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ABSTRACT

A new method for actively suppressing compressor surge in a centrifugal
compressor has been investigated through experiments supported by theory. The
controller is a real-time feedback of the plenum pressure rise perturbations to a
servo-actuated plenum exit throttle. Small perturbations of this control valve
provide increased damping of incipient oscillations and this allows the
compressor to operate stably past the normal surge line.

The controller used was based on a simple proportional control law. The
theory predicts that the effectiveness of this controller is a strong function of the
stability parameter B = (U/2a) Vp/(LcAin), with lower values of B leading to a
higher degree of stability. The theory also determined the proportionality
constant (gain) of the controller. For maximum increase in stable flow range, a
controller phase of zero degrees was found to hold for all operating conditions
with the gain set within limits determined by the system parameters. The model
predicts, and the experiments confirm, that with control the compression system
resonant frequency and perturbation growth rate are changed.

Based upon the success of preliminary low speed tests, a high speed facility
was constructed for operating a small turbocharger at realistic pressure ratios.
The experimental results showed that active throttle control is a viable means to
suppress surge and operate within a previous inaccessible region. A reduction of
25% in the surge point mass flow was achieved over a range of operating
conditions. Surge line extension was found to be strongly B dependent. Time-
resolved measurements showed that suppression of surge oscillations was
achieved with relatively little power input to the control valve. The throttle
controller was also able to eliminate existing large amplitude surge oscillations
even though the surge phenomenon is nonlinear. Comparison of experimental
measurements with theoretical predictions showed that the simple model used
gives adequate representation of the behavior of the compression system with a
throttle controller.

Thesis Supervisor: Dr. Edward M. Greitzer

Title: Professor of Aeronautics and Astronautics
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NOMENCLATURE

Symbols

a -- speed of sound
-- coefficients of cubic compressor characteristic
-- coefficient of system characteristic equation

A -- cross-sectional area
-- system matrix

Aexit -- cross-sectional area of compressor exit duct

Ain -- annular impeller inlet area

A open -- wide open control valve area

AT -- throttle area

A,  -- control valve area

b -- coefficient of parabolic valve characteristic
-- coefficient of system characteristic equation

b' -- "total" discharge coefficient: pressure drop in psid/(flow rate in SCFM)2

B -- stability parameter

c -- coefficient of system characteristic equation

cd  -- discharge coefficient

C -- slope of valve pressure drop vs. mean valve area

Cx  -- axial velocity

f -- frequency

H -- Hodgson number

L -- characteristic length

Lc  -- effective compressor duct length

m -- mass flow

M -- Mach number

Ncorr -- corrected rotational speed
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Nmech-- mechanical rotational speed

P -- pressure

R -- radius
-- gas constant

Rex -- flat plate Reynolds number based on distance from leading edge

s -- roots of system characteristic equation

t -- time

T -- slope of pressure rise (or drop) vs. mean mass flow
-- temperature

U -- rotor tip speed

Vc  -- compressor volume: AinLc

Vp -- plenum volume

x -- distance from leading edge in flat plate theory

zA -- complex constant for throttle control

z -- complex constant for volume control

a -- ratio of valve area to wide open valve area

f3 -- perturbation growth rate

y -- specific heat ratio

8d  -- boundary layer displacement thickness from flat plate theory

11 -- adiabatic compressor efficiency

-- nondimensional plenum volume

-- compressor total-to-static pressure ratio

p -- density

-- total temperature ratio

-- nondimensional mass flow

N -- nondimensional pressure rise
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x'h -- isentropic head rise coefficient

w -- Helmholtz frequency

of -- forcing frequency

On  -- natural frequency

Subscripts

c -- compressor

ref -- reference conditions, sea-level

t -- total

v -- control valve

0 -- ambient
-- control at zero gain

-- plenum

-- exit

Operators

8( ) --

A( ) --

dt --

dt --

(^) --

(~) --

perturbation quantity

differential

derivative

partial derivative

nondimensional quantity

reduced quantity

static

12

I



CHAPTER 1

Introduction and Background

1.1 Introduction

Surge in a compression system is a self-excited instability involving an

interaction between the compressor and its associated ducting. It can be

characterized by large amplitude oscillations of annulus averaged mass flow and

plenum pressure rise. For the type of centrifugal compressors under study these

essentially one-dimensional surge cycles may take one of two forms. 1 In mild

surge the mass flow and plenum pressure fluctuate near the system Helmholtz

frequency but the mass flow never reverses. In deep surge the annulus averaged

mass flow does reverse and the frequency is lower. The frequency in this mode is

associated with the repeated blowdown and repressurization of the plenum. The

stresses created by these violent oscillations can cause structural damage to a gas

turbine engine [11], as well as severely degrade performance, so the compressor

is generally operated in a manner to avoid surge.

In the past, avoiding surge has meant defining a margin of safety between

the so-called surge line and the closest allowable operating point. For centrifugal

compressors, however, the maximum efficiency can occur near the peak of the

pressure rise vs. mass flow characteristic near the surge line. In addition, the

1 Both forms of surge should be distinguished from rotating stall, a local
instability in which disturbances propagate around the circumference of the
compressor while the annulus averaged mass flow remains constant.

13
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stable range of a compressor performance map must be sufficiently large that

surge is not encountered during engine operation over expected throttle positions

and wheel speed ranges. The active control techniques described in this thesis

can extend this range of stable operation above the natural surge line (Figure

(1.1)). The new "controlled" surge line could thus open up the usable operating

region, allowing greater freedom in compressor operation and design.

The essential components of the compression system consist of a compressor

which supplies energy to the system, a plenum which acts as a capacitance, and a

throttle which dissipates energy. In the most basic model the compressor is

treated as an actuator disk, with the kinetic energy of the system considered to

occur in the compressor and throttle ducts and all the potential energy contained

in the "springiness" of the fluid in the plenum. This mass-spring-damper

analogy of the system is shown in Figure (1.2). While it does not consider the

detailed fluid mechanics within the compressor that lead to surge, this lumped

parameter model does show the global features of the surge cycle behavior [7,19].

By linearizing the equations of this model for small perturbations around a

mean operating point, one can determine the stability of the system [14]. Many

such analyses have been carried out, including [1,4,5,7,19,20], and one central

conclusion is that while either static or dynamic criteria may be violated to drive

the system to instability, it is usually the dynamic criterion which is the more

critical. Violation of the dynamic criterion corresponds to negative damping. In

terms of the compressor pressure rise vs. mass flow characteristic, this condition

can only occur when the characteristic is positively sloped (Figure (1.3)). In

such a situation, if the system experiences a small perturbation, the compressor

can supply more energy than the throttle dissipates so that these perturbations

14
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grow. The balance between the energy supplied and dissipated is set by the

system dynamic behavior. Growth of the perturbations is terminated by

nonlinearities, producing a surge limit cycle (Figure (1.4)).

The dynamic behavior of the system depends on geometrical parameters as

well as fluid properties. A non-dimensional stability parameter has been defined

in reference [7] as:

pU2

B = U 2 (1.1)
2mLc pUooL c

where wo is the system Helmholtz frequency defined as:

= a V(1.2)

A in is the impeller inlet area, Lc is the compressor duct length, Vp is the plenum

volume, and a is the sonic speed in the plenum. As implied by Eq. (1.1), B can be

viewed as a ratio of pressure forces acting on the fluid in the compressor duct to

inertial forces in the duct. As B increases, the pressure difference across the

compressor duct will have greater capability to drive the fluid and therefore

greater ability to induce surge. Consequently systems with high B factors are less

stable. Because transient behavior scales with this parameter, systems with the

same B but different geometrical parameters, assuming the same compressor

characteristic, should exhibit the same dynamic response.

15
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Surge behavior of a given system at different B parameters can vary

dramatically. In this context Emmons, et al. [4] found that the onset of surge in a

centrifugal compressor was speed dependent. At low speed the compressor

entered a period of mild surge. As throttling continued, the compressor resumed

stable operation. Further throttling produced the flow reversal and plenum

blowdown associated with deep surge. At increasing speeds the stable region

separating the two surge regimes gradually diminished until finally the onset of

mild surge immediately triggered deep surge. Although the change in surge

behavior with speedl might be attributed to either tip Mach number or B

parameter variation, the experiments described below indicated that the surge

characteristics are directly related to the B parameter [6]. The B parameter is

thus, as will be seen, the dominant influence on system stability. In particular

with reference to the objectives of this thesis, compressibility effects per se do

not place a limit on the controllability of a given system.

1.2 Overall Approach to Surge Control

1.2.1 Previous Approaches to Surge Control

With the obvious impetus for increasing the operating range and

maximizing the compressor efficiency, many efforts have been made to delay the

onset of surge through modifications in the components thought to trigger

instability. Configurations have included such modifications as impeller and

vaned diffuser wall treatments [10], close coupled resistances [3], improved

diffuser geometry [16,18], among many others. These have shown some extension

of stable operating range, but extension is often accompanied by an undesirable

reduction in compressor total pressure rise and adiabatic efficiency. Attempts

have also been made to broaden the range of safe operation by narrowing the

16
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surge margin while keeping the same surge line. Toyama, et al. [21] studied the

time-resolved behavior of a centrifugal compression system operating close to

surge and revealed that oscillations in mass flow exist even in this so-called stable

region. If these perturbations grow past a certain threshold amplitude, even for a

single oscillation, surge will be triggered [2].

Many open-loop control schemes have also been devised to detect imminent

surge and to take corrective action to back off from that operating point. The

actuator would be an external device, such as bleed ports or a throttle, with

minimum complexity and computational requirements. However, large actuator

forces are required, and by backing off from surge these control strategies trade

performance for stability.

1.2.2 Active Surge Control

The control approach taken here is fundamentally different than previous

surge suppression schemes. This control philosophy seeks to effect changes in

the system dynamic behavior in applying the principles of feedback control to a

compression system. The basic theoretical model was given by Epstein, et. al. [5].

