel it most
important to first address the issues of compression system
disturbances. Once these issues are resolved, the issues of
compression system uncertainties can be resolved through the
robustification of active stall controllers by the application of
well-established robust control design methodologies.23 The
approach to rotating stall control developed in this article is
distinguished from previous approaches from both a concep-
tual standpoint and from a hardware standpoint. The key
conceptual distinction is that in this approach, compression
system disturbances are directly addressed. Both persistent
and impulsive disturbances that act on the system are directly
addressed in this approach, as opposed to the passive manner
in which they are addressed in previous approaches. From a
hardware standpoint, the key distinction is that in this ap-
proach, only a single one-dimensional axisymmetric effector
(which acts on annulus averaged flow properties), is required,
as opposed to the two-dimensional nonaxisymmetric actuation
(that act on circumferentially resolved flow properties) re-
quired in previous approaches. To explain the validity and
justification of these two features of the control approach
presented in this article, it is necessary to use terminologies
and concepts from nonlinear stability theory such as domains
of attraction, etc.24 It is also necessary to be familiar with the
disturbance rejection capability of feedback, in addition to its
stability augmentation capability.25

Previous approaches to rotating stall control7-6-13-15"17 are
based entirely on the notion of linear feedback stabilization,
wherein the goal is to locally stabilize unstable axisymmetric
equilibrium points, thereby extending the theoretical stable
axisymmetric flow range of the compressor. The motivation
for this approach is that if a persistent disturbance throttles
the equilibrium, the new axisymmetric equilibrium will be
stable as long as the equilibrium is not throttled beyond the
stabilized flow range. This approach clearly accounts for per-
sistent disturbances. However, it does not fully account for
impulsive disturbances because the linear perspective does
not address how large a perturbation from a stable equilibrium
the system can tolerate and still return to the equilibrium.
Thus, there is a need at a given stabilized equilibrium point
to assess from a nonlinear perspective how stable the equi-
librium point is. This involves determining the domain of
attraction of the equilibrium point. Now, if sufficiently large
domains of attraction are achieved about the linearly stabi-
lized equilibrium points (e.g., if the points are made global
attractors), then this type of controller would be expected to
address adequately compression system disturbances in prac-
tice (provided the controller is robust enough to accommodate
compression system uncertainties). In any case, there is a cost
in complexity associated with this control approach with re-
spect to the number of required actuators and sensors and
the corresponding bandwidth requirements. Indeed, the lin-
earized dynamics about the unstable axisymmetric equilib-
rium points are linearly uncontrollable and unobservable from
axisymmetric one-dimensional actuation and annulus-aver-
aged sensing, respectively. Thus, nonaxisymmetric two-di-
mensional actuation and two-dimensional sensing are re-
quired for linear feedback stabilization. This in turn implies
that multiple actuators and sensors are required for linear
feedback stabilization of an unstable axisymmetric equilib-
rium point. Furthermore, since linear stabilization involves
tracking the rotating disturbance to damp it out, two impor-
tant sensing and actuation issues arise. First, a relatively large
number of sensors and actuators are required in order to
satisfy the sampling theorem26 applied spatially relative to the
relevant harmonics of the rotating disturbance, so that they
can be detected and actuated. Second, the actuator bandwidth
requirements are relatively high, since they are dictated by
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Fig. 1 Uncontrolled system bifurcation diagram.

the speed and harmonic content of the rotating disturbance.
Moreover, the further the stable axisymmetric flow range is
extended, the larger the number of required sensors and ac-
tuators and the higher the corresponding bandwidth require-
ments. This is because higher-order harmonics of rotating stall
must be stabilized in order to achieve further extension of the
stable axisymmetric flow range.27 For this reason, it seems
worthwhile to seek out an approach for eliminating, or at
least reducing, the required extension of the stable axisym-
metric flow range.

The simplified approach to control of rotating stall pre-
sented in this article is complementary to previous approaches
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Fig. 2 Uncontrolled system response to nonequilibrium initial con-
dition on A at stall inception point.

Fig. 3 Uncontrolled system response to small nonequilibrium initial
condition on A in hysteresis region.

in that it focuses on reducing, and possibly even eliminating,
the required extension of the stable flow range. This is ac-
complished by directly addressing persistent disturbances.
Nonlinear feedback disturbance rejection is used to attenuate
the effects of persistent disturbances by reducing the amount
that these disturbances throttle the equilibrium point. Thus,
a reduction in the required amount of stable axisymmetric
flow range extension is achieved. Since the controller does
not seek to extend the theoretical stable axisymmetric flow
range of the compressor, two-dimensional sensing along with

only a single one-dimensional axisymmetric effector are re-
quired. Also, the actuator bandwidth requirements are rel-
atively low, since the controller does not require or act upon
rotating stall phase information. Impulsive disturbances are
also directly addressed in this approach. Nonlinear feedback
stability augmentation is used to enlarge domains of attraction
about linearly stable axisymmetric equilibria of the uncon-
trolled compressor. This has the effect of eliminating 1) the
abrupt jump in steady-state rotating stall amplitude when the
system enters rotating stall and 2) hysteresis with respect to
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Fig. 4 Uncontrolled system response to large nonequilibrium initial
condition on A in hysteresis region.

