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An experimental and analytical study was conducted on the use of feedback stabilization
to extend the stable operating range of of compression and pumping systems. Prevention
of surge, in aircraft gas turbine engines, an instability characterized by violent system
wide oscillations in pressure, and flow, primarily motivated this research. However, such
instabilities arise as a result of the non-monotonic pressure/flow relations of the axial and /or
centrifugal compressors used in gas turbine engines and the results of this research can
therefore be applied to many other compression and pumping systems which also employ
these types of devices.

The frequency respozse of a centrifugal compressor was measured to validate a iumped
parameter model of this component. The results showed that the model is useful for control
design and analysis purposes. Modeling the flow development process as a first order lag
was shown to account for observed phenomena that were not predicted by a quasi-steady
model.

Theoretical limitations to the control of this class of systems that are imposed by
bounded actuation and stability robustness requirements were characterized and quanti-
fied. The limitations are shown to depend strongly on the choice of actuater and sensor.
The influence of actuator/sensor selection was further defined by systematically evaluating
a diverse range of available options. The practical difficulty, as well as the number of vi-
able options, were found to depend primarily on the slope of the compressor pressure rise
characteristic and the system B-parameter, which represents the relative amount of fluid
compliance to inertia. An important result is that only options which can be considered
dynamically close-coupled to the compressor are viable for systems with B-parameter and
non-dimensional slope substantially greater than unity.

One particular close-coupled scheme, a control valve at the compressor exit with com-
pressor mass flow feedback, was examined in detail and experimentally demonstrated.
Although the system of interest can also be stabilized with a passive flow restriction, it
is shown that the use of feedback control reduces the steady state pressure loss across the
valve required for stabilization. The benefits are greatest for systems with relatively steep

slopes at high flow.
Thesis Supervisor: Dr. Lena Valavani

Title: Associate Professor of Aeronautics and Astronautics
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Chapter 1

Introduction

1.1 Introduction

The useful range of operation of many turbomachin;a type compressors is limited
by the onset of a system instability, known as surge, which occurs when the flow
is reduced below some critical value. The unstable operation is characterized by
periodic variations in the net through flow and output pressure of the compressor.
The severity of the oscillations depends upon the overall dynamics of the system
in which the compressor is installed and can be quite energetic, with flow reversal
through the system. The forces involved may be great enough to cause structural
damage [29] and, in addition, there may be consequences such as loss of power and
overheating in an aircraft gas turbine engine.

Traditionally, such undesirable behavior has been avoided by using control systems
which prevent the operating point from entering the unstable regime delineated by

the surge line ([32, 47]). The approach described here is fundamentally different than
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these previous concepts in that it makes use of feedback stabilization to allow stable
operation in the naturally unstable regions of the performance map [10]. This idea
is illustrated in Figure 1-1 which shows an exiended region of stable operation made
possible with feedback stabilization.

Such an approach may have significant benefits for particular applications. The
peak efficiency region is often quite close to the surge line [48] and feedback stabiliza-
tion could thus allow stable operation in a more efficient region of the performance
map. Other benefits include greater operating range and greater flexibility in design-
ing compressors, if stability is not a primary concern.

Several researchers to date [12, 20, 40] have experimentally demonstrated that
significant extensions in mass flow range can be achieved using various feedback sta-
bilization mechanisms. Those studies focused on modeling and demonstrating partic-
ular implementations. In contrast, the overall purpose of this thesis is to report the
results of a fundamental study of some of the more generic aspects of the compression
system feedback stabilization problem.

It should be noted that any such attempt to artificially stabilize a compression
system is not without associated risks and costs which must ultimately be considered
and weighed against the benefits. In particular, the consequences of a control system
failure could be be catastrophic in an aircraft application. The expense of additional
hardware, added complexity and a probable resuiting reduction in overall reliability
are ali admitted drawbacks. Before any final judgement can be passed, however, it
is necessary to obtain a thorough understanding of the basic physics involved, the

fundamental limitations to stabilization, and the available implementation options.
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This thesis represents a first step in this direction.

1.2 Previous Work

1.2.1 Modeling of Compression Systems

Low order, lumped element, models for the surge process have been proposed by
many researchers. Classic papers in which such models are derived and analyzed
include those of Emmons et al [9] and Taylor [48]. Other references in which such
models may be found include (2, 17, 22, 30, 49]. A comprehensive treatment is given
by Greitzer [19] including an extensive literature review.

