JOURNAL OF PROPULSION AND POWER
Vol. 11, No. 6, November—December 1995

Simplified Approach for Control of Rotating Stall
Part 2: Experimental Results

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

The primary objective of this article is to provide experimental validation of the simplified approach to control
of rotating stall presented in Part 1 of this article. The experimental rig utilized is a low-speed, single-stage
axial compressor rig. It is shown that the controller based on this approach has significant ability to reject
persistent disturbances that cause the uncontrolled system te enter rotating stall. In addition, it is shown that
the effective stable axisymmetric flow range of the compressor has been extended by this controller. This is a
consequence of the fact that the controller enlarges the domains of attraction of linearly stable axisymmetric
equilibria. A secondary objective of this article is the investigation of the presence of rotating stall precursors
in this rig. Our motivation here is to determine the most appropriate signal processing to apply to sensor data
prior fo using it in the controller. In this rig, two first-mode rotating stall precursors traveling at different
speeds are found when appropriate spectral separation of measured data is performed.

1. Introduction

HE experimental results presented in this article dem-

onstrate both open-loop uncontrolled and closed-loop
controlled behaviors pertaining to the phenomenon of rotat-
ing stall in a low-speed, single-stage axial compressor rig.
Rotating stall occurs in this rig at approximately 90-Hz fun-
damental frequency, which is approximately one-half the ro-
tational frequency of the compressor (177 Hz). The presence
of a rotating stall precursor is investigated, and two first-mode
precursors, traveling at different speeds, are found to be pres-
ent in this rig when appropriate signal processing of sensed
data is performed. The behavior of the system as it transitions
from stable axisymmetric operation to stable nonaxisymmetric
operation in rotating stall is also investigated, and it is found
that the rotating stall grows smoothly out of a precursor in
this rig. Experimental static bifurcation diagrams are pre-
sented for this system that illustrate the nonlinear perspective
of rotating stall. It is found that hysteresis with respect to the
onset and cessation of rotating stall is present in this rig. These
diagrams are qualitatively in complete agreement with those
discussed in Part 1 of this article.! The finite domains of at-
traction of the equilibria in this hysteresis region are evident
by the jump phenomena that are present. These jump phe-
nomena are caused by internal system noise that perturbs the
system state beyond the domains of attraction of linearly sta-
ble equilibrium points, resulting in the system jumping to
another linearly stable equilibrium point. Persistent distur-
bances are introduced to the uncontrolled system to determine
their effect, so that a comparison can be made between the
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performance of the uncontrolled and controiled systems in
the face of these disturbances. These disturbances can result
in a large perturbation in the steady-state operating point of
the compressor if the uncontrolled system enters rotating stall.
The simplified approach for control of rotating stall presented
in Part 1 is applied to the system, and closed-loop system
behaviors are demonstrated. The sensors utilized by the con-
troller consist of six static pressure sensors at the inlet of the
compressor that are used to compute the first discrete Fourier
transform (DFT) coefficient amplitude at each point in time.
The square of this amplitude is multiplied by a gain to give
a throttle perturbation that is superimposed upon the nominal
throttle position. The throttle valve utilized in the controller
is a one-dimensional axisymmetric effector that has an ap-
proximate small signal bandwidth of 70 Hz (about 40% of
rotor frequency). Hence, it can be considered a low bandwidth
actuator relative to the rotational frequency of the compres-
sor. It is shown that the controller has significant ability to
reject persistent disturbances introduced by the bleed (dis-
turbance) valve that cause the uncontrolled system to enter
rotating stall. In addition, it is shown that the effective stable
axisymmetric flow range of the compressor has been extended
by this controller. This is a consequence of the fact that the
controller enlarges the domains of attraction of linearly stable
axisymmetric equilibria. The closed-loop bifurcation diagrams
of this rig are given and they are qualitatively in complete
agreement with those given in Part 1 of this article.!

II. Experimental Facility

The experimental facility studied in this article is the LIC-
CHUS low-speed axial compressor experimental rig in single-
stage configuration,?~* which is shown in Fig. 1. (LICCHUS
is an acronym for the Laboratory for Identification and Con-
trol of Complex Highly Uncertain Systems, School of Aero-
space Engineering, Georgia Institute of Technology.) A list
of the basic geometric parameters and constants of this rig is
given in Table 1. The design parameters of the compressor
in this rig are given in Table 2. The performance of the com-
pressor at peak operation is given in Table 3 for a compressor
speed of 10,600 rpm. The two actuators in this rig (main
throttle and plenum bleed) are low inertia, high-tolerance
butterfly valves and are each driven by an electric motor.
They each have identical 3-dB small signal bandwidths of
approximately 70 Hz.
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Table 1 LICCHUS axial compressor rig: geometric parameters
and constants

Description Parameter Value
Compressor duct area A, 0.0046, m?
Plenum volume v, 0.9220, m*
Plenum bleed area, full open A 0.0020, m?
Throttle valve area, full open A, 0.0081, m?