They discussed a scheme for surge control in which either (or both) the plenum

wall and the exit throttle would be driven in response to sensed perturbations in

the plenum pressure (Figure (1.5)). The control laws were taken as:

= (1.3)

17
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Ar • A B= (1.4)
A Z

where 4 is the nondimensional wall position (proportional to plenum volume), AT

is the throttle valve area, and dyt is the nondimensional pressure perturbation.

The complex constants z4 and zA give the gain and phase of the plenum wall and

throttle area perturbations, respectively, to the plenum pressure perturbations.

Calculations carried out using this model predicted not only that significant shifts

in the surge point could be effected but also that controller power requirements

scaled with the square of the disturbance amplitude and were thus much less than

steady state machine power [1].2

In a complementary effort to this work (also based on the treatment in [5]),

active control, using Eq. (1.3) as the feedback loop has recently been

demonstrated on a turbocharger similar to the one used in the present

investigation [9]. A loudspeaker mounted as one wall of the plenum acted as the

movable control element. Steady state pressures on either side of the loudspeaker

were equalized in order to expose it only to pressure transients. With

proportional feedback, the compression system was made to operate stably beyond

the natural surge boundary (Figure (1.6)). Suppression of existing surge cycles

was also found, and the controlled system operating in a normally stable region

was determined to withstand larger pressure impulses without triggering surge.

1.3 Scope of Present Active Control Experiment

2 Strictly speaking, the controller power is also a function of the B parameter,
which in turn depends on the compressor's operating point.

18



The goal of the present experiment was to demonstrate active surge

suppression of a centrifugal compressor using throttle control at realistic

pressure ratios. For simplicity the control law was taken to be simple

proportional feedback as in Eq. (1.4). Initial calculations by Chen [1] predicted

substantial surge suppression with this type of controller. Parametric studies

were carried out using a lumped-parameter system model, and the results served

both to guide the experimental investigations and to interpret the results. Two

modes of active throttle control were considered in the model:

1) Control valve located at the plenum exit

2) Control valve close-coupled to the compressor exit

In case 1, which will be referred to as the plenum exit mode, the throttle

would dissipate the entire compressor pressure rise through the mean valve

area. 3  Small perturbations about this equilibrium position would provide the

control action. The plenum pressure would then equal the compressor output.

This is the situation that will be described in detail in this thesis.

Case 2, called the compressor exit mode, inserts the control valve between

the compressor exit and the plenum. A fixed valve at the plenum exit dissipates

the mean energy input from the compressor/control valve combination. For the

control valve area to fluctuate about a mean, a certain pressure drop across the

controller would have to be tolerated. This loss in usable pressure rise is offset by

the possibility for greater stabilization since the controller would more directly

3 Here, the "throttle" may actually be a combination of the control valve in series
with a standard valve whose area is fixed. See Section 2.2 for a more thorough
discussion of the plenum exit mode throttling.

19



influence the inertance of the system. Adaptation of this type of throttle control

to an aircraft engine would require placing the control element in the

compressor's diffuser.

Using the lumped-parameter model, analytical studies were carried out to

predict the expected shift in the surge point with various control inputs at any

desired operating point. The results for the compressor exit mode, although

encouraging, suggested! that further analysis would have to be carried out to fully

exploit this configuration and thus was beyond the scope of the present effort.

For the plenum exit mode, however, the controller effect could be readily

quantified by the theory; thus the experiments and analysis reported herein are

based on the use of plenum exit control. Low speed tests were first performed on a

small turbocharger as a proof-of-concept. Success of the control scheme with

this apparatus led to the construction and use of a high speed test facility. Both

steady-state and time-resolved data were taken to characterize system

performance under control. The control scheme was tested over a range of B

parameters to assess the dependence of control effectiveness on B and to

distinguish B effects from tip Mach number effects.

The following questions were examined during the course of the

experiments:

* Does this type of active throttle control successfully suppress system

surge oscillations?

* What will the: system performance be in a controlled region of operation?

* Will the controller adversely affect operation in normally stable

regions?

20



* Does the linear model accurately represent the system and the

controller?

* Is the B parameter the dominant influence on system controllability?

* Can the results obtained in this experiment be generalized for other

similar systems?

21



CHAPTER 2

Active Throttle Control Modelling

2.1 Introduction

The schematic illustration given in Figure (2.1) shows the pumping system

with the throttle controller in the plenum exit configuration. The dynamics of

the system may be characterized using a lumped parameter representation to

produce a set of coupled system equations linking unsteady mass flow and

pressure rise. Linearization about a mean operating point produces the system

matrix which characterizes the overall stability. The following assumptions are

made in deriving the system equations:

1) Quasi-steady compressor behavior

2) Uniform pressure throughout the plenum

3) Isentropic fluid behavior in the plenum

4) Incompressible flow in the ducts

5) Negligible inertance in the throttle

6) Quasi-steady flow through the throttle

7) Constant ambient conditions at the inlet and exit of the system

Steps leading to the system equations are well known. For reference they

are outlined in Section 2.2 and given in more detail in Appendix A. The

compressor mass flow and the plenum pressure rise are the two state variables.

This characteristic equation for the system is second order, as the simple

22



proportional control law contained no added dynamics which would create a

higher order system.

This second order model was used to perform parametric studies of the

controlled compression system. Control was evaluated over various operating

points from the following information: the steady-state mass flow and pressure

rise, the compressor and throttle characteristic slopes, the mean control valve

area, the B parameter, and the controller complex gain. Stability under control

was first investigated using root locus plots for a constant phase of the complex

controller gain. Preliminary requirements for control effort for surge

suppression were determined this way as a function of the steady-state operating

point and the value of B. Next the stable operating region in the controller gain-

phase plane was delineated for a given operating point, and the dependence of

this region on B and compressor slope were examined. Since the compressor slope

was found to influence stability, an investigation was carried out to quantify this

effect as a function of the controller gain and system B parameter at a set

operating point. Finally, the system behavior was examined over a range of

control gain and phase to predict the effect of the controller in both stable and

unstable operating regimes.

2.2 Model of the Compression System

The following equations show how the conservation equations applied to

the lumped-parameter model result in a second order characteristic equation for

the system. A more detailed derivation is given in Appendix A. Referring to

Figure (2.1), conservation of momentum in the compressor duct gives:
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Lc d't 1Po - P = A  dt APc (2.1)

where Lc is the effective length of the compressor duct, including blade passages

and volute, and Ain in the annular impeller inlet area. APt, c is the total pressure

rise across the compressor. Similarly, conservation of momentum in the exit duct,

assuming negligible throttle inertance, leads to:

P - Po= AP0 , (2.2)

where APt,v is the total pressure drop across the control valve. It is assumed that

P2 = P0 . Mass conservation in the plenum, utilizing the isentropic relation,

requires that:

V dP
V= p dPt1  (2.3)

1

Vp is the plenum volume and al is the speed of sound in the plenum. Eqs.

(2.1) to (2.3) are linearized about a mean operating point and combined to give:

Le d6rhlA. = Te 8rhl - 8P1  (2.4)

Vp d =rP l 1 8P + C, SA, (2.5)
1dt

with 8 representing perturbation quantities and Av representing the control

valve area. All slopes are calculated at the mean operating conditions:
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Tc = slope of compressor pressure rise vs. mass flow characteristic

TV = slope of control valve pressure drop vs. mass flow characteristic

Cv = slope of control valve pressure drop vs. mean valve area characteristic

A , = mean valve area

Each term in Eqs. (2.4) and (2.5) is then nondimensionalized by geometrical

dimensions and flow properties. The two state variables, pressure rise and mass

flow, become:

AP

IPo U

Po U A

-- pressure rise

-- mass flow

(2.6)

(2.7)

where p0 is the ambient density and U is the impeller tip speed. The time scale in

the derivative terms becomes:

A
t = (Ot -- time (2.8)

Thus time is normalized by the system Helmholtz frequency. In addition to

these variables, the nondimensional system parameters are:
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2= T A d (2.9)

S= T,, = Vv (2.10)

A=V CVV U (2.11)

*=const=m

, Av
= A. (2.12)A.n

With the definition of the B parameter:

B = U VP (2.13)
2a L An 2oLe

Eqs. (2.4) and (2.5) can be written in nondimensional form as:

dt =-6~-g B s8 (2.14)
Pt 2 2

d88 1 81 v 8•av (2.15)
-tj 2B 2Bt + 2B•('

The system described by Eqs. (2.14) and (2.15) is still open loop. Thus a

control law for the valve area perturbations must be included. In this case, the

control law is taken as proportional:

-- A S- (2.16)
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The constant zA is complex, and described the gain and phase relations

between the pressure perturbations and the valve motion. Inserting this control

law into Eq. (2.15), the closed loop equations are thus:

d&0= 8_ - 8 V (2.17)
& 2 2

dSV 1 1B 1 -X-• ZA
d _L- 2B - S]v (2.18)2B 2 B t

In matrix form Eqs. (:2.17) and (2.18) become:

[ = [A] ['] (2.19)

where A is the system matrix. Setting the determinant of [A-sI] equal to zero,

where s is the complex system frequency, produces the characteristic equation

for the two system poles:

'1'B 12 2BS 2 2B sc + 1 = 0 (2.20)4 tV

Each of the nondimensional slopes must now be calculated. In steady-state

the pressure rise from the compressor must equal the pressure drop through the

control valve, so that 'Vc = 'v. If the compressor characteristic is assumed to be a

cubic in mass flow and the throttle valve is taken to be parabolic, then:
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a3
0 3 + a2

2 + a1O + a0 = b(av)42  (2.21)

Thus the Tc is also readily calculated. The coefficients of the cubic were

taken from Fink's experimental curve fit [6] and are assumed to be representative

of a general class of centrifugal compressors:

a3 = -13.5

a2 = .98

al = 1.59

ao = 1.38

Assuming that the control valve behavior is quasi-steady, the constant b is

determined for any valve setting. The static pressure drop across the control

valve, using the equation for incompressible flow through a sharp-edged orifice

for simplicity, is:

. 2 Av

APV = (2.22)
2p c2 AV

Since near surge there is negligible difference between the static and total

pressure upstream of the valve, the static pressure in the valve duct is thus taken

equal to the plenum pressure. The discharge coefficient, cd, is the ratio of the

actual valve area to the throat area, and for calculations using the model it is

assumed to be .6. In nondimensional terms:
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v2 = 41- 1- 2= b(_V) _2 (2.23)

The slopes of the valve characteristics are then:

tv = 2 b(kv) 0 (2.24)

v =  _0(2.25)

Selecting either the mass flow or the pressure rise for a steady-state

operating point, Eqs. (2.21) to (2.25) can be used to calculate all slopes. The values

of B and zA then determine the stability of the system from Eq. (2.20).