the onset and cessation of rotating stall. Moreover, by en-
larging the domains of attraction of locally stable axisym-
metric equilibrium points and making them globally stable,
the possibility for impulsive disturbances to perturb the system
state beyond the domains of attraction of these points is elim-
inated, subject to availability of required control authority,
and extension of the effective stable axisymmetric flow range
is possible. Experimental validation of this approach on a
single-stage low-speed axial compressor rig is discussed in the
companion article.28 In addition, a video demonstration of
this approach can be found in Refs. 21 and 22.

An outline of this article is given as follows: First, rotating
stall is discussed from a global nonlinear perspective to mo-
tivate the control approach presented in this article. Second,
the simplified approach for rotating stall control presented in
this article is contrasted with previous approaches for control
of rotating stall.

Throughout this article, key concepts are discussed and key
points are made via reference to what we believe to be generic
compression system bifurcation diagrams. The specific bifur-
cation diagrams shown in this article are generated using the
first-term Galerkin approximation of the Moore-Greitzer
model,29 which is reviewed in the Appendix. The first-term
Galerkin approximation of the Moore-Greitzer model is con-
sidered since 1) it involves only three states, thereby allowing
the discussion of the phenomena to be kept simple and 2) it
provides the correct qualitative description of the phenomena'
of rotating stall from a nonlinear perspective. Indeed, we
believe that the bifurcation diagrams generated with this model
are generic and that they are representative of many axial
compression systems. In addition, these bifurcation diagrams
are not rooted in the model used to generate them, and other
models such as a parallel compressor model could also be
used to generate them. The maps and parameters used in the
model to generate these .bifurcation diagrams correspond to
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Fig. 5 Uncontrolled system trajectories (throttle position P).
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Fig. 6 Uncontrolled system trajectories (throttle position N).

those for an experimental rig discussed in Ref. 30. A model
for the specific experimental rig discussed in the companion
article28 was not used in this article, because from a quanti-
tative standpoint an accurate model of this rig has not yet
been obtained. This is partially due to certain behaviors that
occur in this rig that have not yet been modeled in a quan-
titatively accurate manner. These behaviors are discussed fur-
ther in Part 2 and include the existence, when rotating stall
is not present, of two first-mode rotating stall precursors ro-
tating at different speeds in the compressor. One final point
that must be made about the model used to illustrate key
concept and points in this article involves including the effects
of persistent disturbances in this model. The effects of all
persistent disturbances could not be included in the model.
Thus, a generic persistent disturbance mechanism, consisting
of a disturbance throttle valve, is included in this model, which
will be used to demonstrate the effects of persistent distur-
bances on the system. The effect of generic persistent distur-
bances on the system can be determined by mapping the effect
of the generic persistent disturbance into an equivalent var-
iation in this disturbance throttle valve. To allow persistent
disturbances that throttle the system towards rotating stall to
be introduced by closing this disturbance throttle valve, it is
partially open for stable axisymmetric operation of the com-
pressor in the uncontrolled system. This defines a nominal
position of the disturbance throttle valve relative to the view
of stable axisymmetric operation of the compressor. Hence,
persistent disturbances are introduced to the system by open-
ing or closing this throttle valve from the nominal position.