Rotor tip radius r, 0.05715, m
Compressor duct length L. 0.9652, m
Compressor speed N, 5,400-11,100 rpm
Helmholtz frequency @hicim 3.89 Hz

Table 2 LICCHUS axial compressor rig:
compressor-design parameters

Compressor design parameters Rotor Stator
Aspect ratio 0.272 0.332
Chord length 0.055, m 0.045, m
Stagger angle 40.6 deg 28.6 deg
Camber angle 37.2 deg 55.0 deg
Number of airfoils 7 9
Solidity 1.44 1.52
Pitch 0.0381, m 0.0297, m
Number of inlet guide vane 0
Axial spacing 0.010, m
Tip diameter 0.115, m
Tip clearance, % chord length 1.39
Hub-tip ratio 0.74
Nominal rotor speed 10,600 rpm

Table 3 LICCHUS axial compressor rig:

compressor performance at peak operation

Compressor performance at

peak operation Value

Pressure coefficient, ¥ 0.172

Pressure ratio 1.01

Axial flow coefficient, ® 0.368

Axial Mach number 0.0684

Tip Mach number 0.20

Reynolds number 1.84 x 10°

Plenum
4
Theottle
5| 9 9.1

Room outlet duct

Room inlet duct @
.Fig. 1 LICCHUS axial compressor experimental facility.

A description of the type of sensors used on this rig and
their naming convention is given in Ref. 3. The sensors that
are pertinent to the work described in this article can be listed
as follows: 1) six static pressure sensors (PS2F1, . . . , PS2F6)
placed at equidistant locations around the circumference of
the duct at the compressor inlet (station 2 in Fig. 1); 2) three
circumferentially located total-static differential pressure sen-
sors, PD2C1, . . . , PD2C3, used to compute local flow coef-
ficient at the compressor inlet (station 2); 3) plenum static
pressure sensor, PS31; 4) throttle exit static pressure sensor,
PS91; 5) upstream static pressure and temperature sensors,

PSO and TO; 6) speed sensor, N2; and 7) angular position
sensors for the plenum bleed and main throttle valves, THA36
and THA9, respectively.

In this article, the dimensionless variables defined in Ref.
6 are adopted for representing all flow variables. Dimension-
less pressures are obtained by dividing the measured pressure
signals by pU?, where U is the wheel tip speed, and p is
density. The plenum pressure rise, denoted by ¥ on subse-
quent plots, is defined as the difference between the dimen-
sionless plenum pressure and the upstream dimensionless to-
tal pressure. The measurement error in ¥ at peak operating
conditions is +1.3%.7 Flow coefficients are obtained by di-
viding velocities by U. The annulus-averaged flow coefficient,
denoted as @, is obtained as the spatial average of the local
flow coefficients around the circumference of the compressor.
The measurement error in @ at peak operating conditions is ~
+0.59%. Dimensionless time ¢ shown in the figures of this
article is calculated by normalizing time with the time taken
for one radian of wheel travel. Finally, the throttle parameter
K is defined in this article as K, = V2A,/A,, where A, and
A refer to the flow areas in the compressor and the throttle,
respectively. In this rig, there are two throttle valves. The
main throttle valve is used for control, and the plenum bleed
valve takes on the role of a disturbance throttle that is used
to introduce persistent disturbances to the system. A different
throttle parameter is associated with each valve, Ko = V2A .,/
A, for the main (control) throttle and K35 = V2A /A, for
the disturbance throttle valve. In order to scale these throttle
parameters in various plots given in this article, nominal val-
ues are defined. For a compressor speed of 10,600 rpm, the
nominal value of the main throttle parameter K g, 15 0.6297.
For this setting of Kcg,om, the nominal value for K54, is
0.2563. A nonzero value for K., is selected so that a
disturbance could be introduced that throttles the system equi-
librium towards stall by closing this valve. This value of Kp¢nom
is selected because for the given value of Kg,..,, it is the
smallest throttle parameter for the bleed valve at which ro-
tating stall is not present in the system. Thus, when Kj,./
Kpi6nom < 1.0, the system will enter rotating stall.

III. Experimental Analysis of Rotating Disturbances

The data acquisition hardware and procedure for logging
experimental data from this system are described in Ref. 3.
The analysis of this data for determination of the presence of
rotating disturbances is discussed in this section.