2.3 System Stability Analysis

2.3.1 Positioning of System Poles

The poles obtained from Eq. (2.20) with zA = 0 show the uncontrolled

stability of the system at the selected mass flow. Uncontrolled poles located in the

right half plane indicate an exponential growth rate of disturbances and thus

instability. The use of the controller can shift both unstable poles to the left half

plane, with the imaginary axis being the boundary of neutral stability.

To shift these poles the proper magnitude and phase of the controller must

be selected. Chen [1] showed that the phase which produced the lowest stable mass

flow was near zero degrees, independent of B. This result can be seen in Figure

29



(2.2), taken from [1]. Zero phase shift between the input and output signals

implies that as the plenum pressure increases, the valve area opens so that the

dissipation across the valve is increased. The required excursions of the valve

area are set by the magnitude of zA.

Figure (2.3) shows a typical root locus plot for the system as the magnitude

of zA is increased from 0 (no control) to maximum gain at zero phase. At mildly

unstable flow rates, increasing the gain initially stabilizes the system. However,

the presence of a positive zero eventually drives one of the poles back across to

the right half plane on the real axis to destabilize the system. There is thus a

distinct range of gains which may achieve stabilization. This range varies as a

function of the B parameter and the equilibrium positioning of the two throttle

valves. It is desirable to achieve control with a small value of zA  while

maintaining a margin of safety before destabilization can occur.

As the desired stable mass flow is reduced, the stable range for the

magnitude of zA decreases and the magnitude of zA required to reach neutral

stability increases. Thus for this particular control law there is a minimum mass

flow below which no amount of gain can produce stability. The reason for this

will be discussed later. This minimum flow can be plotted as a function of the B

parameter as in Figure (2.4).

2.3.2 Stability Boundary in the Gain-Phase Plane

Although zero degree phase difference between control input (pressure

perturbations) and output (valve motion) is optimum for the greatest range of

controllability, control may also be achieved to some degree at other phase
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differences. The stable operating region in the gain-phase plane for 0 = .12 is

shown in Figure (2.5). The inner cross-hatched region, where both poles are

located in the left half plane, is the area of stable operation. Outside this region

the system is unstable. It can be seen that there exists a minimum and maximum

gain for stability.

The shape of this stability boundary depends on the system parameters. As

B decreases for the same operating point, the system becomes more stable and the

inner region encompasses a greater range of gain-phase combinations. As B

increases the stable region shrinks and approaches a single point and at larger

values of B there is no stable region (Figure (2.6)).

The slope of the compressor characteristic at the operating point also

strongly influences the controllability. For this calculation, the compressor slope

as well as the mass flow and pressure rise could be arbitrarily selected, allowing a

parametric study of the effect of compressor slope on stability. The slope in

Figure (2.6) corresponds to Tc = 1, the approximate value just into surge. A steeper

compressor characteristic at the operating point creates more difficulty for

control as will be seen in Section 2.3.3, so the stable region shrinks. Conversely,

if the slope is made small enough, the system will become stable without control

(zero gain), and the stable region can become essentially a function of the phase

only, as in Figure (2.7) with Tc = .1.

2.3.3 Effect of Compressor Characteristic Slope

While the compressor characteristic has been fit to a third order

polynomial, in practice the actual characteristic is more complex than this and
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has local deviations in slope which affect stability. Thus it is useful to determine

the maximum slope that the controller can tolerate before the system can no

longer be stabilized. This tolerable slope will be a function of the steady-state

mass flow, compressor pressure rise, B factor, and controller gain. The stability

threshold is defined as the conditions in which the complex conjugate roots can

just be brought to the imaginary axis at the origin for the selected gain,

producing neutral stability. At any larger slope, that gain will not be able to

bring the poles far enough left to a neutral stability point (Figure (2.8)). This

stability condition occurs when both the real and imaginary parts of the roots are

identically zero. For the real part to be zero:

c tc=- '- (2.26)
B v

In the characteristic equation as 2 + bs + c = 0 (Eq. (2.20)), this corresponds

to setting b to zero. Note, though, that the slope must also satisfy 4ac = 0 in order to

have zero imaginary components of the poles. This imposes the second condition

which defines the maximum tolerable compressor slope, with b set to zero:

c v AV =4 (2.27)

Choosing a y and 0 for a typical operating point near surge gives the

nondimensional valve slopes with respect to flow coefficient and mean area. For

a given B factor, the gain can be increased from zero to determine the threshold

slope under those conditions at any value of zA .  A sensitivity analysis is first

performed to define the deviation in the calculated slopes resulting from changes
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in V or ý. Figure (2.9) shows the results for 4 varying from 1.74 to 1.93 at a fixed

value of * = .12. Two values for the B factor are examined: .61 and 1.65. These

correspond to the experimental conditions to be discussed. The plot shows that the

slope calculations are relatively insensitive to variations in the specified pressure

rise. Similarly, a second plot (Figure (2.10)) shows the same analysis performed

for fixed V = 1.87 with ý varying from .08 to .14. Again, mass flow variations have

little effect on the tolerable slopes. Therefore the results for the selected

representative point (V = 1.87 and 0 = .12) can be considered applicable to all

speedlines since all surge points fall in this range. This will be seen in the data of

Chapter 5.

From both Figures (2.9) and (2.10), for a given B parameter, there exists a

maximum compressor slope beyond which no amount of control gain can stabilize

the system. Both this maximum slope and the corresponding zA to achieve

stability under these conditions can be plotted as a function of B parameter.

Figure (2.11) is the curve of maximum compressor slope for stability vs. B.

From this plot, it becomes apparent that the controlled system (with the proper

gain) can tolerate much steeper compressor characteristics at low B. The control

is thus predicted to be more effective in the smaller B configurations. Figure

(2.12) is the graph of required controller gain vs. B for the maximum tolerated

slope. The gain is smaller at small B's, even though the system can tolerate

steeper slopes than for high B parameters. This calculation highlights the B

dependence of the system behavior with control.

2.3.4 Variation of Damping and Natural Frequency with Controller Phase
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For a general complex controller gain zA , the coefficients in the

characteristic equation (Eq. (2.20)) have both real and imaginary parts. The roots

of this equation in general are of the form:

s= 13 i(on  (2.28)

The real part of the poles, 5, is the growth rate of disturbances. For positive

3 any introduced perturbations will grow exponentially at eot. For negative

growth rates, the perturbations are damped out exponentially. The imaginary

part of the roots, wn, corresponds to the natural frequency of the oscillations,

which may or may not be damped out. At zero gain this frequency is the

Helmholtz resonant frequency. If the real part of s is zero, the oscillations will be

purely sinusoidal and neutrally stable.

For a given magnitude of the controller gain, the pole positions will

change as the phase of zA is varied, corresponding to a time lag between pressure

perturbations and the valve motion. Plots may be obtained for the growth rate

and natural frequency of the system at a constant gain magnitude as the phase is

swept from 0* to 360*. Figure (2.13) shows the variation in growth rate with

phase, normalized by the growth rate at zero magnitude (no control). Since the

selected operating point of 4 = .12 and y = 1.87 at B = .61 for this calculation is

unstable without control, 00 is positive. Therefore, any portions of the curve

below the horizontal axis reflect a stabilization of the system by reduction in the

growth rate. Controller phases between zero and approximately 700 and between

260* and 360* are stabilizing. Maximum destabilization occurs near 2000.
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Increasing gain at zero phase moves the poles down to the real axis, where

they remain at even higher gains. Thus at zero controller phase shift the natural

frequency corresponding to the imaginary part of the poles is always reduced

until (p - 0o)/0o = -1 corresponding to the poles lying on the real axis (Figure

(2.14)). At approximately 2000 and 3400 the resonant frequency remains virtually

constant for any gain. Thus the poles are moved horizontally in the direction

indicated by f in Figure (2.13). At 2000 phase shift the poles are pushed to the

right for increasing gain, while at 3400 increasing gains tend to stabilize the

poles. Finally, note that near 270* the frequency grows at larger gains while the

growth rate remains the same. The poles are therefore moved vertically

indicating no change in the stability of the system, only a change in the

frequency of oscillation. These plots are analagous to those shown by Huang [9],

even though the control law is different.

2.4 Summary of Control Modelling

The central conclusions from the linearized compression system model are:

* The control scheme can stabilize the system in a nominally unstable

region.

* Both the gain and the phase of the controller must be properly selected

for the system parameters at a given operating point.

* There is both a minimum and maximum gain at any controllable

operating point which will ensure stability.
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* A controller phase of zero degrees is optimum. Some control may be

achieved with nonzero phase, but the stable range of control gain

is limited. A phase of 1800 can drive the system unstable even at

nominally stable operating points.

* The B parameter and the slope of the compressor characteristic are the

dominant influences on system stability.

* Implementing the controller affects both the perturbation growth rate

and the resonant frequency of the system.
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CHAPTER 3

Preliminary Results Using the Low Speed Test Facility

3.1 Low Speed Test Rig

The following section gives a brief outline of the low speed results with

control. More detailed descriptions of the facility, instrumentation, and

methodology will be presented in subsequent chapters which describe the high

speed test rig.