The approaches taken by these authors have many similarities and include assump-
tions of one dimensional, incompressible flow in the ducts, spatially uniform pressure
in plenum chambers and quasi-steady pressure/flow relations for the throttling valves.
The compressor is treated as an actuator disk which either follows its steady state
performance characteristic (the quasi-steady assumption) or, in some cases (see for
example Greitzer [17]), a first order lag is used to model the flow development process.

The system model is obtained by performing momentum balances for the ducts,
and mass balances for the plenum chambers with the ideal gas law and some form of
polytropic process used to relate the plenum density to plenum pressure. The models
proposed by these authors vary primarily in the number of elements which are used,

with some including additional plenum chambers and/or ducts at the compressor inlet

or exit.

All the authors provide linearized stability analyses but some examine some of the
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nonlinear aspects of the problem as well. Most authors 1:ecognize the importance of the
slope of the compressor pressure-flow characteristic at the equilibrium operating point
as a prime determinant of the compression system stability. Greitzer [17] also found
global conditions on the compressor slope which must be satisfied to maintain surge
oscillations. In addition, Greitzer showed the importance of the relative amount of
fluid compliance to inertia (which he captured in his nondimensional B parameter'.).
More recent nonlinear analyses include those of Oliva and Nett [36] who looked at
Hopf bifurcation phenomena and those of Simon and Valavani [45] who performed a
Lyapunov stability analysis of a simple compression system.

The validity of these models has also been examined by a number of authors
who all show that this sim:ple modeling approach can capture both the qualitative
and quantitative aspects of the surge phenomena for a broad class of turbomachines.
Using a centrifugal compressor, Emmons [9] found reasonable agreement between
linear theory for both the experimentally predicted onset of instability (the neutral
stability point occurred near the peak of the compressor characteristic) and for the
dependence of the system instability frequency on the system parameters. Greitzer
[18] performed tests using a low speed axial flow fan and found good agreement for
the predicted nonlinear behavior when the system exhibited large amplitude surge
oscillations. In particular, Le verified the theoretical prediction of the importance of

the B parameter in determining whether a system would experience sustained surge

1The B parameter is defined by B = 2—':,7}-"- —z‘-/ﬁ—, where: ur is the tip speed, @, is the speed

- (Lelc
of sound in the plenum, V; is the volume of the plenum, L. is the equivalent inertial length of the

compressor duct, and A, is the compressor inlet area.
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oscillations in annulus averaged mass flow or operate steadily (without surging) in a
condition known as rotating stall. He showed good agreement between the predicted
and actual time histories of the system when it was experiencing sustained oscillations.
Hansen [21}, using a small centrifugal compressor, also showed that a model sunilar to
Greitzer’s was able to accurately predict the nonlinear surge behavior. Fink [13, 14]
perfb?ﬁied an in depth study of surge, also using a centrlifugal compressor, and showed
impressive agreement between predicted and measured behavior. Finally, Bons [5]
found a good comparison between experiment and theory using the same modeling
approach for a centrifugal pump, thus demonstrating that the usefulness of the model
is not limited to gaseous compression systems.

The models proposed by the above authors are all lumped parameter models,
that is the system is represented by a finite number of ordinary differential equations.
A distributed parameter model of a fan-duct-plenum system, forced by modulating
dampers, has been developed and validated by Goldschmied and Wormley [16]. Their
model uses a one-dimensional lossless acoustic transmission line representation for
the duct, rather than a lumpel fluid inertia. This is a more kappropriate model
for their system in which the acoustic wavelength at the higher forcing frequencies
was less than the length of their duct. The fan and plenum were modeled using an
approach similar to the other authors. The overall agreement between prediction and
experimental measurements was found to be acceptable.

The most important general finding which is common to all of these studies is that
it is not necessary to model the detailed, and very complex, flow phenomena occurring

in the compressor itself in order to accurately predict the overall system behavior.
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The pressure-rise versus flow characteristic of the compressor apparently provides a
sufficient description for predicting the overall system dynamics. This was true even
though in many of the expcriments the flow in the compressor was three dimensional
and locally unsteady, with rotating stall occurring in the axial flow machines and

various diffuser stalls occurring in the centrifugal machines.