In the laboratory fixed frame (where sensors are located),
a rotating disturbance such as rotating stall is an unsteady
two-dimensional phenomena, i.e., it involves circumferen-
tially and temporally varying flow properties. To analyze ex-
perimental data for such a disturbance, a flow property m
(such as static pressure, mass flux, etc.), is split into an annulus
average portion s, which depends only on time and a circum-
ferentially varying portion r that has zero average around the
circumference:

1 27
m(0, 1) = s(t) + r(6,¢) where —J r(6,5do =0
27 Jo

In general, we assume that r may be made up of the sum of
several different wave packets:
He,0) = r(6, 0 + r(0,0) + - + ryu(6,1

where M is the number of wave packets. We view each wave
packet, r; (where i = 1, ..., M), as a waveform with a
certain mode number that is rotating around the circumfer-
ence of the compressor at a speed w¢. The mode number of
a wave packet is determined by the number of zero crossings

of the 27 periodic spatial wave, where an nth mode wave
packet has 2rn zero crossings.
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Fig. 2 Fourier transform of steady rotating stall static pressure data.

We assume that we can represent each wave packet r; as a
traveling wave that depends only on a single varlable 0" =
6 + w9, in the following manner:

ri(0, 1) = d.(0 + wi) = d,(67)
where d;(-) is 27 periodic and w9 is assumed to be a constant.
In other words, each wave packet is assumed to be rotating
at a constant speed. Since each d; is 27 periodic in 09, we
can represent it with a Fourier series expansion in terms of
04 as follows®:

I

ri(0, 1) = d,(67)

> A, sin(n-07 + ¢,,)

n=1

> A, sin(n-0 + nwd-t + )

n=1

where A,, and ¢,, are the magnitude and phase, respectively,
of the nth harmonic of the Fourier series expansion of the
wave packet r,. Now, at a fixed # location, the time-varying
portion of the flow property r in terms of the Fourier series
expansions of the wave packets r, has the following form:

M o
re(t) = 21 21 Jsin] et ot + (¢, + n-6)]
i=1 n=
frequency phase

As can be seen, there are an infinite number of components
in this representation. We would like to use measured data
to approximately determine the decomposition of r according
to the previous relation. To accomplish this, we time-sample
data at fixed 6 locations at twice the frequency of the largest
nw? for which A4, is significant, and we digitally filter the
data to eliminate aliasing. Now, if we look at a fast Fourier
transform (FFT) of the time sampled data at a fixed #location,
several spectral lines (seen as peaks in the FFT) will be pres-
ent, which will correspond to the important frequencies (nw?)
present in the previous representation of r. To determine what
wave packets contribute to each spectral line, the rotational
speeds of these wave packets, and the harmonic contents of

these wave packets, each line must first be isolated using-
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Fig. 3 Magnitude and phase angle of static pressure DFT coefficients.

identical bandpass filtering on all sensors located at several
different @ locations. Once this has been done, the only terms
left in the previous representation will correspond to the same
values of nw?. Next, looking at the representation of r at a
given time ¢, we see that

M £
rt(e) = E 2 Ain Sin[ n
i=1n=1 :
frequency

0 + (¢, + nwi-1)]
————
phase

If we perform a DFT computation on the spatial data once
they have been bandpass filtered, we can determine the spatial
frequencies of the waves that are present in this spectral line,
along with their rotational speeds. To perform the DFT com-
putations, the 8 sampling must be at a rate greater than 2N
(i.e., atleast 2N + 1) to avoid aliasing, where N is the highest
mode number with significant A,, in the earlier representa-
tion. There can only be a single wave present at each spatial
frequency n, since all other waves of the same n traveling at
different speeds have been eliminated by the bandpass filter-
ing. This is important because the DFT computation will only
have to approximate a single wave of n, and the phase vari-
ation of the nth DFT coefficient will be linear as a function
of time. In this case, there is no ambiguity as to whether a
harmonic of a wave packet with this particular » rotating at
a speed of w? is present.



BADMUS ET AL. 1213

20.9

w(hglm)= 3.89 Hz

20.7

20.5

ps2F1{battom).Fb{top), ps3t+.2

) \/\/\ Ay

\/ \J

ps2F2.F6 Ofset by 0.06

o] 5 10

/o)

20 25 30

Fig. 4 Steady rotating stall static pressure data at six circomferential positions.

If there were more than one wave with n present in the
data traveling at different speeds, the DFT computation would
try to approximate both waves with the nth DFT coefficient
resulting in the phase not varying linearly with time. As an
example, consider the case of the following two-wave packet
disturbance:

(0, 1) = A, sin(6 — ) + A, sin(f — o)
where each wave packet has a mode number of n = 1. The
amplitude of the first Fourier series coefficient of this wave
can be computed as

AT = A3 + AL + 24 A, cosf(wf — wi)i]

and the phase angle can be computed as

L .
A\ sin @it + A, sin 0t
A, cos wit + A, cos wlt

¢ = —tan! <

As can be seen, the amplitude is sinusoidal, and the phase
angle does not increase at a linear rate. Now, if the signal
had been bandpass filtered to isolate the frequency w9, the
resulting amplitude would be

A* = A},
and the phase angle would be
¢ = wft

and so the amplitude will be constant and the phase angle
will vary linearly. Thus, there is no ambiguity regarding the
presence of a wave packet that contains a harmonic with
spatial frequency n = 1 traveling at a speed-of w?.