II. Nonlinear Perspective of Rotating Stall
In this section, the nqnlinear perspective of rotating stall is

presented using a numerical bifurcation technique.31'33 This
technique enhances a global picture of the influence of system
parameters on the performance of the system. The perfor-
mance of axial flow compressors as the system is throttled by
persistent disturbances can be explained using Fig. 1. This
figure gives static bifurcation diagrams (loci of equilibria) for
a compressor. These diagrams represent equilibrium values
of the system as a function of the disturbance throttle position.
The following plots are included: 1) the amplitude A of the
circumferential perturbation in axial flow coefficient as a func-
tion of the disturbance throttle position KD, 2) the annulus-
averaged compressor flow <i> as a function of KD, 3) the an-
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Fig. 7 Uncontrolled system—domain of attraction (throttle position N).
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nulus-averaged compressor pressure rise ^ as a function of
KD, and 4) the compressor performance characteristic of ̂
vs <l> obtained from 2 and 3 by eliminating KD. In these plots,
solid lines indicate linearly stable equilibrium points and dashed
lines indicate unstable equilibrium points. The main throttle
position is set to Kc = 0.2 in this figure and all remaining
figures corresponding to the uncontrolled system. As can be
seen, for high values of the disturbance throttle position, there
is a single stable equilibrium point for which A = 0. Equi-
librium points for which ^4 = 0 are called axisymmetric equi-
librium points. As KD is reduced (the system is throttled up
by a disturbance), a region is entered in which the axisym-
metric equilibrium is no longer the only stable equilibrium.
This can be seen best in the plot of A. In this region [KD E
(0.316, 0.461)], there is a stable axisymmetric equilibrium
A = 0 and a stable nonaxisymmetric equilibrium with very
large amplitude A + 0. This latter equilibrium corresponds
to rotating stall. The region of disturbance throttle positions
in which multiple equilibria exist represents the hysteresis
region of the compressor. In this region, the axisymmetric
and nonaxisymmetric equilibria are not globally stable (i.e.,
they have finite domains of attraction). As KD is reduced
further, the axisymmetric equilibrium becomes unstable, and
the nonaxisymmetric equilibrium corresponding to rotating
stall is the only stable equilibrium. The point at which the
stability of the axisymmetric equilibrium changes is called the
theoretical (or hypothetical) stall inception point, and it is a
static bifurcation point.34 The abrupt change in the steady-
state amplitude of the rotating stall at the stall inception point
creates an abrupt change in the steady-state operating point
on the compressor performance characteristic. (Note that the
abrupt change discussed here refers to the change in steady-
state rotating stall amplitude with a change in the disturbance
throttle position. It does not describe the dynamics associated
with the transition to rotating stall, as only steady-state in-
formation is depicted in these diagrams.)

As pointed out in Sec. I, stability of an equilibrium point
deals with how a system responds when the system state is
perturbed from that equilibrium point by an impulsive dis-
turbance. The effect of impulsive disturbances on compres-
sion system operation is now discussed. In Fig. 2, the nominal
disturbance throttle is set to correspond to operation at the
stall inception point, which is an unstable equilibrium point.
The unstable equilibrium point is indicated by the open circle

in the phase-plane plot, and the stable equilibrium point is
indicated by the filled circle. A perturbation on the amplitude
A is introduced to account for internal system noise normally
present in the compression system. The transient shows that
the system moves away from the stall inception point and
towards the stable nonaxisymmetric equilibrium point cor-
responding to rotating stall. In Fig. 3, the nominal disturbance
throttle position is set at a value slightly higher than that
corresponding to the hypothetical stall inception point, within
the hysteresis region. A small amplitude perturbation on A
is introduced to the system. This perturbation is small enough
that the system returns to the stable axisymmetric equilibrium
point (A = 0). However, if a large amplitude perturbation
on A is introduced to the system, it will enter rotating stall,
as shown in Fig. 4. The behavior shown in these figures il-
lustrates the fact that the axisymmetric and nonaxisymmetric
equilibrium points in the hysteresis region have finite domains
of attraction. Thus, if the system state is perturbed far enough
away from the equilibrium point (outside of the domain of
attraction), it will not return to the equilibrium point, even
though the point is linearly stable.

The hysteresis loop of the compressor can be explained
further using Fig. 1; once again, the plot of amplitude vs
disturbance throttle position is particularly useful. In this dis-
cussion, the compressor is assumed to be free of impulsive
disturbances, except for those that are arbitrarily small. These
arbitrarily small impulsive disturbances can cause the system
to move away from an unstable equilibrium point, but they
cannot perturb the system state beyond the domain of at-
traction of a linearly stable equilibrium point. Once the be-
havior of the system is understood for this case, the effects
of finite impulsive disturbances (not necessarily arbitrarily
small) on this behavior can be determined. The system starts
with KD set to a very high value where there can only be
stable axisymmetric operation. The disturbance throttle po-
sition is then reduced and the system remains in stable axi-
symmetric operation until the stall inception point is reached.
Once the stall inception point is reached, the system enters
a large amplitude rotating stall, due to the presence of an
arbitrarily small impulsive disturbance. If KD is now in-
creased, the system remains in rotating stall until a value of
KD is reached at which there is only a single stable axisym-
metric equilibrium point. At this point the system returns to
stable axisymmetric operation. However, the value of KD at
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which this happens is much higher than the value at which
the rotating stall first appeared, demonstrating the hysteresis
associated with the onset and cessation of rotating stall. In
other words, when the disturbance throttle position is set in
this hysteresis region, the stable equilibrium state of the sys-
tem can be either rotating stall or axisymmetric operation,
depending on the past history of the system.