1.2.2 Modeling of Compressors

The previously cited work provides indirect evidence that a quasi-steady or simple
first order lag model for the compressor is adequate. There is also some direct ex-
perimental support for this modeling approach provided by researchers who have
attempted to measure the transfer function of the compressor. Ghashi [35] performed
both an analytical and experimental study of the frequency response of turbo-pumps.
He made a careful distinction between the unsteady behavior which is due only to
fluid inertia effects and those due inherently to the unsteady pump performance.
He found experimentally that the pump performance deviated significantly from the
quasi-steady predictions when the reduced frequency.(based upon convection time
through the blade row) of the pump was greater than 0.1. Above this frequency the
unsteady response of the compressor could be only roughly approximated by a first
order lag. Abdel-Hamid [1] measured the frequency response of a low speed, single
stage centrifugal blower with a tip diameter of 660mm operating in air at a tip Mach
number of 0.36. His basic result was a polar plot showing the real and imaginary parts
(in-phase and quadrature components) of the sinusoidal transfer function relating flow
perturbations to pressure perturbations (This is the impedance of the compressor al-
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though he did not call it that.) Over the range of frequencies and flows which he
studied, the real part of the impedance varied only slightly while the imaginary part
increased strongly with forcing frequency. He attributed this to a fluid inertia ef-
fect. However, the equivalent compressor length required to explain this data was a
function of the mean flow rate, which does not seem physically plausible given that
equivalent compressor length is a purely geometric quantity. The variation in the real
part of the transfer function also would not be expected from quasi-steady theory
which predicts that the real part remain constant at the value of the quasi-steady
slope corresponding to the mean flow. Another attempt to characterize the unsteady
response of a compressor was reported by Paulon [38] who studied a low speed single
stage axial flow compressor, but no clear conclusions were reached.

Review of the availabie literature thus indicated the need for the direct assess-
ment of the validity of simple lumped element models of the compressor and such
an assessment was performed as part of the current research effort described in this

thesis.

1.2.3 Feedback Stabilization of Compression Systems

There have been a number of demonstrations that the stable operating range of a
compressor can be extended by modifying the overall dynamics of the system. Such
modification can always be interpreted as providing a stabilizing feedback mechanism.
In terms of implementation, these methods can be divided into two general categories:
unilaterally coupled and bilaterally coupled (see for example [53]).

In a unilaterally coupled fecdback system, power flows essentially one way; from
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the actuator into the conirolled plant. A typical example of a unilaterally coupled
feedback consists of a silicon strain gauge pressure transducer measuring pressure in
a plenum which sends an electrical signal to a computer which drives (through an
amplifier) a speaker connected to the plenum. In contrast, power flows both ways in
a bilaterally coupled feedback system. For example, if the transducer, computer and
speaker of the previous example were replaced by a cpring loaded, movable plenum
wall, a bilaterally coupled feedback mechanism would be obtained. These two types
of implementations are also commonly distinguished as active and passive®.

The idea of stabilizing a compressor using unilateral feedback was proposed by
Epstein et al [11]. An initial theoretical investigation of surge stabilization was con-
ducted by Chen [6] who examined the stabilization of compression system using a
movable plenum wall and a variable throttle area at the plenum exit using linear
stability theory. Chen also investigated the use of nonlinear sliding mode control
with a plenum exit control valve and concluded that the approach was promising.
A reference available in Russian [22] also discusses application of unilateral feedback
stabilization of compression systems.

Two experimental investigations ( Pinsley et al [40] and Ffowcs Williams and
Huang [12]) demonstrate that a unilateral feedback control can be used to allow a
compressor to operate steadily at naturally unstable points on the compressor map.

Both control schemes were based upon a linearization of a lumped element model

2The terms active and passive already have useful precise definitions in the electrical circuit
literature (See for example Wyatt et al [52].) which do not necessarily coincide with this common
usage. Although unilaterally coupled feedback systems are typically active and bilaterally system
are typically passive (in the electrical circuit sense) this correspondence p~ed not hold in general.
Thus, to avoid confusion, this terminology will not be used here.
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similar to the type described in the previous section. Ffowcs Williams and Huang
used a measurement of plenum pressure to provide a feedback signal which was used to
drive a speaker mounted on the plenum wall, effectively changing the plenum volume
in response to perturbations in plenum pressure. Pinsley also used measurements of
plenum pressure to provide a feedback signal, but used it tc drive a servo-actuated
valve at the plenum cxit. In both cases, the feedback control law (compensator) was
implemented using a linear, frequency dependent, analog network.