In summary, to determine the components that make up
r, each peak in the FFT of time sampled data from a single
sensor (corresponding to components of r that have a partic-
ular value of nw?) must be isolated by bandpass filtering all
sensor measurements. Then, a DFT of the filtered spatial
measurements is performed to see what spatial frequencies n
are present and what their rotational speeds are, as indicated
by DFT coefficients with linear phase variation. Once all of
the spectral lines have been investigated, all harmonics of the
different waves packets present in the disturbance will have

been determined and the wave packets can be examined to
determine their mode number.

In Fig. 2, the FFT of experimental data from a static pres-
sure sensor at the compressor inlet is given for the system
operating in rotating stall. As can be seen, there are only two
prominent peaks, one at approximately 110 Hz (o/w,,, = 0.62)
and one at approximately 220 Hz (w/w,,, = 1.24). Since there
are only two peaks, we do not isolate them using the bandpass
filtering before doing the DFT computation. If the phase
angles of the DFT coefficients do not vary linearly, however,
we will have to redo the computation after first isolating the
peaks using bandpass filters on the individual signals. The
magnitude and phase of the first and second DFT coefficients
computed using rotating stall data taken from the six equally
spaced sensors around the circumference of the compressor
are shown in Fig. 3. As can be seen, the magnitudes are
approximately constant (although somewhat noisy) and the
phase angles are increasing linearly at the same rate. Thus,
the two peaks correspond to the first and second harmonics
of a wave packet traveling at 110 Hz. This wave packet cor-
responds to fully developed rotating stall. Note that higher
order harmonics of this disturbance may be present, but they
may not appear due to sensor bandwidth limitations. Since
the first harmonic has a significantly higher magnitude than
the second harmonic, the rotating stall is a first mode wave
(only two zero crossings). This is further illustrated in Fig. 4,
which shows the time traces of the six sensors that indicate a
110-Hz oscillation in the six sensors with a 60-deg phase shift
between them. Analysis of this disturbance was simplified
because only a single significant wave packet is present and
isolation of spectral lines was not required. However, when
more than one wave packet is present in a disturbance, the
technique previously described must be utilized. This is dem-
onstrated in the sequel.

IV. Open-Loop System Behavior

In this section, various open-loop uncontrolled behaviors
of the system are demonstrated.

A. Stall Precursor

In previous experimental studies, the existence of stall pre-
cursors in various low-speed axial compressors has been es-
tablished. It is shown®! that small-amplitude modal pertur-
bations that grow smoothly into rotating stall are present in
the compressor. In Ref. 11 similar results were also given.
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Fig. 5 Stall precursor data at K;3/Kpzgnom = 1.0 unfiltered.
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Fig. 6 Rotor frequency FFT peaks for various compressor speeds.

However, it was also shown'' that in some configurations
small short-length scale perturbations could initiate rotating
stall. For these cases, the rotating stall did not grow smoothly
out of modal perturbations in the compressor. To determine
what type of, if any, rotating stall precursor is present in the
rig studied in this article, data was taken in the stable region
of compressor operation close to the stall point.

In Fig. 5, the FFT of unfiltered static pressure sensor data
from a single @ location at the compressor inlet is shown along
with time traces and the DFT of unfiltered static pressure
sensor data from six circumferential locations at the com-
pressor inlet. This data corresponds to operation at a distur-
bance throttle position of K;,/K p36,0m = 1.0 for the nominal
compressor rotational speed of 10,600 rpm. The FFT plot
indicates that there are several spectral lines with significant
amplitude. Since the data is unfiltered, multiple waves with
the same spatial frequency must be approximated by the DFT.
Hence, the phase of the DFT coefficients will not vary line-
arly, asis seen in Fig. 5. There are other wave packets present,
besides the ones of interest, which should be taken into ac-

Speed = 10.6 KRPM, KC9/KC9nom = 1

0.0035

e {MMognitude (1st ps2 DFT Coef.) }“

0.0025

0.002

0.0015]-wmne

0.001-4-

1 1.5 1.9 2.1 2.2

KD36/KD36nom

Fig. 7 Magnitude of first ps2 DFT coefficients for unfiltered data for
various throttle settings.
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Fig. 8 Stall precursor data at K,35/K36,0m = 1.0 with bandpass and
bandstop filters.

count when isolating the wave packets of interest. These in-
clude 1) a stationary wave packet due to constant offsets
between the various sensor measurements because of cali-
bration errors, 2) wave packets corresponding to hf noise,
and 3) a wave packet traveling at the rotor speed due to the
plane of the rotor not being exactly perpendicular to the shaft
axis. With regard to the latter, in Fig. 5 there is a peak in the
FFT at the compressor rotational frequency. To verify that
this peak could be attributed to a disturbance created by the
rotor, the FFT for data taken at several speeds is shown in
Fig. 6, which indicates a prominent peak at the rotor fre-
quency for all speeds. Therefore, the data must be bandpass
filtered to remove effects caused by the dc offsets and hf noise
and bandstop filtered to remove the disturbance at the com-
pressor rotational frequency. If we would attempt to use the
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Fig. 9 Stall precursor data at K,,;,/K3600m = 1.0 with bandpass filters for two frequency ranges.