In a real compression system where finite impulsive dis-
turbances are present, the effect of these impulsive distur-
bances on the point of stall inception can be quite significant.
If a linearly stable axisymmetric equilibrium point has a very
small domain of attraction, as is the case near the theoretical
stall inception point, internal system noise can perturb the
system state beyond the domain of attraction of the equilib-
rium point and cause the system to enter rotating stall. From
a practical point of view, such equilibrium points are effec-
tively unstable in the face of noise. For this reason, real
compression systems typically enter rotating stall before the
disturbance throttle position is reduced to the value corre-
sponding to the hypothetical stall inception point. Further-
more, if a control approach enlarges the domains of attraction
of such equilibrium points, it is possible that the effective
stable flow range of the compressor could be increased, with-
out the theoretical stable flow range being increased. Both of
these points are demonstrated in Part 2 of this article.28

The concept of domains of attraction of an equilibrium
point can be further illustrated using Figs. 5 and 6, which
show transients plotted in the flow-pressure phase plane for
various initial conditions at two different disturbance throttle
positions. The filled circles denote stable equilibrium points
of the system, open circles denote unstable equilibrium points
of the system, and the Xs denote initial conditions that would
be established by various impulsive disturbances. When the
nominal disturbance throttle position is set to correspond to
operation at the hypothetical stall inception point (point P),
Fig. 5 suggests that, unless the initial A is zero, the system
would settle into rotating stall from any point in the phase
space. In a real compression system, internal noise forces A
to be nonzero; hence, the plots for which the initial A is not
zero show what is most likely to occur in the real system at
this throttle setting. Hence, in the presence of noise, an initial
condition at any point in the phase space will result in the
system moving to the nonaxisymmetric equilibrium for this
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Fig. 10 Controlled system bifurcation diagram.

throttle position. Figure 6 demonstrates clearly the fact that
equilibrium points within the hysteresis region possess finite
domains of attraction. In this case, the nominal disturbance
throttle position is set to a value slightly higher than that
corresponding to the hypothetical stall inception point (point
N). At this nominal disturbance throttle setting Fig. 6 suggests
that, unless the initial A equals zero, the system can go to
either the axisymmetric equilibrium or the nonaxisymmetric
equilibrium. When the initial A equals 0, all trajectories go
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to the axisymmetric equilibrium point. However, this behav-
ior would not be present in the real compression system due
to internal noise. In the presence of noise, the system may
or may not enter rotating starl, depending on the level of
noise. Both linearly stable equilibrium points in Fig. 6 have
finite domains of attraction. Since the rotating-stall equilib-
rium has a finite domain of attraction in the hysteresis region,
it is possible to get out of rotating stall without changing the
disturbance throttle position. This requires that an impulsive
disturbance be introduced to the system that perturbs the
system outside the domain of attraction of this equilibrium
point. This suggests a possible basis for a low control authority
stall recovery scheme. Though not investigated here, the au-
thors plan to investigate such a strategy in future work.

The effectiveness of a controller in stabilizing an equilib-
rium point can be evaluated from the increase in domains of
attraction of the controlled equilibrium point, as compared
to the uncontrolled equilibrium point. The principal ap-
proaches to estimating the domains of attraction can be broadly
categorized as either a Lyapunov-based approach or a direct
computation approach. The Lyapunov-based methods rely on
maximizing a scalar energy function over a region in phase
space for which its gradient with respect to time is negative
definite.35 In higher dimensional systems, these estimates are
often quite conservative. The direct computation approach,
though more computationally intensive, yields exact bound-
aries of domains of attraction of each equilibrium point.

In this article, a direct computation approach was utilized24-36

to evaluate the boundaries of the domains of attraction of the
axisymmetric equilibrium points in Figs. 5 and 6. This ap-
proach involves forward-time integration of the system tra-
jectories from selected initial conditions. We start by focusing
on a finite, but sufficiently large, region of the phase space,
which is defined by a box that encloses the axisymmetric
equilibrium point. Next, a uniform grid of points is set up in
this region of the phase space, and using each grid node point
as the initial condition, the model equations are integrated
up to time t* » 0, which is sufficiently large to be considered
t = *>. The proximity of the trajectory at this time to the
axisymmetric equilibrium point is then determined. The
boundaries of the set of initial conditions in the phase space
that converge to the equilibrium point of interest are traced
out as contour lines, one line for each value of initial A. In
Fig. 7, these contour lines are shown in the two-dimensional

phase-plane plot for the system with nominal disturbance
throttle position set to correspond to operation in the hys-
teresis region (point N). The uniform computational grid is
shown on the background as dots. The directional arrows
indicate what side of the boundaries contains points that are
interior to the domain of attraction of the axisymmetric equi-
librium point. The A = 0 contour line is not shown because
for this case all trajectories converge to the axisymmetric
equilibrium point. Figure 7 indicates that for sufficiently small
initial values of A there is a neighborhood about the axisym-
metric equilibrium point in the phase plane for which all points
of the neighborhood are in the domain of attraction. Thus,
the axisymmetric equilibrium point is locally stable. Figure 8
shows the contour lines in the two-dimensional phase-plane
plot for the system with the disturbance throttle position set
to correspond to operation at the hypothetical stall inception
point (point P). It is seen here that in the limit as amplitude
tends to zero, the contour lines asymptotically approach the
stall inception point in the phase plane. This suggests that the
stall inception point is locally unstable, consistent with the
behavior shown in Fig. 5. (This fact can be proven by applying
the center manifold theorem24 to the model used to generate
these simulations.)