Both investigators were successful at moving the surge line appreciably in some
regions of the performance map but not in others; in particular, little effect was
found at higher wheel speeds. Both researchers indicate that their inability to obtain
control at higher speeds was attributable to diminished effectiveness of their actuated
variable, although no detailed analysis was performed. Neither researcher considered
the dynamics of the feedback components except to study the effect of changing the
compensator gain and phase at a single frequency (the open loop system natural
frequency).

There have been basically two types of bilateral implementations: close-coupled
resistances and tuned absorbers. Dussourd [8] showed experimentally that adding a
flow resistance immediately downstream of the compll'essor exit extended the surge
free mass flow range. He found that, for compressors whose pressure-rise versus
flow characteristics were not too steeply positively sloped, substantial increases in
surge free operating range could be achieved with a relatively small pressure drop
penalty. Further, the stability limit of the overall system could be well predicted

based upon the simple criterion that the slope of the combined pressure-rise versus
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fiow characteristic of the compressor and valve be zero ai instability. (This would
be expected from the simple lumped element model for systems with a reasonably
large value of B parameter. ) It should be noted that t‘,his result was apparently well
known, at least empirically, as long ago as the 1930’s with commercially available
devices providing throttling at the compressor inlet as described by Kearton [23].

At least two tuned resonator approaches have been reported in the literature.
Bodine [4] used a no moving parts Helmholtz resonator (a plenum chamber with a
short neck) mounted at the compressor exit to extend the stable flow range but did
not provide any detailed analysis. Gysling [20] used a mechanical resonator to extend
the stable flow range. In Gysling’s purely aero-mechanical scheme, the compression
system was coupled to a mass-spring-dashpot arrangement through a movable plenﬁfﬂ
wall. Functionally, plenum pressure was fed back to produce changes in plenum
volume.

Gysling modeled both the dynamics of the mass-spring-dash pot system and the
coxr;pression system using simple lumped element models and showed that an ap-
preciable surge line shift (20-30% in mass flow) could be obtained by optimizing the
choice of system parameters. Gysling’s design was based upon a linearization of the
system dynamic model which was then checked using a nonlinear simulation. Good

agreement was shown between the experimental and theoretical range of stabilization.

28




1.3 Current Research Objectives

The specific objectives identified for the research reported in this thesis are classified
into two main categories: modeling and model validation related objectives and those
concerned directly with feedback stabilization. In this section, the identified objec-

tives in both of these categories are first motivated, and then are briefly summarized.

1.3.1 Modeling and Model Validation

Although an established approach for modeling compression system surge instabilities
is available, two research goals involving modeling related work would be beneficial
were identified as useful to pursue. The first was to develop control oriented models
which would include a variety of attractive actuation and sensing schemes. Many of
the currently available models are oriented toward studying the autonomous system
dynamic: and do not include any actuators and sensors. Development of models in
a form readily amenable to performing control system design and analysis was thus
a necessary step for the subsequent thesis work described here. Availability of such
models also provides the benefit of making this interesting problem accessible to other
researchers. .

The second modeling related research goal was to experimentally assess in de-
tail, the widely used approach of modeling the compressor as a quasi-steady actuator
disk coupled to a one-dimensional incompressible duct. Although indirect evidence,
based upon studies of overall system dynamics, exists to support this modeling ap-

proach, there have been few unambiguous studies of the compreseor alone. Since it is
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the compressor behavior which drives the surge instability, accurate modeling of the
compressor is an item of key importance. Thus, the results of such an experimental

validation weculd provide an important contribution.

1.3.2 Feedback Stabilization

Work to date on controlling compression system instabilities has focused on analyz-
ing and or implementing particular control schemes, and little of the available, and
apparently applicable, control theory has been used to study this problem. Several
research objectives were accordingly identified.

The first was to establish and quantify the fundamental theoretical limits to sta-
bilizing a compression system. The second objective was to evaluate a variety of
potentially attractive contrel schemes and to identify the most promising generic
stabilization approach to pursue. The third objective was to obtain a detailed un-
derstanding of the most promising concepts and to experimentally demonstrate the

viability of this option.

1.3.3 Summary

The basic objectives of “his research are briefly summarized as follows:
o Assess experimentally the quasi-steady compressor model.