magnitude of the first DFT coefficient computed using unfil-
tered data as a rotating stall precursor, Fig. 7 indicates that
the candidate precursor magnitude will decrease (instead of
increase) as a disturbance throttles the system towards rotat-
ing stall. Appropriate digital filtering of measured data is
required before the DFT computation is performed to deter-
mine if a precursor is present.

The plots shown in Fig. 8 are obtained by filtering the same
measured data shown in Fig. 5 with a [50,400]-Hz digital
bandpass filter and [165,205]-Hz digital bandstop filter before
FFT and DFT computations are performed. In the FFT, there
appears to be two prominent peaks that could correspond to
precursor waves. The first DFT coefficient computed from
the data when filtered in this manner indicates that there may
perhaps be a precursor wave rotating at 133 Hz around the
compressor. However, the linear phase variation is intermit-
tent. Thus, the peaks must be isolated before DFT compu-
tations are performed. The filters selected are [50,170]- and
[200,300]-Hz bandpeass filters for the If and hf peaks, respec-
tively. Figure 9 shows the results of FFT and DFT compu-
tations when measured data is filtered in these two different
manners. When the measured data is filtered with the [50,170]-
Hz bandpass filter, the phase angle of the first DFT coefficient
varies linearly. Hence, there is a wave packet with spatial
frequency n = 1 traveling at about 133 Hz. When the mea-
sured data is filtered with the [200,300]-Hz bandpass filter,
the phase angle of the first DFT coefficient varies linearly

(although intermittently at one point). Hence, there is a dif-
ferent wave packet with spatial frequency n = 1 traveling at
222 Hz. Since only the first harmonic of each of these wave
packets was found, they are both considered first mode wave
packets. It appears then that there are two first mode distur-
bances traveling around the circumference of the compressor
at different speeds that could both be interpreted as rotating
stall precursors.

When the disturbance throttle is closed slightly to a point
for which Kj3c/Kpsenem < 1.0, rotating stall appears. This
behavior is shown in Fig. 10. In this figure, the three different
filtering schemes utilized earlier are once again used to filter
measured data before DFT computations are performed. The
first set of plots correspond to the measured data being filtered
with the [50,400]-Hz bandpass filter. When the system enters
rotating stall, a 110-Hz oscillation appears in the static pres-
sure sensors at station 2, the plenum pressure rise ¥ drops,
the magnitudes of the first and second DFT coefficients in-
crease above noise level, and the phase of the first and second
DFT coefficients increase linearly at a rate of 110 Hz. Since
the first harmonic has significantly higher magnitude than the
second harmonic, the rotating stall is a first mode traveling
wave. This is also seen in the time trace plots. The phase
angle plots show intermittent linear phase variation before
rotating stall is present, this is expected since this filtering
scheme does not properly isolate the rotating stall precursor
wave present in this region. The next two sets of plots cor-
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Fig. 10 Rotating stall inception.

respond to the measured data being filtered with [50,170]-
and [200,300]-Hz bandpass filters, respectively, before DFT
computations are performed. When the measured data is fil-
tered with the [50,170]-Hz filter, a 122-Hz first-mode rotating
stall precursor wave is seen to be present with nonintermittent
linear phase variation. This precursor is seen to grow smoothly
into the 110-Hz first-mode rotating stall traveling wave. When
the measured data is filtered with the [200,300]-Hz filter, a
first-mode precursor wave traveling at 233 Hz is present be-
fore rotating stall, although the linear phase variation seems
to be somewhat intermittent. When rotating stall appears,
this precursor wave gradually becomes masked by the second
harmonic of the rotating stall wave traveling at 110 Hz.
Since the first-mode precursor wave traveling at 122 Hz is
seen to grow smoothly into rotating stall and has consistent
nonintermittent linear phase variation, it appears to be the

best candidate for indication of impending rotating stall. Of
course, as has been pointed out, proper filtering is required
in order to observe this precursor. When data is taken at
various throttle positions and at different compressor speeds
(see Fig. 11}, it is seen that the magnitude of this precursor
wave does in fact give a good indication of impending rotating
stall. This magnitude increases as the disturbance throttles
the system towards rotating stall. By determining the most
appropriate filtering technique for observing this rotating stall
precursor, we have also determined the best filtering tech-
nique for use in the feedback controller discussed later in this
article. In this controller, the amplitude of the first ps2 DFT
coefficient (computed from the inlet static pressure sensors,
PS2F1 . . . F6) of the rotating stall wave is used for feedback.
Since the 122-Hz rotating stall precursor wave grows smoothly
into rotating stall, the filtering scheme determined previously
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for detection of this precursor should be used in the control
scheme to ensure that the correct amplitude is computed by
the controller.