The initial low speed data was obtained on a table-top test rig, consisting of

a small diesel truck turbocharger manufactured by Holset and a plenum

constructed from PVC plastic pipe. This main plenum, in conjunction with the

compressor and its inlet ducting, resonated at its Helmholtz frequency of 22 Hz

during mild surge.

A gate valve at the plenum exit controlled the steady state throttling of the

system. Downstream of this "fixed" valve was the controller: a gate mounted to

the center cone of a Radio Shack 5 inch diameter loudspeaker. As a sinusoidal

signal was sent to the loudspeaker, the moving coil drove the gate in an up and

down motion to change the control throttle area. Air from the plenum exhausted

through these valves into a second PVC pipe plenum which served as a mean mass

flow measuring device.. An orifice was located at the exit of this second plenum,

and the pressure drop across the orifice to ambient provided the flow

measurement. The volume of this plenum was calculated so that the second

plenum would be away from resonance at surge.
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The main plenum was instrumented with a high response Setra pressure

transducer connected to a static pressure tap. A static pressure tap was also

located upstream of the second plenum orifice and connected to a 20 inch inclined

alcohol manometer. A third static pressure tap was located approximately one

pipe diameter from the bellmouth of the compressor inlet. This pressure drop, an

auxiliary measure of the mass flow, was measured using a 20 inch Meriam

manometer filled with .855 specific gravity fluid. A magnetic pickup at the

impeller face provided a once per rev pulse to measure the turbocharger's

rotational speed. Figure (3.1) shows a schematic of the low speed test setup and its

associated instrumentation.

A closed-loop oiling system supplied 30W oil to the turbocharger bearings

at 30 psig. The compressor was driven by using a steam ejector at the turbine exit

with the turbine inlet open to ambient. Limitations of this drive system and the

relatively low pressure and temperature ratings of the PVC restricted the

maximum operating speed. A typical run was conducted at 30,000 RPM and the

maximum speed at which data was taken was 60,000 RPM. 45,000 RPM was the

minimum speedline on the map published by Holset for this turbocharger (Figure

(3.2)).

The signal from the high response transducer was fed through a phase

shifter and pre-amplifiler, circuits for which are shown in Appendix B, and into a

Harmon/Kardon model hk ultrawideband monophonic DC amplifier. The output of

this amplifier drove the speaker to complete the control loop. The phase shifter

has switchable ranges from 00 to 1800 and from 1800 to 3600 phase difference

between input and output signals. The phase shifter also contains a high pass
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filter to remove the pressure transducer DC signal, and it attenuates the incoming

signal by a factor of 10. The pre-amplifier allowed the gain to be adjusted

continuously from zero to approximately 100. The Harmon/Kardon amplifier

boosted the signal to power levels adequate to drive the speaker.

3.2 Low Speed Test Results

To test the controller, the fixed valve was slowly closed down while

maintaining a constant compressor rotational speed. The natural surge point was

defined as the last observable operating point before flow reversal occurred.

When surge was induced, the gain of the controller was increased from zero until

the pressure fluctuations were suppressed. It was necessary to keep the

controller on throughout the run because, if the controller were switched on or

off, a spike in the gate motion resulted which was sufficiently energetic to induce

surge. Therefore the- controller was left on at zero gain during the entire run

until it was needed.

Linear theory predicts that the optimum phase difference between the

plenum pressure fluctuations and the area fluctuations produced by the gate

motion was near zero. The phase shifter was (empirically) adjusted to provide this

phase under surge conditions. It was also noted that if the phase was adjusted to

1800 the controller would amplify small perturbations rather than suppress them.

Surge could thus be induced in a normally stable region of operation as well as

intensified if the system was already in surge. The controller phase could be

swept from 00 to 1800 and back again to alternately stabilize and destabilize the

system.
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Data taken at 30,000 RPM indicated that with simple proportional feedback,

stabilization of the compressor could be achieved both at and below the natural

surge point. The controller set at 00 phase shift allowed the compressor to be

stably operated down to a flow coefficient of 50% of the flow coefficient at

uncontrolled surge, as shown in Figure (3.3). It was demonstrated that the

pressure rise vs. mass flow characteristic did not fall off to the left of the surge

line, but rather followed a smooth contour. Thus the linear model could be used in

the positively sloped region to predict the behavior of the system under control.

3.3 Conclusions

The preliminary data taken at low speed indicated that the proportional

throttle control was a viable scheme, and the added stable operating region

provided by this method could be substantial. The success of the controller at the

low speeds suggested that control at realistic speeds would be feasible. To run at

high speed, however, a new facility would have to be constructed which could

withstand the higher temperatures and pressures. In addition a new control

valve would have to be designed because the speaker/moving gate could not

overcome friction forces under high speed loading.

It was therefore proposed to build an new high speed facility which would

incorporate a fast response servomotor-actuated control valve. Sizing of the

system was done to achieve a range of realistic values for the B parameter at

110,000 RPM. A maximum B = 1.9 was selected to match the properties of an

existing aircraft engine centrifugal compressor at its design point [17]: Vp = 580

in3 , Vc = LcAin = 91.7 in3 , and Mtip = U/atip = 1.5. The system geometry was

designed to have a Helmholtz frequency of 10-20 Hz at all B parameters, both to
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simulate realistic conditions and to facilitate the sensing and actuation of the

controller.
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CHAPTER 4

High Speed Test Facility and Experimental Methods

4.1 Introduction

The test facility was designed to run the turbocharger at speeds near its

peak efficiency region, with 110,000 RPM selected as the design speed for the

controller. The high temperature and pressure rises associated with this speed

were roughly 300*F and 15 psig. The facility was instrumented for both transient

and steady state measurements, and all data acquisition was through a personal

computer analog to digital interface. A throttle controller was specially designed

for this application, including a rotary gate valve with its own position control

loop as well as an outer system control loop. The next section gives an overall

description of the facility; subsequent sections will describe the different

components in more detail.

4.2 General Facility Description

The high speed facility consists primarily of four components, along with

their associated support systems and instrumentation. A schematic is shown in

Figure (4.1). First, the turbocharger, which is further described in Section (4.3),

is driven on the turbine side by the lab oil-free compressed air line at the inlet

and the steam ejector at the exit. Both lines are connected by flexible hose

couplings. The compressed air system is capable of delivering 700 SCFM at 100
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psig, and the line is provided with a gate valve to regulate flow along with

pressure gauges on either side of the valve to monitor the delivery. The steam

ejector line has a ball valve to regulate its outflow, but this is normally left wide

open for maximum capacity. A bypass is provided to vent the compressed air to

atmosphere in case the vacuum is lost in the steam ejector line. This avoids

overpressurizing the turbine housing.

Air enters the compressor side of the turbocharger through a bellmouth

inlet, and exhausts through an exit duct to the second major component: the main

plenum. The plenum is constructed of stainless steel and has two outlets. The first

is through a ball valve at the bottom of the plenum. The second is through a

flange mounted on the side of the plenum directly opposite the inlet tube. Only

one exit is used at a time, depending on the control valve configuration. The duct

from the compressor exit to the plenum extends through the inner diameter of

the plenum to within several inches of the exhaust flange on the opposite side.

The control valve was designed to mount either directly onto the end of this duct

pipe or on the outside of the exhaust flange. In the first configuration (the

compressor exit mode), the air delivered from the compressor must pass through

the control valve before expanding into the plenum. The exhaust flange is

capped off so that the outflow from the plenum is entirely through the ball valve

at the bottom of the plenum. In the second configuration (the plenum exit mode),

the air empties directly from the compressor exit duct into the plenum before

passing out through the exhaust flange and subsequently the control valve. In

this configuration the ball valve at the bottom is shut off so that all outflow is

through the control valve. Another ball valve downstream of the control valve in

the plenum exit mode allows steady state throttling in series with the control

valve, if desired.
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Both main plenum exit ducts connect to the final major component: the

second plenum. Also constructed from stainless steel pipe, this plenum serves as a

steady state mass flow measuring device. It contains flow straighteners to assure

a uniform exit profile and an orifice plate at the exit across which to measure the

pressure drop associated with the given flow rate. The flow exits the second

plenum through this orifice to atmosphere. These components are mounted in a

Unistrut stand, and the turbocharger is shielded in the radial direction by both a

.375 inch thick aluminum plate and a layer of chain mail.

4.3 Turbocharger and Connecting Systems

4.3.1 Turbocharger Description

The turbocharger used in these experiments is a Holset model H1D

developed for diesel engines between 80 and 180 horsepower. The compressor has

an inlet duct inner diameter of 2.047 inches (5.2 cm). The impeller has an

annular inlet area of 1.938 inches2 (12.5 cm2 ) with a hub to tip radius ratio of .37,

and an exit tip diameter of 2.165 inches (5.5 cm). There are 6 blades, 6 splitter

blades, no inlet guide vanes, and a vaneless diffuser. The compressor exit duct is

1.732 inches (4.4 cm) inner diameter. A detailed exterior drawing and exploded

assembly drawing of the turbocharger are given in Figures (4.2) to (4.4).

The compressor is designed to operate up to a maximum total pressure ratio

of 3.1 at 140,000 RPM. At the selected design speed of 110,000 RPM for this

experiment, the maximum expected pressure ratio is 2.2. The reader is referred

again to Figure (3.2) for the compressor performance map supplied by Holset for

the H1D. The compressor rotational speed is measured with a magnetic pickup at
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the impeller face; the output pulses are converted to Hertz by an HP 5316A

Universal Counter.