In Fig. 9, the effect of persistent disturbances on the un-
controlled system is illustrated. The system starts in stable
axisymmetric operation with the nominal KD set to a value
corresponding to operation within the hysteresis region. An
initial value of A — 1 x 10 ~4 is utilized to introduce an
arbitrarily small impulsive disturbance to the system. A step
change is made in the disturbance throttle position to create
a persistent disturbance in the system. The persistent distur-
bance throttles the system equilibrium into the unstable ax-
isymmetric flow range of the compressor. Since the new ax-
isymmetric equilibrium point is unstable, the system cannot
remain in axisymmetric operation in the face of arbitrarily
small impulsive disturbances, and the system enters rotating
stall. Thus, persistent disturbances that throttle the system
equilibrium into the unstable axisymmetric flow range of the
compressor in the face of arbitrarily small impulsive distur-
bances will cause the system to enter rotating stall.

III. Active Control
When implementing active stall control, it is important to

distinguish between 1) setting/maintaining a desired equilib-
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Fig. 12 Controlled system amplitude bifurcation diagrams for dif-
ferent controller gains.

Fig. 13 Disturbance rejection in controlled system for different con-
troller gains.

rium point in the face of persistent disturbances and 2) achiev-
ing a sufficient domain of attraction of a desired equilibrium
in the face of impulsive disturbances. These represent the
control requirements of 1) disturbance rejection and 2) sta-
bility augmentation, respectively. As discussed in Sec. I, the
simplified approach to control of rotating stall utilizes this
viewpoint to achieve control of rotating stall.

In Fig. 1, it is easy to see that if the domains of attraction
of the stable axisymmetric equilibrium points in the hysteresis

region are made infinite, the stable nonaxisymmetric equilib-
rium branch could only be present for values of disturbance
throttle position less than that corresponding to the stall in-
ception point. In this case, the static bifurcation diagrams of
such a controlled system would be of a form similar to that
shown in Fig. 10. In this figure, the stable axisymmetric equi-
librium is the only possible equilibrium in the controlled sys-
tem for all values of KD greater than that corresponding to
the stall inception point. For values of nominal throttle less
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than that corresponding to the stall inception point, the axi-
symmetric equilibrium is still unstable. The abrupt jump in
steady-state rotating stall amplitude when the system enters
rotating stall has been eliminated. Additionally, hysteresis
with respect to the onset and cessation of rotating stall has
been eliminated. Thus, no abrupt change occurs in the steady-
state compressor operating point when the controlled system
does enter rotating stall. When rotating stall does initially
occur in the controlled system, the system operates in a small
amplitude rotating stall that results in only a small change in
the steady-state compressor operating point. Moreover, since
the locally stable axisymmetric equilibrium points are now
globally stable, the possibility for internal noise to perturb
the system state beyond the domains of attraction of these
points is eliminated, and extension of the effective stable flow
range is achieved. The disturbance rejection achieved by such
a controller is clearly evident by comparing the values of A
for the same KD in both the controlled and uncontrolled sys-
tem. In Fig. 11, a plot of an attenuation factor Acontrolied/
^uncontrolled as a function of KD is given. For purposes of this
plot, the ratio of 0/0 when it occurs is set equal to 0. This plot
indicates that the rotating stall amplitude is either significantly
reduced (for KD values less than that corresponding to the

stall inception point) or completely eliminated (for KD values
corresponding to the hysteresis region of the uncontrolled
system) by such a controller.

As mentioned earlier, it is expected that this control ap-
proach will involve significantly reduced controller complexity
in terms of actuation requirements. In fact, results have been
obtained that indicate that this approach can be implemented
with two-dimensional sensing and only a single one-dimen-
sional axisymmetric effector. In Ref. 19, one possible control
strategy was given that could be used as part of the simplified
approach for control of rotating stall. This strategy involves
feeding back the square of the amplitude A to the main throt-
tle according to the control law Kc = KCnom + kA2. This
control strategy was demonstrated using the first-term Gal-
erkin approximation of the Moore-Greitzer model. It was
shown19 that the uncontrolled bifurcation diagram of this model
could be modified to the form shown in Fig. 10 using this
control strategy (in fact, this controller structure with k =
5.0 and ^Cnom = 0.2 was used to generate Fig. 10). In Fig.
12, the effect of the controller gain k on the bifurcation dia-
gram for A vs KD is shown. As the gain is increased, the
magnitude of the steady-state rotating stall amplitude for a
given value of KD is reduced. Thus, the level of disturbance
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Fig. 14 Controlled system trajectories (throttle position N}. Fig. 15 Controlled system trajectories (throttle position P).
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rejection achieved by the controller is increased as the gain
is increased. This can be illustrated by plotting the attenuation
factor as a function of KD for different values of gain, as shown
in Fig. 13. As can be seen, the attenuation factor goes down
as the gain is increased. The magnitude of the perturbation
in steady-state compressor operating point (flow and pressure
rise) is also further attenuated as the gain is increased. One
potential drawback of this particular control strategy, as im-
plemented in Ref. 33, lies in the requirement of flow mea-
surement, which is inherently noisy due to the intrusive nature
of flow sensors,37 to obtain A. However, in Part 2 of this
article,28 it is shown that this type of controller can be imple-
mented using six static pressure sensors that are significantly
less noisy.