B. Bifurcation Diagram

In this section, the nonlinear behavior of the axial com-
pressor rig is discussed by giving the experimentally measured
open-loop uncontrolled bifurcation diagram. The experimen-
tal bifurcation diagram near the peak of the pressure rise
characteristic for a compressor speed of 10,600 rpm is shown
in Fig. 12. Data for this diagram is obtained by varying the
disturbance throttle valve in the finest steps possible and mak-
ing measurements when the system reaches steady-state op-
eration. In this figure, for high vatues of disturbance throttle
position, there is a single linearly stable axisymmetric equi-
librium point for which rotating stall is not present. These

Low Frequency Band
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Hwn

1 1.5 19 21 22
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points are indicated by a +. For low values of disturbance
throttle position, there is a single linearly stable nonaxisym-
metric equilibrium point that corresponds to rotating stall.
These points are indicated by a X . At certain values of throttle
position, there exist two stable equilibria, one axisymmetric
(+) and one nonaxisymmetric ( X ). These points are circled
and connected with dash—dot lines to indicate that the system
jumps between these two equilibrium points at that position
of the disturbance throttle. The jumps occur naturally in the
system due to impulsive disturbances that perturb the system
state beyond the finite domains of attraction of these linearly
stable equilibria. The existence of multiple equilibria for a
given throttle setting indicates the presence of a small region
of hysteresis with respect to the onset and cessation of rotating
stall in this rig. Notice the abrupt change in the steady-state
rotating stall amplitude as the disturbance throttle is varied
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Fig. 11 Stall precursors.
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sponds to a disturbance throttle position less than that of point
C at which there is once again a single stable nonaxisymmetric
equilibrium point.

Figure 13 shows transient data with the disturbance throttle
positioned at point B for which the system jumps between
the stalled and unstalled equilibrium points. The small do-
mains of attraction of these linearly stable equilibrium points
can be assessed by observing that the system jumps between
these equilibrium points without any variation of the distur-
bance throttle. At one instant, the system is in rotating stall,
but suddenly recovers (moves to axisymmetric equilibrium)
for a short period of time. The system then drops back to the
rotating stall equilibrium. The internal system noise provides
a large enough impulsive disturbance to perturb the system
state beyond the domains of attraction of both of these linearly
stable equilibrium points.

C. Forced Transients

In this section, some persistent disturbances are introduced
with the disturbance throttle to demonstrate their effect on
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the uncontrolled system. Later, the effect of the same per-
sistent disturbances on the controlled system are demon-
strated and compared to the behaviors demonstrated here.

Two sequential disturbance scenarios are introduced to the
system in the plots of Fig. 14. The first is a change in distur-
bance throttle position from point A to point C, while the
second is a pulse change at point C. In the first scenario of
Fig. 14, the system starts in stable axisymmetric operation
with the disturbance throttle set at point A. The disturbance
throttle is then moved to point C to introduce a persistent
disturbance to the system. Shortly after the persistent distur-
bance is introduced to the system, rotating stall develops. As
can be seen, an abrupt change in steady-state rotating stall
amplitude occurs as a result of this disturbance acting on the
system. This results in an abrupt change in the steady-state
operating point of the compressor, as is evidenced by the
reduced annulus-averaged flow coefficient ® and annulus-
averaged pressure rise ¥ after the disturbance occurs.

In the second scenario of Fig. 14, a large impulsive distur-
bance is introduced to the system (using the disturbance throt-
tle valve). This is done by moving the disturbance throttle to
a different point for a very short period of time and then
returning it to point C, thereby establishing a large pertur-
bation of the system state from the equilibrium point. After
the system state is perturbed from the equilibrium point by
the large impulsive disturbance, the system returns to stable
non-axisymmetric operation at point C. During this transient,
the rotating stall momentarily goes away. However, since the
linearly stable nonaxisymmetric equilibrium point Cis a global
attractor, the system returns to point C after the impulsive
disturbance.

In the scenario of Fig. 15, the system once again starts in
stable axisymmetric operation at point A. The disturbance
throttle is then moved to point C to introduce a persistent
disturbance to the system. Shortly thereafter, the disturbance
throttle is moved to point D to introduce a second persistent
disturbance to the system. As can be seen in Fig. 15, rotating
stall develops shortly after the first persistent disturbance acts
on the system. After the second persistent disturbance acts
on the system, the rotating stall is still present, and an even
larger change in the steady-state operating point of the com-
pressor occurs, as compared to that of the previous scenario.