4.3.2 Inlet Duct andl Instrumentation

4.3.2.1 Short Inlet Duct (Large B Configuration)

Two inlet ducts of different lengths were used to vary the B parameter as

desired. The shorter duct was used for the large B configuration. This short inlet

duct is constructed from PVC plastic and consists of a bellmouth inlet and an 8.9

inch (22.6 cm) long pipe of 2.04 inches (5.2 cm) inner diameter. The duct is

instrumented with a two static pressure taps located at 00 and 270* measured

clockwise from the top when viewing the duct from the bellmouth. Both taps are

located 4.9 inches (12.4 cm) from the bellmouth inlet face and 4.0 inches (10.2 cm)

upstream of the impeller face. A Type K unshielded thermocouple is inserted to

the center axis of the duct at 0° approximately .5 inches (1.3 cm) upstream from

the pressure taps to measure the inlet flow total temperature.

Inlet flow measurements with the short duct were obtained using a

pressure signal from a transducer connected to one of the static pressure taps.

The transducer is a Druck model PDCR 811 silicon strain gauge bridge transducer.

Its operating pressure range is 0 to 2.5 psig with a full scale output of 25 millivolts

at 10 volts excitation. The transducer output was amplified to approximately 10

volts full scale by an Analog Devices model 2B31L high performance strain gauge

signal conditioner. This signal conditioning module provided programmable

signal amplification and three-pole filtering as well as transducer excitation. The

low-pass filter cutoff frequency was set at 500 Hz. The transducer and signal
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conditioner were calibrated over the range of 0 to 2 psig against a Baratron

reference pressure gauge. A typical calibration curve is shown in Figure (4.5).

The mass flow was calculated from the static pressure drop by assuming

incompressible flow through an inlet throughflow area equal to the duct cross-

sectional area minus boundary layer blockage. The boundary layer displacement

thickness was estimated from laminar flow over a flat plate as:

- 1.72 x (4.1)

where x is the distarLce from the bellmouth face plane to the inlet static pressure

tap. Assuming inviscid, incompressible fluid flow with no swirl, the velocity is

measured from the observed inlet static pressure drop by using the Bernoulli

equation. The mass flow may then be calculated from the throughflow area:

i= p (A P- 27R 8) A (4.2)

The uncertainty in this mass flow measurement was primarily due to the

error band of the pressure transducer. From calibrations of the low pressure

range transducers, the combined hysteresis and nonlinearity error was estimated

to be ±.005 psi. Near surge at 90,000 RPM, this uncertainty would lead to an

uncertainty in flow measurement of ±8%. Therefore this mass flow measurement

was found to be useful only for measurements far from surge. In addition, near

surge compressor flow disturbances propagated upstream to cause local flow

reversal in the inlet duct, although the overall compressor throughflow did not

reverse until deep surge occurred. Once surge was approached, the orifice in the
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second plenum was used to measure the time-averaged mass flow and the

instantaneous inlet flow was calculated by the method in the next section.

4.3.2.2 Long Inlet Duct (Small B Configuration)

The long inlet duct is formed by inserting an extra length of PVC pipe

between the short duct and the compressor inlet. The total duct length from the

bellmouth face to the impeller face is now 81 inches (206 cm). Because the short

inlet duct is still used, the same inlet instrumentation is utilized for both lengths.

Note that the added pipe between the static pressure tap and the compressor

introduces extra friction losses, so the overall compressor (plus inlet) pressure

rise vs. mass flow characteristics must be remeasured. In addition, the acoustic

and structural resonant frequencies associated with this long duct rendered the

inlet pressure measurement unusable due to a very low signal to noise ratio.

Instantaneous compressor mass flow measurements were thus obtained using a

plenum mass balance. If all mass storage is assumed to be in the plenum:

rhl = ri 2 + Vp d (4.3)

From the isentropic relation:

-1

p' p = constant (4.4)

dp dp dp 1 dp
d d - (4.5)dt dt dp a2 dp
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The mass flow out of the plenum, m2 , must pass through the control valve.

Thus for a given throttle area, a unique mass flow corresponds to the AP across

the valve. Once the valve has been calibrated at varying throttle areas, the mass

flow may be calculated assuming quasi-steady behavior. From the time-resolved

plenum pressure a trace of the pressure rise slope could be calculated using

discrete time-step differentiation. The slope of the pressure in the time domain

was then smoothed using an FFT algorithm [15], and the slope and exit mass flow at

every time point were summed to generate the time trace of compressor mass

flow.

The uncertainty in instantaneous flow measurement arose from the error

band of the plenum pressure transducer and the uncertainty in valve position.

From calibrations of the plenum transducer, the combined hysteresis and

nonlinearities resulted in an uncertainty of ±.05 psi. An estimated uncertainty in

valve position of +1% near surge at 90,000 RPM leads to an uncertainty of ±1.5% in

m 2 .  The uncertainty in the pressure time derivative, though, is not easily

determined. From a qualitative comparison of the smoothed pressure signal to a

pure sine wave, as shown in Appendix E, the error due to the signal

differentiation is estimated to be on the order of 1%. With the uncertainty from

the pressure transducer included, the uncertainty in the plenum mass storage is

estimated to be ±1.5%. Since the mass storage and m2 are on the same order, and

the amplitude of their sum is approximately 50% of either component, the total

uncertainty for rll is estimated to be ±6% in surge. In mild surge the error

introduced by differentiating the pressure is substantially smaller (shown in

Appendix E), so the total uncertainty is approximately ±4%.

4.3.3 Exit Duct and Instrumentation
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At the compressor exit, a short length of high temperature silicone hose

connects the turbocharger to the compressor exit duct. The exit duct is 12.3

inches (31.2 cm) long with a 1.6 inch (4.06 cm) inner diameter. It is made from

stainless steel in order to withstand the operating conditions in the main plenum.

The first several inches of the exit duct lie outside the plenum, providing access

for the instrumentation for the compressor exit conditions. Two taps are located

approximately 1.5 pipe diameters downstream of the compressor exit plane and

can be adapted to accommodate thermocouples, static pressure taps, or total

pressure probes. These taps are positioned at 0* and 270* from vertical when

viewing the exit duct facing towards the compressor. A manual linear traverser

with .001 inch resolution was constructed with the capability to mount on either

instrument tap. For these tests, the traverser held a type K unshielded

thermocouple to measure the total temperature profile in the duct. A sample

temperature profile is shown in Figure (4.6). This profile shows radial variation

of exit total temperature near surge on the order of ±3 percent of the average

temperature rise. Therefore, only a single point temperature measurement is

taken at every desired operating point with the thermocouple junction inserted to

the center axis of the duct.

4.3.4 Oiling System

The Holset specifications require an oil supply to the turbocharger

bearings of .6 GPM at a supply pressure of 30-60 psig. A recirculating oiling

system was set up to provide this lubrication with the following features: 1)

unpressurized oil sump, 2) heat exchanger, and 3) positive displacement pump.

30W oil from the sump is drawn first through the heat exchanger where it is
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cooled by a water jacket. A positive displacement vane pump then boosts pressure

and supplies it to the bearing inlet. A pressure gauge upstream of the inlet

monitors supply pressure, and a bypass valve may be used to shunt excess oil flow

back to the sump. An adhesive type K surface thermocouple is mounted on the

bearing housing to measure bearing temperature.

4.4 Plenum Description and Instrumentation

4.4.1 Main Plenum

The main plenum is constructed of stainless steel 10 inch diameter Schedule

40 pipe. An end cap has been welded to one end, and a flange has been welded at

the other to provide access to the plenum interior. In operation, this top end is

closed off with a blind flange. The sizing of this plenum was calculated to produce

realistic B factors at high speed. With the addition of a movable piston and

aluminum inserts to change the volume (along the two available inlet duct

lengths), the B factor may be varied from approximately .5 at 60,000 RPM to

roughly 2 at 110,000 RPM. The large B case is run with the plenum volume at 1660

inches 3 (.0272 m3 ). Small B corresponds to a volume of 479 inches 3 (.00785 m3).

The large volume has a Helmholtz frequency of 12.5 Hz, with an effective length

Lc equal to 34.5 inches (.876 m), while the small volume Helmholtz frequency is

15.5 Hz with Lc equal to 77.2 inches (1.96 m). Appendix C shows the derivation of

the effective length. A cutaway view of the main plenum, compressor exit duct,

and volume adjustor is shown in Figure (4.7).

Instrumentation in the main plenum consists of a static pressure tap and a

type K unshielded thermocouple. The static pressure tap is used to measure the

total pressure ratio of the compressor. The pressure transducer used to measure
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the plenum pressure is a Druck model PDCR 820 gauge transducer with a 0-50 psig

nominal range. The output signal from this transducer is amplified and filtered

by an Analog Devices 2B31L signal conditioner, which also provided the 10 VDC

excitation. The filter cutoff frequency is set at 500 Hz, and the gain and offset are

adjustable. Output was kept close to -5 to +5 volts in the 0-50 psig range. Because

early calibrations showed the transducer output to be linear, a two point

calibration was routinely performed. The back pressure was switched between

ambient and vacuum to measure the voltage output at 0 and 1 atmosphere pressure

differential. A typical calibration in shown in Figure (4.8). This transducer could

also be connected to the compressor exit duct static pressure tap in order to

measure the compressor output when the valve was mounted close-coupled to the

compressor.

4.4.2 Secondary Plenum

Like the main plenum, the secondary plenum is constructed from Schedule

40 stainless steel pipe with an end cap at one end and a flange at the other.

However, the pipe used is 4 inch nominal diameter. Flow from the main plenum

enters this plenum near the cap end and discharges to ambient through an ASME

standard sharp-edged orifice plate mounted on the flange. Perforated plates

inserted at 1, 2, and 3 pipe diameters downstream of the closest inlet insure a

uniform flow profile at the orifice. The diameter of the orifice was sized to 1.75

inches (4.4 cm) to provide adequate resolution of the pressure drop across it at low

(-50 SCFM) flow rates yet not too high a pressure drop at the maximum

encountered flow rate of 300 SCFM.
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The length of the pipe was calculated by setting a requirement on the

maximum allowable pressure pprturbations at the orifice under oscillating flow

conditions. This would decouple the second plenum from the compression system,

effecting a steady state mass flow measurement even during the surge cycles. The

criterion used to determine the second plenum volume is the Hodgson number,

defined as:

Vf Ap pH= f A (4.4)
mrp

where f is the frequency of flow oscillation and all other variables are evaluated

at the time averaged conditions in the second plenum [12]. The second plenum

volume is 528 inches 3 (.00865 m3 ) with a straight run length of 42 inches (107

cm). In surge at 90,000 RPM, with the surge frequency conservatively estimated

as 10 Hz, H = .1 (Figure (4.9)). For qmax/qmin = 5 (a measure of the mass flow

fluctuations coming into the second plenum), this introduces a 2.5% metering

error in the mean mass flow measurements during surge.