The concept of increased accommodation of impulsive dis-
turbances by enlarging domains of attraction in the controlled
system are fully demonstrated by the trajectories shown in
the phase-plane plots given in Figs. 14 and 15 for nominal KD
values corresponding to operation at points N and P, respec-
tively. The controller gain k is set to 5.0 and KCnom = 0.2 in
these figures and all remaining figures pertaining to this con-
troller. The same initial conditions (established by impulsive
disturbances) as those in Figs. 6 and 5 are used in Figs. 14
and 15, respectively. Figure 14 illustrates the fact that in the
controlled system at this nominal disturbance throttle setting
(point TV), the axisymmetric equilibrium is now a global at-
tractor. This point will be approached asymptotically in time
for any initial condition, including those far from the steady-
state locus (i.e., large perturbations in amplitude, flow, or
pressure). Figure 15 illustrates that the theoretical stall in-
ception point can be made a global attractor with this con-
troller using a one-dimensional axisymmetric effector. This is
not inconsistent with the linear analysis since there is an ei-
genvalue on the JCD axis for this point and the local dynamics
about this point cannot be determined from the linear anal-
ysis.19 Thus, linear stabilization of the stall inception point
with one-dimensional axisymmetric actuation is not pre-
cluded, as is the case for all other axisymmetric equilibria
based on the linear analysis.

Since this controller does not require or act upon rotating
stall phase information, the bandwidth requirements of this
controller are relatively low. To demonstrate that this control
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Fig. 17 Controlled system response to nonequilibrium initial condi-
tion on A at stall inception point with actuator lag and constraint.

strategy can be effected in the face of bandwidth constraints,
a first-order lag was implemented on the actuator of the form

Kc = - Kc)

where KCdem = KCnom + kA2. In addition, a constraint was
placed on Kcdem to demonstrate that this controller does not
require excessive control action to be effective. The constraint
was placed on the demanded value of throttle position, as this
is what would be implemented in a physical system so that
the actuator would not be asked to exceed its physical limi-
tations by the controller. The cutoff frequency of this actuator
lag is approximately the rotational frequency of the com-
pressor. This should not be taken as a concrete indication of
the required actuator bandwidth for success of this type of
controller. In fact, in the companion article,28 it will be shown
that with actuator bandwidths, much less than the rotational
frequency of the compressor, success of this type of controller
can be achieved. With an actuator that has 70-Hz bandwidth
and a compressor with a rotational frequency of 180 Hz, sim-
ilar success is achieved with this type of controller. The max-
imum Kcdcm is set to a value that is small enough so that the
controller cannot simply throttle the system beyond the steady-
state hysteresis region of the uncontrolled system to eliminate
rotating stall. In Fig. 16, the same scenario as that in Fig. 4
is shown for the controlled system with the actuator lag and
constraint included in the controller. Recall that in this sce-
nario the compressor is operating in the hysteresis region of
the uncontrolled system (point TV) and the initial condition
on amplitude A is large enough that the system enters rotating
stall when uncontrolled. As can be seen in Fig. 16, even with
the constraint and the actuator lag, the controlled system
returns to axisymmetric operation. In addition to previously
shown plots, Fig. 16 shows a plot for the control effort that
is computed as

where <l>r and &Tnom are the actual and nominal overall throt-
tle flows, respectively. As is indicated by this plot, the control
action shows a maximum change of 25% in nominal throttle
flow in this scenario. In Fig. 17, the nominal throttle position
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Fig. 19 Controlled system—effect of actuator lag and constraint (throttle position P).

is set to a value that corresponds to operation at the stall
inception point (point P), and the same actuator lag and con-
straint are again included in the controller. The system returns
to axisymmetric operation from an initial condition on A,
which is the same as that in Fig. 2 for which the uncontrolled
system entered rotating stall. As is indicated in this figure,
the control action shows a maximum change of 15% in nom-
inal throttle flow.