V. Closed-Loop System Behavior
In this section, the simplified approach to control of rotating
stall discussed in Part 1 is implemented on the rig considered
in this article. Figure 16 shows the block diagram of this
controller as implemented on this rig. Data from six static
pressure sensors at the face of the compressor is sampled at
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Fig. 19 Rotating stall controlled bifurcation diagram.

arate of 10 KHz and is processed by 1 KHz antialiasing filters
followed by a [50,170]-Hz bandpass digital filter combined
with a [165,205]-Hz bandstop digital filter. As mentioned ear-
lier, this filtering scheme is required in order to detect a
rotating stall precursor wave by computing the magnitude of
the first ps2 DFT coefficient. In this controller, the amplitude
of the first ps2 DFT coefficient of the rotating stall wave is
used for feedback. Since the rotating stall precursor wave
grows smoothly into rotating stall, the filtering scheme de-
termined for detection of the rotating stall precursor is used
in the controller to ensure that the correct amplitude (Amp)
is computed. The control perturbation is computed as k(Amp)?,
where k is an adjustable controller gain, and it is added to
the nominal main throttle position Ky ,m. This control struc-
ture is the same as that discussed in Part 1 of this article,'
except that the amplitude utilized here is computed using
static pressure measurements instead of flow measurements.
A maximum limit is set on the demanded throttle position in
this controller in order to limit the travel of the main throttle.
The control output is sent to the actuator at a rate of 10 KHz.
Note that the actuator bandwidth in this system is 70 Hz,
which is less than the frequency of the rotating stall (110 Hz)
and significantly less than the rotational frequency of the com-
pressor (180 Hz). The actuator bandwidth required by this
controller is relatively low compared to that required by con-
trollers that act upon the phase of the rotating stall traveling
wave, 2716

In order to establish the controlled system performance,
the system is subjected to an identical sequence of disturbance
scenarios as in Fig. 14. The controlled system response to
these disturbance scenarios are shown in the plots of Fig. 17.
In the first scenario of Fig. 17, the system starts in stable
axisymmetric operation at point A with the controller on. As
can be seen, after the persistent disturbance is introduced to
the controlled system, rotating stall does not develop. The
controller has succeeded in rejecting this persistent distur-
bance and stable axisymmetric operation is maintained. Note
that relatively little control action is required and that the
limit on the actuator travel is not reached. Of course, since
the system does not enter rotating stall, no abrupt change in
the steady-state operating point of the compressor occurs.

In the second scenario of Fig. 17, a large impulsive distur-
bance is introduced to the system (using the disturbance throt-
tle valve). This is done by moving the disturbance throttle to
a different point for a very short period of time and then
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Fig. 20 Disturbance rejection in controlled system.

returning it to point C, thereby establishing a large pertur-
bation of the system state from the equilibrium point. When
the large impulsive disturbance acts on the system to create
a perturbation of the system state from the equilibrium point,
the system still returns to stable operation. This demonstrates
the large domain of attraction of the stable equilibrium point
C in the controlled system. During the transient in which the
system returns to the equilibrium point, the system tempo-
rarily enters rotating stall. However, this may be due to the
fact that the limit on actuator travel is reached temporarily
when the impulsive disturbance was introduced to the system.
Nonetheless, the system still returned to stable operation,
which is the desired result. Once again, no abrupt change in
the steady-state operating point of the compressor occurs in
this scenario.
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Fig. 21 Uncontrolled bifurcation diagram with offset in K .

In Fig. 18, the system starts in stable axisymmetric oper-
ation at point A with the controller on. The same disturbance
scenario as that used in Fig. 15 is utilized here. First, the
disturbance throttle is moved to point C to introduce a per-
sistent disturbance to the system. Shortly thereafter, the dis-
turbance throttle is moved to point D to introduce a second
persistent disturbance to the system. As can be seen, the
controller has succeeded in rejecting the first persistent dis-
turbance and stable axisymmetric operation is achieved. How-
ever, when the second persistent disturbance is introduced,
the controller can no longer eliminate rotating stall and a
controller-induced limit cycle develops in the system. This
limit cycle can be partially attributed to hard nonlinearities
that exist in the system due to actuator limitations. In addi-
tion, the controller utilized here was tuned experimentally,
and the existence of this limit cycle suggests that the controller
parameters are not optimal. Moreover, once a quantitatively
accurate model of this rig is obtained, this limit cycle can
potentially be eliminated via analytical control design. Thus,
the presence of this limit cycle should not, at this point in
time, be viewed as a fundamental limitation of this approach.