¢ Develop control oriented system dynamic models of the compression system for

the more attractive actuation and sensing options
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¢ Characterize and establish quantitative limits to feedback stabilization of com-

pression systems

e Determine the most promising generic approach to stabilizing compression sys-

tems.

s_Develop a detailed understanding of the most promising stabilization approach

and experimentally demonstrate its viability

1.4 Overview of Thesis

To accomplish these research objectives a combined analytical and experimental ap-
proach was taken. This section provides a brief overview of the overall thesis organi-

zation.

e Chapter 1 - Introduction and Background
The general problem of compressor instability and motivation for stabilizing
compression systems is introduced. Potential benefits and risks are discussed.
Previous work is reviewed to establish the startiflg point for this research. Re-

search objectives are outlined.

o Chapter 2 - Experimental Facility
This chapter provides an overall description of the experimental facility utilized

for experiments described in the thesis.

e Chapter 3 - Modeling of Actuation and Sensing

This chapter develops the models necessary for performing control system design

31



or analysis for the compression system using the various actuation and sensing
schemes which were considered. Inclusion of fuel modulation and mass injection
amongst the set of potential actuators requires some extensions to the simple
model presented initially and these are made here and explained. For example,
the isentropic plenum assumption must be dropped introducing an additional
states. Models of actuation and sensing previously developed must also be
modified to be consistent with the new assumptions and this is also done here.
The models are put into a form readily amenable to control system design and

analysis.

Chapter 4 - Compressor Model Validation

Modeling of the unsteady behavior of the compressor itself is the most funda-
mental aspect of an overall compression system model. To directly assess our
ability to model this behavior, the frequency response of a representative cen-
trifugal compressor was determined. This chapter presents both the experimen-
tal technique and data analysis methods which were developed for this purpose

and the comparison of experimental results with theoretical predictions.

Chapter 5 - Limitations to Stabilization of Compression Systems

This chapter establishes and cuantifies some fundamental limitations to stabi-
lization of compression systems. First it is established that achieving nominal
linear stability is not generally problematic; with most choices of actuator and
sensor the system is controllable and observable so the poles may be placed

arbitrarily in the left half plane. This point had not previously been clearly es-
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tablished. With this issuc clarified, attention is directed at what actually limits
our ability to control such systems. This is the topic of the second part of the
chapter where more fundamental limits to stabilization imposed by practical
considerations such as bounded actuation and model uncertainty are character-

ized and quantified.

Chapter 6 - Evaluation of Alternative Stabilization Strategies

In this chapter a side by side quantitative assessment of a representative assort-
ment of potential pairings of actuators and sensors is performed. The results
presented here serve two main purposes. First, they provide a rational basis
for selecting the more viable options for more intense scrutiny. Second, they
establish, in a concrete manner, the real impact that choice of actuator and
sensor location has. This fact, particularly regarding sensor selection had not

been recognized previously.

Chapter 7 - Close-Coupled Control Theory and Design

The use of an actuator and sensor close-coupled to the compressor can have sig-
nificant advantages as could be qualitatively anticipated from the model physics
and quantitatively established in Chapter 6. In‘this chapter, the rational de-
sign of a particular implementation (a valve close-coupled to the compressor exit
with mass flow measurement) is analyzed in detail and experimentally evaluated
for the first time. A nonlinear, Lyapunov stability analysis of this close-coupled
control strategy is also provided in Appendix E. This analysis is useful when

considering the effect of large disturbances acting on the system.
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e Chapter 8 - Summary and Conclusions
In this final chapter the overall research effort is summarized, a final set of

conclusions conclusions are provided, and suggestions for further research are

outlined.
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Figure 1-1: Extended range of surge free operation provided by feedback stabilization.

(Data of Gysling [20], and Pinsley, [38])
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Chapter 2

Experimental Facility

A turbocharger consisting of a single stage centrifugal compressor driven by a radial
inflow turbine was used for the experimental phases of the present work. An overview
of the experimental facility is provided by Figure 2-1 which shows schematically the

arrangement of the various subsystems, which are listed below.

Compression System The compression system consists of the oomprfssdr itself, a

plenum chamber and connecting ductwork.

Actuation System The actuation system is made up of a valve which controls flow
through the compression system, along with a high bandwidth D-C servo motor,

servo-amplifier and motor position controller.