Figures 18 and 19, respectively, show the effect of the ac-
tuator lag and constraint on the domains of attraction of the
axisymmetric equilibria in the controlled system at the nom-
inal operating points N and P. In these plots, dash-dot lines
for different values of initial amplitude A are shown. Each of
these lines divides the plane of the actuator lag and constraint
into one region for which the value of initial A is in the domain
of attraction of the equilibrium point and one for which it is
not. The arrows point to the region for which the value of A
is in the domain of attraction. Initial values of ty and <& are
set to those for the axisymmetric equilibrium. In Fig. 18, for
the lowest values of initial A considered, all trajectories return

to the axisymmetric equilibrium point for the values of ac-
tuator lag and constraint considered. Several conclusions can
be made using Figs. 18 and 19, along with the trajectory plots
given in Figs. 14 and 15 for which no actuator lag or constraint
are included in the controller. First, with no actuator lag or
constraint, the domain of attraction of both axisymmetric
equilibrium points appears to be infinite. Second, if the con-
straint is high enough such that the controller can throttle the
system beyond the steady-state hysteresis region of the un-
controlled system, all values of initial A will result in the
system returning to the axisymmetric equilibrium regardless
of the actuator lag. Third, if the constraint is low enough that
the controller cannot throttle the system beyond the steady-
state hysteresis region of the uncontrolled system, there is a
maximum value of initial A, which can be tolerated with the
system still returning to the axisymmetric equilibrium. For
this case, as the lag is increased, the maximum value of initial
A that can be tolerated is decreased. This allows the possibility
of the system to enter rotating stall without the controller
having enough actuator travel to return the system to the
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axisymmetric equilibrium. However, even with actuator lags
and constraints, the controlled system can tolerate a much
higher level of impulsive disturbances in A than in the un-
controlled system, while still returning to axisymmetric op-
eration. In fact, the level of impulsive disturbances in A that
can be tolerated in many cases is on the same order as that
for a fully developed rotating stall. Thus, attenuation of the
effects of such disturbances has been achieved with this con-
troller, even when actuator lags and constraints are included
in the controller.

In Fig. 20, the effect of introducing a persistent disturbance
to the controlled system is illustrated. The same persistent
disturbance that was introduced to the uncontrolled system
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Fig. 20 Controlled system response to persistent disturbance with
actuator lag and constraint.

in Fig. 9 is introduced to the controlled system. Recall that
this persistent disturbance caused the uncontrolled system to
enter a large-amplitude rotating stall, in the face of an arbi-
trarily small impulsive disturbance. The same arbitrarily small
impulsive disturbance is also utilized here. The same actuator
lag and constraint as in the scenario of Fig. 16 are utilized.
As can be seen in Fig. 20, the controller attenuates the effect
of this persistent disturbance, and the system enters a very
low amplitude rotating stall. Also indicated by this figure is
that the control action is not excessive in this scenario, despite
the imposed constraint.

The notion of using feedback disturbance rejection to at-
tenuate the effects of disturbances that result in compressor
stall phenomena was discussed previously.12 Also, the notion
of feedback of rotating stall amplitude to the throttle has been
discussed.31-3338 There, however, the control strategy was for
rotating stall avoidance and not control as described here.
This can be seen in Fig. 8 of Ref. 38 in which the nominal
operating point has been moved by the controller to a point
in the stable region of compressor operation.

It is suspected that the experimentally implemented rotat-
ing stall controller presented in Ref. 13 also achieves some
of the objectives of the simplified approach for control of
rotating stall presented here. With this controller, rotating
stall control was achieved with one-dimensional axisymmetric
actuation in the form of air jets blowing synchronously through
an array of equally spaced slots around the circumference of
the compressor. This actuator was controlled in accordance
with a measurement of the flow asymmetry. It was shown
that limited extension (6%) of the stable flow range could be
obtained with this type of control. This could perhaps be
attributed to an extension of the effective stable flow range
that was obtained by enlarging the domains of attraction of
linearly stable equilibrium points. However, the experimental
results presented in Ref. 13 do not allow a definite conclusion
to be made in this regard, and further experimental investi-
gation of this controller would be required to bear out this
conjecture.

In Part 2 (Ref. 28) of this article a control scheme based
on the approach of this article is implemented in a single-
stage, low-speed axial compressor rig to demonstrate exper-
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Fig. 21 Rotating stall controller diagram.
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imentally the merits of this simplified approach for control of
rotating stall. A diagram of the controller implemented in
experiment is given in Fig. 21. In this controller, six static
pressure sensors at the inlet of the compressor are used after
appropriate filtering to compute the magnitude of the first
discrete Fourier transform (DFT) coefficient of the traveling
wave present in rotating stall. The square of this magnitude
multiplied by a gain is fed back to the throttle. The success
of this control scheme is demonstrated experimentally in Part
2 of this article (Ref. 28). In addition, qualitative agreement
is shown between the nonlinear behaviors discussed in this
article and those observed in experiment for both the uncon-
trolled and controlled systems.