The entire second plenum assembly including the orifice plate was

calibrated to determine the actual cd versus Reynolds number based on the orifice

diameter, as shown by Figure (4.10)(a). This calibration determined that the

assumption of cd = .6 is valid to within several percent over the range of Reynolds

number from 5x10 4 to 3x10 5 . Figure (4.10)(b) verifies that for any ratio of orifice

area to pipe cross-sectional area the discharge coefficient approaches .6 for any

Reynolds number above 1x104  [12]. Since a Reynolds number of 5x10 4

corresponds to a flow rate of about 35 SCFM, a linear approximation to the

discharge coefficient will be used to calculate the mass flow.
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4.4.3 Plenum Pressure Transducer Frequency Response

To obtain time-resolved measurements and to calculate accurate time-

averaged operating points, the pressure transducers were required to respond to

frequencies up to at least 30 Hz, a frequency associated with the controller

dynamics. It was necessary to calibrate both the high and low range Druck

transducers against a pressure signal with a known high frequency response,

and a Kulite semiconductor transducer was used for this purpose. The Kulite was

mounted in a static pressure tap adjacent to the Druck transducer being tested.

The output signals from both transducers were simultaneously displayed on an

oscilloscope to observe any attenuation or phase shift of the Druck transducer.

Three characteristic frequencies were seen in the system: deep surge (8-9

Hz), mild surge (12-14 Hz), and controller instability (30-80 Hz). The latter

frequency was a function of the controller dynamics, and will be discussed

further in Chapter 5. At the frequencies associated with mild surge and lower (8-

14 Hz), there was no observable phase shift or attenuation. At 60 Hz, there was an

approximately 200 phase lag with no noticeable attenuation. Since this frequency

was above the range of the primary surge phenomena, both the high and low

pressure range Druck transducers were deemed adequate for unsteady

measurements and for the control input signal.

4.5 Control Valve

4.5.1 Valve Description
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The original sliding gate valve of the low speed test rig had large friction

forces when loaded up at high speed. Therefore, a new design for the control

valve was necessary which would incorporate relatively low losses while

maintaining a high enough frequency response with reasonable actuation

power. The chosen design was a rotary gate valve. The pressure drop was taken

across six equally spaced ports on the valve outer diameter. Thus the pressure

loading on the valve: was equalized around the circumference and the actuation

force would only have to be applied normal to the flow.

Figure (4.11) shows an exploded view of the control valve. Air enters the

valve through a short straight duct (with the same inner diameter as the

compressor exit duct) and is then turned to the radial direction by a curving

conical diffuser. The diffuser profile was calculated to keep the annular area

constant throughout the turning process and equal to the valve inlet area. The

outer cylinder of the valve body contains six rectangular windows, .48 inches

(1.22 cm) X .75 inches (1.91 cm)., through which the flow passes after turning

radially. A thin cylindrical sleeve fits over the valve body and is machined with

six ports identical to those on the body. It is this sleeve which is the rotating

member that provides variable area throttling. As the sleeve is turned, the

windows are either progressively aligned or misaligned to change the control

valve area.

Preliminary difficulties in implementing the controller suggested that

with all six ports used for throttling, the angular distance from the full closed

position to the equilibrium position at surge was so small that perturbations

around this position were unattainable with the resolution of the control system.

An inner fixed sleeve was subsequently fabricated to block off all but two
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opposing windows in order to gain greater angular travel for the same required

area changes.

In calculations using the system model, the coefficient of discharge of the

control valve was always assumed to be .6 as for a sharp-edged orifice. For

accurate measurements a calibration was performed to determine the actual cd as

a function of valve position. Figure (4.12) gives the pressure drop across the

valve versus the mass flow for varying throttle area. The variable

Avalve/Aopen = a is the ratio of the actual valve area to the total area of the two

ports. It should be noted that even when the valve is entirely shut, there is still

some leakage flow. This leakage flow will become a dominant factor for the

controller at low mass flows. The discharge coefficients based on the actual valve

throughflow area are shown in Figure (4.13)(a). It can be seen that the calculated

cd becomes very large at small a, indicating that the window area is not the only

flowpath. Thus the assumption is made that the leakage area consists of the

annular gap at both ends between the valve body and rotating sleeve. Modelling

this leakage path as another valve in parallel with the ports leads to the discharge

coefficients shown in Figure (4.13)(b). Because the values for cd fall near .6 even

with this gross assumption for the leakage and because no other information is

known about the leakage flow characteristics, it is concluded that the assumption

of a constant discharge coefficient of .6 is adequate for the system model. It

should be emphasized that the actual control valve calibration is used for the

experimental data, without assuming a discharge coefficient.

For flow calculations from the experimental data, it is only desirable to

know how the pressure drop varies with the mass flow. Thus a "total discharge

coefficient" may be defined as:
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AP in psigb'(a) = P in psig (4.5)
(SCFM)2

Fitting parabolas to the curves in Figure (4.12), a plot can be made of the

total discharge coefficient vs. throttle area (Figure (4.14)). For a < .3, the

following curve fit was used:

b' = .038 e(46a) + .00115 (4.6)

For larger area ratios, linear interpolation was used between measured

points to obtain the total discharge coefficient. This curve is assumed to hold in

unsteady as well as steady flow. In order to validate this assumption, a

conservative value for the reduced frequency of the valve unsteadiness is

calculated under the severe conditions of approximately 100 SCFM with the valve

wide open, and a control signal with a 30 Hz frequency. The characteristic length

from the valve opening to the throat, L, is approximately .48 inches, so the

reduced frequency defined as:

p, Aia oL
f= (4.7)

is approximately .02. For the quasi-steady assumption to hold, the reduced

frequency must be << 1 and this condition is met.

4.5.2 Controller Actuation

4.5.2.1 Control Loop Components
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The control valve is actuated by a low inertia DC servomotor, Pacific

Scientific model 4VNM81-220-1 with a rated torque of 152 oz-in and a torque

constant of 9.1 oz-in/amp. For the highest possible frequency response, the

motor rotor inertia, as well as the valve rotor inertia, was desired to be as small as

possible. This servomotor has a rotor with a 1 x 10- 3  oz-in-sec 2 inertia. In

comparison, careful dlesign and the use of aluminum kept the valve rotor inertia

to 1 x 10
-4 oz-in-sec 2 . With an inertial load of this order mounted on the motor

shaft, the valve can meet the design goal of 100 Hz frequency response.

The servomotor is powered by a Servo Dynamics Corporation model SD2245

pulse width modulated servo amplifier. This amplifier can provide a peak output

of 100 VDC at 45 amps. The input power requirements of the amplifier are large

enough that a transformer is required to step down from 220 VAC to 100 VAC for

bus power. An external inductor is used to protect the amplifier output transistors

from overheating in the case of motor failure. The amplifier also contains motor

to chassis grounding protection circuitry to provide immediate shutdown. The

input signals to the amplifier consist of the position signal, the differentiated

position (velocity) signal, and the integrated position signal. The three command

signals are combined at a summing junction, and the resulting error signal is

amplified and conditioned. The signal is scaled by a current limiter and summed

with a current feedback signal. This current difference is amplified and

conditioned and sent to the motor to drive the valve. The circuit diagram for the

amplifier is given in Appendix B.

The motor shaft angular position, and thus the valve angular position from

which throttle area is calculated, is measured with a rotary variable differential

transformer (RVDT) angular displacement transducer (Schaevitz model R30D ±1 5
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VDC input/DC output). It is mounted on the opposite end of the motor shaft as the

valve sleeve, and since its rotor inertia is only 8.48x10-6 oz-in-sec 2 it contributes

negligibly to the total inertia. The -3 dB frequency of the transducer is 500 Hz. Its

linear output range is ±300 displacement.

The motor position loop is completed when the signal from the RVDT is fed

back to the motor controller box which provides the three command signals to the

amplifier. This box contains a proportional plus integral plus derivative (PID)

controller, along with a limiter to keep the valve command voltage to within ±2

volts which corresponds to a valve position of full open to full closed (30° full

scale). The valve cannot be allowed to rotate further in either direction because

the next set of sleeve windows would then encroach on the valve body windows.

The input signals to the motor controller box consist of the feedback command

signal from the RVDT and a trimpot-adjustable DC signal to set the equilibrium

position of the valve. Note that the command signal can be shorted to operate the

valve as solely a steady-state throttle. The block diagram for the motor position

control loop is given in Figure (4.15) and the circuit diagram for the PID

controller is shown in Appendix B [13].

The outer control loop performs the proportional feedback law proposed by

the theory. In this overall loop the plenum pressure signal is sent real time first

to a phase shifter and then to a pre-amplifier before reaching the motor

controller box and inner position loop. The phase shifter contains a high pass

filter to remove the ]DC component of the pressure signal, and it also attenuates

the signal by a factor of 10. The phase shift is switchable between two ranges:

nominally 00 to 180 ;and 180 ° to 3600. Since an additional lag is introduced by the

motor, however, the overall phase shift must be empirically adjusted to the
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desired value during the test run. The circuit diagram for this component is

shown in Appendix B [8]. The pre-amplifier is a simple op-amp circuit, as shown

also in Appendix B. The variable resistor can be adjusted for gains from 0 to 100.