Measurement System The measurement system consists of the various transduc-
ers (pressure, temperature, speed, etc.) along with their power supplies, and

signal conditioning hardware.
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Data Acquisition and Contro! System The data acquisition and control system
consists of a digital computer, A/D (analog to digital converter), D/A (digitai

to analog converter), user interface, mass storage, and software.

Auxiliary Support System The auxiliary support system includes the drive tur-
bine, high pressure air supply (used for the turbine drive), oil supply, cooling

water and cooling air supply for the servo motor.

The basic facility was originally constructed by Pinsley, and is described in detail in
[39]. The compression system and auxiliary support systems have not been signif-
icantly modified and Pinsley [39] can be referred to for full details. The actuation
system, measurement system, and data acquisition system components have been ei-
ther extensively modified or replaced for the purpose of performing the experiments
described here. A full description will therefore be provided in the following sections

for these systems.

2.1 Compression System

The compression system consists of the following components: inlet duct, compressor,

compressor exit duct, plenum chamber, throttle valve and metering duct.

2.1.1 Flow Path

The arrangement of these components and air flow path is shown in Figure 2-2.
Ambient air enters the system through a bellmouth at the entrance of the inlet duct.

The air passes through the inlet duct into the compressor which discharges into the
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[| inlet duct diameter | 5.2 cm

{  annular inlet area | 12.5 cm?
hub to tip radius ratio | 0.37
exit tip diameter 5.5 cm

[ exit duct diameter | 4.4 cm

Table 2.1: Compressor Geometry

compressor exit duct. The air then passes through the compressor exit duct into
the plenum chamber. The air exits from the plenum chamber through the throttling
valve into the metering duct. In the metering duct the flow passes through a series
of perforated plates and finally discharges through a sharp-edged ASME orifice into
the room. The servo-controlled valve could be located ‘either at the plenum entrance

or exit as described subsequently.

2.1.2 Description of Compressor

A Holset Model H1D turbocharger was used for all tests. In this turbocharger the
compressor and drive turbine are mounted on a common shaft. The compressor is
a centrifugal type, with a vaneless diffuser, a volute and no inlet guide vanes. The
impeller has 6 blades and 6 splitter vanes. An exploded view of the compressor
(reprinted from the Holset Manual) is shown in Figure 2-3. Some specifications of
the compressor geometry, taken from Pinsley [39], are given in Table 2.1. The com-
pressor has a peak rated pressure ratio of 3.1 at 140,000 rev/min at a flow rate of
approximately 0.10 kg/s. The tests described here were done at approximately 90,600
rev/min, with a pressure ratio of approximately 1.75. An overall performance map

from [39] is shown in Figure 2-4.

38



2.1.3 Flow Path Components

The inlet duct is constructed from 2" PVC Schedule 40 piping. Different inlet lengths
were used and the length of the inlet used for each particular test is specified sub-
sequently when these tests are described. The plenum is constructed of 107 304
Stainless Steel Schedule 10S pipe. The plenum volume is adjustable and the actual
volume used is provided in the description of the individual tests. A 13" Jenkins Ball
Valve located at the plenum exit was adjusted manually to throttle the flow. The
metering duct consists of a 1.07 m section of 47 Schedu}e 10, Type 304-L pipe, baffled

with 3 perforated plates terminating in a 1.75 inch (4.4 cm) ASME standard sharp

edged orifice plate.

2.2 Actuation System

The actuation system provides the means to impose control actions upon the com-
pression system. The actuation system consists of the following components: 1) a
custom made rotary valve, 2) Pacific Scientific Model 4VM81-220-1 Low Inertia, Per-
manent Magnet D.C. servo motor, 3) Copley Controls Corporation Model 240 D.C.
servo amplifier 4) Galil Model DMC — 400 — 10 Digital Motion Control Board, and,
5) BEI Motion Systems Model BEI-MX-213-18-1024 optical shaft encoder. The an-
gular control valve was constructed previously by G. Guenette and J.E. Pinsley and
a detailed description is provided in [39]. For completeness, the valve is shown in
Figure 2-5. The remaining components form a position control loop for the valve.

This position control loop operates cyclically at a rate of 2000 cycles/sec as follows:
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1. The digital motion control board reads its input buffer to obtain the commanded

valve position.