IV. Conclusions
In this article, the theoretical foundations of a simplified

approach for control of rotating stall were developed. This
approach requires two-dimensional sensing, but only a single
one-dimensional axisymmetric effector with relatively low
bandwidth requirements. The reduced actuation require-
ments of this approach were a consequence of the fact that
in this approach one does not require or act upon rotating
stall phase information. This is due to the fact that one does
not seek to extend the theoretical stable axisymmetric flow
range of the compressor. Rather, the controller directly ad-
dresses persistent disturbances that would otherwise throttle
the equilibrium into the unstable axisymmetric flow range of
the compressor. In addition, one seeks to enlarge the domains
of attraction of linearly stable axisymmetric equilibria, thereby
addressing impulsive disturbances that would otherwise per-
turb the system state beyond the domain of attraction of the
stable axisymmetric equilibrium. By using this approach, one
eliminates 1) the abrupt jump in steady-state rotating stall
amplitude when the system enters rotating stall and 2) hys-
teresis with respect to the onset and cessation of rotating stall.
Thus, no abrupt change occurs in the steady-state compressor
operating point when the controlled system does enter rotat-
ing stall. Experimental validation of this approach on a single-
stage low-speed axial compressor rig is discussed in Part 2 of
this article.

Extensions for the concepts presented in this article that
should be considered include further investigation to address
more directly: 1) transients, 2) inlet distortion, and 3) compres-
sion system uncertainties. The command following capability
of feedback can be utilized to attenuate the effect of tran-
sients, thereby reducing operating line excursions during ac-
celeration and deceleration transients. The concept of feed-
forward disturbance rejection can be used to attenuate the
effects of inlet distortion, since this disturbance is measurable,
and information on this disturbance can be fed forward in the
controller. The notion of using feed-forward disturbance re-
jection to attenuate the effects of compression system distur-
bances that result in compressor stall phenomena was dis-
cussed previously.12 As mentioned in Sec. I, the effects of
compression system uncertainties can be addressed through
the robustification of controllers by the application of well-
established robust control design methodologies.23 Finally,
additional stability augmentation in the compression system
may be achievable using the concept of vibrational control,39

which involves an open loop time-varying controller that re-
quires no sensing.

Appendix: Moore-Greitzer Model
In this section, the first-term Galerkin approximation of

the rotating stall model developed in Ref. 29 is reviewed. This
rotating stall model often referred to as the Moore-Greitzer
model, involves PDEs with integral boundary conditions, and
hence, exact solutions to this model may be computationally
intensive. The first-term Galerkin approximation of the Moore -
Greitzer model is comprised of a set of three first-order in-
tegro-differential equations. The three state variables are 1)

the dimensionless amplitude of the first-term circumferential
disturbance in the axial flow coefficient in the compressor
A(% ), 2) the dimensionless annulus-averaged axial flow coef-
ficient <£(£), and 3) the dimensionless annulus-averaged plenum
pressure rise ̂ (£ ), where f is the dimensionless time variable.
In this model, the local total-to-static pressure rise across the
compressor is defined in terms of an axisymmetric character-
istic \Jj (</>), which is a function of the local axial flow coefficient
<f> = 4> + A sin £. Here, f is the angular position in the
rotating frame of the circumferential disturbance in axial flow
coefficient. The resulting model equations, expressed in terms
of the dimensionless variables defined in Ref. 29, are

oA _ a
d£ TT Jc

do = i r j_ r2w

df ~ lc [27T Jo

A sin

sn (A2)

VT = ̂  (A3)

Here, the dimensionless parameters /c and B have identical
definitions to that presented in Ref. 29. The parameter a is
defined as a •= a/(I + ma), where m and a are defined in
Ref. 29. In addition, the throttle parameter KTis defined here
as KT = V2(flr/0c), where aT and ac denote the flow areas
of the throttle and the compressor, respectively. For purposes
of discussion in this article, the throttle parameter is consid-
ered to be made up of two parts, KT = Kc + KD. Here, Kc
is associated with a main throttle valve that will be used for
control, and KD is associated with a disturbance throttle valve
that will be used to introduce persistent disturbances to the
system. In solving the model equations, the integral on the
right-hand side of Eqs. (1) and (2) has to be evaluated at each
instant of time. These integrals are computed analytically us-
ing the following cubic axisymmetric characteristic: i/>(<£) =
-16.078303 + 13.510202 - 1.017390 + 0.148883. This char-
acteristic is a best fit cubic to the compressor characteristic
labeled C2 in Ref. 30. The model parameters for this system
are lc = 6.66, B = 0.1, and a = 0.3039.
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