The pre-amplifier also introduces an offset which tends to open the valve with

increasing gain. This offset, however, can be counteracted with the DC level

trimpot on the motor controller box. Because the motor controller also amplifies

the incoming position signal by a factor of 10 before sending it to the motor

amplifier, the overall loop gain can be varied from 0 to approximately 100.

4.5.2.2 Controller Dynamics

The transfer functions of each component in the outer control loop were

measured over the range of 2-1000 Hz. An input sinusoidal signal was generated

at discrete frequencies by a Wavetek model 143 20 MHz Function Generator and

the magnitude and ]phase shift of the transfer function was observed on a

Tektronix 2230 100 MHz digital storage oscilloscope. The components tested were

the phase shifter, the: pre-amplifier, and the motor position control loop, where

the input was the signal to the motor controller box and the output was the RVDT

valve position signal.

The results are shown in Figures (4.16)-(4.17). It can be seen that both the

phase shifter and the pre-amplifier dynamics do not include any unexpected

poles or zeros in the frequency range of interest so that rolloff does not occur

until much higher frequencies. The phase of the phase shifter transfer function

stays constant at the desired setting over the range of frequencies tested. The

phase of the pre-amplifier remains close to 180* for all frequencies so that the

assumed sinusoidal signal is inverted. In contrast, the motor controller exhibits
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some frequency dependence in the range containing the characteristic system

frequencies, as well as input signal amplitude dependence. Figure (4.17)(a) shows

the results for a low level input signal consistent with the pressure transducer

perturbations in mild surge, while Figure (4.17)(b) is the same plot for a high

level signal on the order of the oscillations during deep surge. The frequency

dependence necessitates some, although not much, empirical adjustment of the

phase shifter during the test run to obtain a desired phase shift at the

encountered frequencies. The dynamics of the controller can also affect the

compression system stability, and this phenomenon will be discussed with the

time-resolved measurements of Chapter 5.

The transfer function of the control loop from the phase shifter to the

RVDT output was subsequently measured by the same point-by-point method to

verify the linearity of the individual components. This transfer function in

shown in Figure (4.18), where the attainable phase shifts and gains are bracketed

by the minimum and maximum settings of the phase shifter in both range

settings.

The overall transfer function of the control loop from plenum pressure

signal to valve motion, including the dynamics of the pressure transducer, was

tested by injecting white noise pressure disturbances and observing the resulting

RVDT signals. A small plenum was constructed with a 5 inch diameter Radio Shack

loudspeaker as one wall, and the Druck 50 psig plenum pressure transducer was

connected to this chamber at a static pressure tap. The speaker was driven with a

white noise signal by a Tektronix Model 2630 Fourier Analyzer signal

processor/signal generator. The inputs to the signal processor consisted of the

plenum pressure signal on Channel A and the RVDT signal on Channel B. A
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diagram of the setup for measuring the transfer function is shown in Figure

(4.19)(a). Figures (4.19)(b) and (c) give the phase and magnitude of the measured

transfer function. The spikes in phase seen at low frequencies are an artifice of

the plotting algorithm when there is a noisy signal near ± 1800. This test was run

with an inverting amplifier, so that the phase near 1800 in the frequency range

of interest is approximately 0* during the actual experiments without the

inverter.

It can be seen that although the controller adds dynamics that are not

modelled by the proportional control law, these added dynamics are fast enough

that they will not affect the compression system behavior in the surge frequency

range of 8-15 Hz.

4.6 Data Acquisition

All data acquisition is performed with the aid of an IBM AT personal

computer. Analog signals are input through an internal Data Translation DT2801

analog to digital converter card. This board is provided with a DT707 screw

terminal panel for the external signal connections, and data acquisition routines

are constructed using the Data Translation's PCLAB software. The external screw

terminal panel provides space for 8 differential signals, and the following signals

are sampled:

1) Plenum Pressure 5) Phase-Shifter Output

2) Orifice Pressure Drop 6) Pre-Amplifier Output

3) Inlet Pressure Drop 7) Motor Controller Signal Output

4) Valve Position
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The sampling rate for each channel is 1 kHz, with an overall sampling rate

of 8 kHz. With the 1 kHz sampling frequency the Nyquist frequency is 500 Hz,

well above the 10-20 Hz frequency range of interest. Both this sampling rate and

the input signal range are software selectable. An input range of ±5 volts is

selected. Since the A/D board has 12-bit resolution, the input signals are

resolvable to 2.4 millivolts. During data acquisition, the AT's direct memory access

(DMA) channel is used for the highest throughput rates. Also, since DMA routines

are asynchronous other operations may be concurrently performed. In this case,

temperature measurements are obtained during the voltage measurements.

The temperature measurements are all obtained from the various type K

thermocouples through an Analog Devices gMAC-4000 thermocouple multiplexer.

This multiplexer can accommodate up to 12 thermocouple inputs, and it interfaces

with the AT through an RS232C serial port. A thermocouple measuring ambient

cell temperature is scanned along with the thermocouples located on the test rig.

For this experiment, the AT was used solely for data acquisition. The

analog-to-digital converter card, though, has a digital-to-analog converter which

will allow command signals to be generated and sent directly to the motor

controller. This will enable future digital control schemes to be implemented,

with the advantages of flexibility and repeatability not realized by analog control

loops.

A schematic representation of the data acquisition setup is given in Figure

(4.20). Time-averaged steady-state operating conditions are monitored during the
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test runs by the AT. Both time-averaged and time-resolved data may be stored on

the AT for any desired operating point.
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CHAPTER 5

Experimental Data and Analyses

5.1 Introduction

The effect of the controller on the compressor system was evaluated using

time-averaged and time-resolved measurements. The former, in which the

compressor is operating steadily after any initial transients have died away, will

be considered as steady-state measurements. The compressor may be operating in

surge for these measurements provided the surge cycles are periodic. The time-

resolved measurements are taken both at steady-state operating conditions and

during transients to capture the unsteady features of the system.

The steady-state measurements are presented first to show the shift in

surge line with control compared to that without control. This stable operating

range extension, though, will be undesirable in practice if the surge suppression

is achieved at the cost of compressor efficiency, so the controller must be shown

to maintain compressor efficiency in the newly accessible region.

Steady-state data will also show whether the predicted trends in B

dependence are correct. The compressor duct effective length, the main plenum

volume, and the compressor rotational speed can all be varied to change the B

parameter. Increasing the volume and decreasing the inlet length allowed

investigations at higher B factors for a given compressor speed, while holding

the Helmholtz frequency nearly constant. This avoided frequencies above 20 Hz
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associated with unmodelled dynamics. In addition, both the plenum volume and

the inlet length could be adjusted to produce the same value of B as in the first

configuration at a different compressor speed. The table below summarizes the

conditions under which the controller was tested:

Case 1 Case 2 Case 3

Vp in m3  .0079 .027 .012

Lc in m 1.96 .88 1.96

Compressor Speed
in RPM x 1000 60-110 60-110 70

B parameter .45-.72 1.26-1.93 .61

Frequency in Hz 15.5 12.5 12.8

Time-resolved measurements were taken to examine the dynamics of the

controlled compression system. The unsteady behavior of the uncontrolled

compression system was first measured as a baseline for the subsequent control

implementation, and the measurements were then repeated, in both stable and

unstable regimes, with the controller on. The qualitative surge characteristics

are examined at various values of B to determine the B dependence.

With the time-resolved measurements, the dynamics of the controller itself

are revealed and prove to be significant for the success of this control scheme.

While the system model assumes a simple proportional controller, the dynamics of

the real analog system influence the stability of the entire compression system.

In addition to determining that the controller does indeed stabilize the

system, measurements were made to validate the linearized model of both the
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uncontrolled and controlled systems. These comparisons provided assurance that

active control works (reasonably) as predicted and determined that the realized

control was not associated primarily with unmodelled compressor dynamics.

5.2 Steady-State (Time-Averaged) Measurements

5.2.1 Motivation and Procedures

The initial experiments were aimed at investigating whether the active

throttle valve can successfully suppress surge. Steady-state data was taken first

in the small B configuration, Case 1, since the theory predicts greater

controllability at lower values of B. Measurements with no control were taken to

serve as a baseline for comparison with the controlled measurements. The

performance of the compression system both with and without control was

assessed through the extension of the surge line and the compressor adiabatic

efficiency.

The effect of the B parameter was then explored by changing the system

configuration to Case 2 to achieve higher values of B over the same range of

speeds as in Case 1. The uncontrolled and controlled measurements were repeated

as before. Finally, the effect of B was separated from the effect of speed by taking

the same data with the system configured as for Case 3. This data is compared

between Case 1 and Case 3 at different compressor speeds but the same B.

5.2.2 Uncontrolled Steady-State Compressor Performance

Case 1, the small volume/large duct length, was the configuration used to

initially verify control. Data were taken along constant corrected speedlines
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ranging from Ncorr = 60,000 to 110,000 RPM in 10,000 RPM increments, where

corrected speed is defined as:

N = NmeN (5.1)

The reference temperature was taken as the sea level standard value of 59 0F

(150C), and the actual ambient temperature TO was measured at each operating

point to allow correct adjustment of the mechanical speed, Nmech. For the

uncontrolled baseline measurements, the control loop was disconnected from the

motor controller and the command input to the motor controller was grounded so

that only a DC signal was sent to the valve. This signal corresponds to a stationary

position of the control valve. The fraction that the valve was open is regulated by

the trimpot on the motor controller and can be calculated from the calibrated

RVDT voltage.

Steady-state operating points were measured along each speedline with

increasing throttling until the surge point is reached. Corrected speed is held

constant during these tests by regulating the compressed air supply to the drive

turbine. The surge point was defined in this experiment as the last steady-state

operating point after which any further valve throttling will induce surge. The

compressor was then brought into deep surge and data points taken with

increased throttling. While in surge, the time-averaged plenum pressure rise and

the compressor adiabatic efficiency drop substantially.