2. The digital motion control board decodes the shaft encoder signal to obtain the

shaft position

3. The digital motion control board generates an error signal by subtracting the

actual shaft position from the commanded value

4. The error signal is input to a digital filter which implements a PID (Proportional-

Integral-Plus-Derivative) control algorithm.

5. The output of the PID cuntroller is converted to a § to 1 volt analog signal

which is input to the D.C. servo amplifier

6. The D.C. servo amplifier outputs a pulse width modulated current to the servo
motor. The time mean value of the amplifier output current is propertional to

its voltage input.

7. The current supplied to the D.C. motor produces an accelerating torque which

rotates the valve towards the desired position.

The small signal closed loop bandwidth (the frequency at which the ratio of the actual
valve position to that commanded becomes less than unity with a small sinusoidal

drive signal) of the valve position control loop is approximately 100 Hz.



2.3 Measurement system

The measurement system is comprised of the transducers, transducer excitation, and
signal conditioning devices. Both high and low frequency response measurements

were made to determine the time resolved and steady-state behavior, respectively, of

the system. Measurements were made of the following quantities:
1. inlet duct mass flow rate, temperature and wall-static pressure
2. compressor rotational frequency, exit total pressure and exit. static temperature

3. control valve angular position and total to static pressure-drop (differential pres-

sure)
4. plenum wall-static pressure
5. orifice upstream temperature and differential pressure

The location of these sensors is shown schematically in Figure 2-6. Each channel of
data was sampled at a rate of 1 KHz (1000 samples/sec/channel) by an analog to
digital converter. A full description of the A/D is is given in a subsequent section. To

prevent aliasing all time resolved measurements were low-pass filtered using 8-pole

Butterworth Filters with a -3 dB cutoff frequency of 500 Hz.
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2.3.1 Inlet Duct Instrumentation

Time Resolved Mass Flow Rate

The time resolved (instantaneous) mass flow rate was obtained using a DISA Type
55D01 Constant Temperature Anemometer with a TSI-1210-T1.5 hot-wire sensor
located on the duct center line, 120 mm (approximately 2 duct diarneters) downstream
of the bellmouth inlet. The anemometer was directly calibrated statically against
the ASME orifice at the start of each test. To obtain good resolution of the hot
wire signal, it was offset ucing a TSI Model 1057 Signal Conditioner (the filters
on the Model 1057 were not used) which provided a 0-1 volt output over the flow
range of interest. This signal was then low-pass filtered at 500 Hz and amplified
by a factor of 10 using a Frequency Devices 901F 8-pole Butterworth filter. The
conditioned anemometer output, which now ranged from 0-10 volts over the flow
range of interest, was terminated in the A/D converter. At the start of each test
the mass flow was measured using both the ASME orifice and the anemometer at
ten steady operating points over the flow range of interest and the data were fit with
a fourth order polynomial. The calibration curve thus obtained provided mass flow

rate directly as a function of conditioned anemometer output voltage.

Time-Averaged Inlet Temperature

The time averaged temperature of the air entering the system was measured using a a
type-K unshielded thermocouple inserted 65 mm downstream of the bellmout., inlet,

radially located 6 mm from the duct wall. The thermocouple output was conditioned
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using an Analog Devices 3B47 Isolated Linearized Thermocouple Input Module which

provided a linear high level 100 degree-K/volt output to be read by the A /D.

Time Averaged Inlet Wall-Static Pressure

Time averaged wall-static pressure was measured using a Druck-PDCR-820, 1 psi range,
transducer located 65 mm downstream of the bellmouth inlet. The low level output of

the Druck transducer was amplified using a Analog Devices 2B31K high performance
strain gauge conditioner which also provided the required bridge excitation. The

conditioned output provided a linear high level output of approximately 600 Pa/volt.

2.3.2 Compressor Instrumentation
Time Resolved Rotational Frequency

A magnetic pickup in conjunction with a magnetized nut on the compressor shaft
provided a sinusoidal signal at the rotor frequency. This sinusoidal signal was then

fed to an Analog Devices Model 451 F/V (frequency to voltage) Converter. The F/V

converter provided a linear high level voltage output of approximately 250 Hz/volt.
This signal was then low pass filtered at 500 Hz with a Frequency Devices 901-F 8-pole
Butterworth Filter. For the compressor frequency response measurements, greater
resolution of the rotational frequency was required. For this purpose, the F/V output
signal was split into two separate channels. One channel was used to determin<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>