The experimentally determined bifurcation diagram of the
controlled system is given in Fig. 19. Data for this diagram
was obtained from the controlied system by varying the dis-
turbance throttle valve in the finest steps possible and taking
measurements when the system reaches steady-state opera-
tion. In this figure, for all values of disturbance throttle po-
sition, there is a single linearly stable axisymmetric equilib-
rium point. For disturbance throttle positions less than the
minimum for which data is shown on this plot, the system
enters the controller-induced limit cycle demonstrated in Fig.
18. The persistent disturbances that caused rotating stall in
the uncontrolled system have been rejected by this controller.
The disturbance rejection achieved by the controller is clearly
evident by comparing the values of A for the same K, in
both the controlled and uncontrolled system. In Fig. 20, a
plot of an attenuation factor (Amp)concrotea’(AMP)uncontroniea &S
a function of K:./Kpagnom 18 given for the first and second
ps2 DFT coefficients. The noise level amplitude has been
subtracted in computing the attenuation factor. Also, for pur-
poses 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 completely eliminated or significantly reduced by the
controller. Since in the uncontrolled system experimental bi-
furcation diagram in Fig. 12, rotating stall first appears (in
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Fig. 22 Uncontrolled transition into rotating stall (A—C) with offset
in K.

the form of jump phenomena) at K:4/K psgnom = 1.02, this
plot indicates that there is significant extension of the range
of disturbances of this type that can be tolerated without the
system entering rotating stall. The hysteresis with respect to
the onset and cessation of rotating stall has been eliminated.
In addition, the abrupt change in the steady-state operating
point of the compressor no longer occurs. The effects of im-
pulsive disturbances are also attenuated since the stable axi-
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Fig. 23 Hypothetical bifurcation diagram.

symmetric equilibria are global attractors in the controlled
system. This is evidenced by the lack of the jump phenomena
that occur in the uncontrolled case. The experimental behav-
iors shown earlier for the controlled system are qualitatively
in complete agreement with the behaviors discussed in Part
1 of this article.!

As depicted in Fig. 19, there is a slight time-averaged offset
in K, induced by the controller due to noise. To show that
the system has indeed been controlled instead of just being
throttled into a region of previously stable operation, the
uncontrolled bifurcation diagram was measured once again
with the maximum offset in Fig. 19 added to K,. This bi-
furcation diagram is shown in Fig. 21, and was obtained in
the same manner as the uncontrolled bifurcation diagram in
Fig. 12. As can be seen, even though this offset has been
introduced, the uncontrolled system still stalls when the same
persistent disturbances are introduced to the system. This
point can be illustrated further by means of Fig. 22, which
shows the system response to a persistent disturbance with
the maximum offset in Fig. 19 added to K ,. The same per-
sistent disturbance introduced in the first disturbance scenario
of Fig. 14 is once again introduced to the system. As can be
seen, the system still enters rotating stall. This should provide
definite evidence for the claim that the system is not sim-
ply being throttled to a previously stable equilibrium point by
this controller. When the controller is on, the system simply
does not enter rotating stall as it does in the scenario shown
in Fig. 22.

In Fig. 23, the open and closed-loop bifurcation diagrams
have been sketched with an estimated hypothetical stall in-
ception point and compared to experimental data. This point
was estimated using the bifurcation diagrams to determine
where the peak pressure rise ¥ occurs. The addition of this
point to the bifurcation diagram emphasizes the effect that
impulsive disturbances have on the effective or perceived stall
inception point of the compressor, as discussed in Part 1 of
this article. The controller has eliminated the hysteresis region
by enlarging the domains of attraction of linearly stable axi-
symmetric equilibrium points. Thus, the effective stable flow
range of the compressor has been extended.

VI. Conclusions
In this article, experimental validation of the simplified
approach to control of rotating stall has been provided for a
low-speed, single-stage axial compressor rig. It was shown

that the controller based on this approach has significant abil-
ity to reject persistent disturbances that cause the uncon-
trolled system to enter rotating stall. In addition, it was shown
that the effective stable axisymmetric flow range of the com-
pressor has been extended by this controller, hence, the con-
troller enlarged the domains of attraction of the linearly stable
axisymmetric equilibria. The experimental behaviors pre-
sented in this article were qualitatively completely consistent
with the behaviors described in Part 1 of this article. These
results provide an indication that rotating stall can potentially
be controlled and performance benefits can be obtained using
a single one-dimensional axisymmetric effector with relatively
low bandwidth. The presence of rotating stall precursors in
this rig was also demonstrated. It was found that two first
mode rotating stall precursors traveling at different speeds
could be detected in this rig provided that appropriate filtering
is performed on measured data. It was also found that rotating
stall grows smoothly out of one of these precursors.

The validation of this rotating stall control approach in the
context of a low-speed, single-stage axial rig that was per-
formed in this article is a first step towards complete validation
of the approach developed in Part 1 of this article. There are,
however, a number of open research topics that may serve to
extend the results in this article. These include 1) validation
of the simplified control approach in the context of a low-
speed multistage rig and high-speed compressor rigs and 2)
evaluation of the effectiveness of this controller in the pres-
ence of more realistic disturbances such as inlet distortion.
Such disturbances can be introduced with air injection ports'®
or by wiggling inlet guide vanes.'s
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