The compressor performance is presented in several ways: 1) total-to-static

pressure ratio vs. corrected flow in ft3 /min corrected to 59 0 F (150C) and one
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standard atmosphere, 2) nondimensional pressure rise vs. nondimensional flow

coefficient, and 3) isentropic head coefficient vs. nondimensional flow

coefficient. The compressor total-to-static pressure ratio is defined as:

C- = -(5.2)P0

The static pressure measured in the plenum (which is also taken to be the

plenum total pressure) is different from the total pressure at the compressor exit.

This difference in total pressure in the plenum and at the compressor exit

corresponds to the dynamic pressure in the exit duct, which is, near surge at

Ncorr = 90,000 RPM, approximately 3% of the total pressure at the compressor exit.

The mass flow is measured by the downstream orifice in the second plenum

and the dimensional units are ft3/min corrected to standard conditions. Each of

the variables is also nondimensionalized. The compressor pressure rise may be

nondimensionalized as either:

P -P
S=- 1 U2  (5.3)1 P

or
7-1

Vh -12 (5.4)
('Y- 1) Mto

This latter (Eq. (5.4)) is an isentropic headrise coefficient, from Fink [6],

which takes into account the flow compressibility. The ratio of specific heats, 'Y, is

taken as 1.4, and the Mach index, Mt,0, is defined as:
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M=o U (5.5)

The mass flow is nondimensionalized as the flow coefficient:

Cx th
CX = x (5.6)

U Po U Ai

where Cx is the axial velocity at the impeller inlet annulus. Adiabatic compressor

efficiency is defined as the ratio of the isentropic compressor temperature rise to

the actual temperature rise, where r is the actual total temperature ratio:

Y-1

I= -- 1(5.7)

Compressor total pressure ratio vs. mass flow is shown in a conventional

compressor map for Case 1 in Figure (5.1)(a), with the surge line indicated. All

speeds referred to hereafter are corrected. The pressure ratio at surge ranges

from approximately 1.3 at 60,000 RPM to 2.15 at 110,000 RPM. At each speed, surge

occurs slightly to the left of the peak, at locations where the characteristic is

positively sloped. At low speeds, the slope to the left of the peak is very shallow

and the pressure rise actually increases again slightly until surge occurs at a

much lower mass flow. This slight "dip" in the characteristic was observed at the

60,000 and 70,000 RPM speedlines. At higher mass flows the slope just to the left of

the peak is steeper and surge occurred there. A "knee" in the speedline thus

results between the 70,000 and 80,000 RPM speedlines. Figures (5.1)(b) and (c)

show the compressor characteristics plotted in the form of pressure rise and head
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coefficient, respectively. The head coefficient curves collapse more closely, at

least to the right of the peaks, than do the pressure rise curves. Similar

comparisons of the head coefficient and pressure rise curves were found by Fink

[6].

5.2.3 Controlled Steady-State Compressor Performance

To examine the influence of the control, the compressor was brought close

to surge on a given speedline, and the controller was turned on. The control

valve was then closed down, with the controller gain set at a fixed magnitude. The

lowest attainable flow rate before deep surge, reversal defining the surge, was

then measured. The throttle was then opened, the gain was increased, and the

process was repeated to reach another controlled operating point at the lowest

stable mass flow. In these experiments the phase of the controller was set to 0O

since attempts made with the controller at other phases did not reach as low mass

flows as with 0*.

Figure (5.2) shows the same pressure ratio vs. mass flow map (Figure

(5.1)(a)) with the shifted surge line due to the controller. At 80,000 and 90,000

RPM there was a 20-25% decrease in the mass flow from the uncontrolled surge

point. At 100,000 RPM there was a slight extension of the stable region, while at

60-70,000 and 110,000 RPM the extension was negligible. From the plot, it can be

seen that below the "knee" of the surge line the controller has little effect on the

surge point. In addition the control effect decreases at higher compressor speeds.

Since B increases proportionally with speed, this decrease in controllability is

expected. B at 90,000 RPM is .61 while at 110,000 RPM the value of B is .72.
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On a N vs. 4 plot for the selected representative speed of 90,000 RPM (Figure

(5.3)), the extension of the stable operating region is clearly shown. The flow

coefficient at the surge point is shifted from .142 to .112 under control, a decrease

of 21%. With control the compressor pressure rise is stabilized near the same

level as prior to surge. Once the controller loses its effectiveness and the system

surges with the controller still on, the compressor operates along the same

characteristic as in normal surge. The compressor efficiency at this speed does

indeed drop off in the newly accessible controlled region (Figure (5.4)), but the

decrease in efficiency follows the trend in the normally stable region, so does not

fall off as far as in (uncontrolled) surge.

5.2.4 B Parameter Dependence of Controllability

To test the dependence of the controller on the B parameter, the test rig was

configured for Case 2, the large volume/small duct length case. Since B scales as

Vp /Le and the Helmholtz frequency scales as NiVpLc, the B parameter was

increased by a factor of 2.7 at a given speed while keeping the actual frequencies

of interest of the same order.

The compressor map that was measured for Case 2 is shown in Figure (5.5).

The surge line with no control has changed very little from the uncontrolled

surge line of Case 1 - the B dependence for natural surge is weak in this range of

B values. The main feature to note is the shift in the "knee" of the surge line from

between 70-80,000 RPM in Case 1 to between 60-70,000 RPM. From the analysis of

the maximum tolerable compressor slope, it is expected that at smaller values of B

a steeper slope is necessary for instability. Experimental data shows that the

speedlines have a small dip near the peak. At high B values this locally steep
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region produces surge, but at smaller B the compressor will not surge until much

lower mass flow. ;Since the dip is larger at higher speeds, the "knee" shifts

upward as B decreases.

Figure (5.5) also shows the controlled region for the larger B case. As

expected, the largest extension of the stable operating range occurred at the

lower speeds, with control falling off at higher speeds and therefore higher B

values. Again there was negligible control below the surge line "knee".

Comparing the larger 13 Case 2 (Figure (5.5)) to the smaller B Case 1 (Figure (5.2)),

the effect of varying B with constant speed can be seen. In the regions where

control was accomplished at both B values, i.e. 80-100,000 RPM, the surge line

extension was at least 50% larger in terms of mass flow at the lower B values than

at the higher B on a given speedline.

The larger B configuration did produce a controlled stable region at 70,000

RPM that was a 25% reduction in mass flow compared to the uncontrolled surge

point, whereas no control was observed in the small B case. However, in the small

B configuration the compressor naturally surged at the same point to which the

large B case could control, since the "knee" had shifted above 70,000 RPM.

Therefore in neither configuration could control be achieved below a mass flow

of < = .09. It should also be noted that neither controller was able to achieve

control at 110,000 RPM. In Case 1 this corresponded to B = .72 and in Case 2 to B =

1.95. At speeds where control was effective, the trend of B dependence showed

that smaller B does produce greater control. In physical terms the small B case

has less capacitance between the energy input (compressor) and the controller,

so the controller can more directly affect the compressor to ensure stability.
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Comparing controllability at the same speeds with different B parameters

shows the B dependence of the control scheme effectiveness. However, the

decreasing controllability in a particular system configuration at increasing

speeds might be attributed either to an increase in B factor or to an increase in

impeller tip Mach number, both of which scale with rotor speed. Thus an

experiment was conducted to separate the effects by changing the configuration

to match B parameters at different speeds. The compressor was run in the

configuration of Case 3 at 70,000 RPM to match B = .61 of Case 1 at 90,000 RPM. The

measured shift in surge point for this case was from * = .121 to 0 = .092 (Figure

(5.6)), a difference of .029 as compared to a similar shift in 4 of .030 for Case 1 at

90,000 RPM. In Case 1 at 70,000 RPM no control was achieved. Therefore speed (or

Mach number) per se does not limit controllability.

5.2.5 Summary of Steady-State Uncontrolled and Controlled Measurements

The conclusions from the time-averaged measurements of the system are:

* Active throttle control stabilizes the system below the natural

surge point.

* In controlled operation the compressor pressure rise remains near the

pre-surge level.

* Compressor efficiency is maintained during control.

* Control ability is a function of the B parameter.

* Control ability decreases as B increases.

* The positioning of the uncontrolled surge line "knee" is a function of B,

and the controller is ineffective below it.
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5.3 Time-Resolved Measurements

5.3.1 Motivation and Procedures

From the time-averaged results it may be concluded that this method of

active throttle control can provide significant stabilization of the system under a

variety of operating conditions. There are still questions which need to be

investigated through time-resolved measurements. Among these are: How does

the controller affect the oscillatory behavior of the system both under control

and after the controlled system surges? Can the controller eliminate existing

surge? What happens to the system if the controller is shut off in a normally

unstable region? What dynamics does the controller introduce to the system?

What controller gain and phase will produce the most control? The next section

addresses these issues through the examination of system parameters in the time

domain.

The unsteady behavior of the system with and without control provides

insight into how the controller suppresses surge. Time-resolved measurements

are taken of the following parameters: compressor pressure rise, inlet mass flow,

orifice mass flow, and control valve area. Data is sampled at 1 kHz for 1 second

when the compressor is operating in steady or oscillatory behavior. When the

transient system behavior is of interest, the sampling time is increased to 4

seconds. The results are plotted as perturbations in the time domain and/or

oscillations in the pressure rise-mass flow plane.

5.3.2 Unsteady Behavior of the System Without Control
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With the system configured in the small B (Case 1) configuration, time-

resolved measurements of the perturbations in nondimensionalized pressure rise

SV, inlet mass flow ý1, and orifice mass flow 02 were taken at successive points

along the constant 90,000 RPM corrected speedline without the controller. The

points recorded extended from the right of the peak of the characteristic to well

into surge. Figure (5.7)(a) shows the time-averaged nondimensional

characteristic with the measured points (A-E) indicated. Figure (5.7)(b) shows the

perturbations in nondimensional plenum pressure rise W at successively smaller

flow rates, while Figure (5.7)(c) shows the perturbations in nondimensional

compressor mass flow at the same operating points.

Point A, where: the mean flow coefficient is .183, lies to the right of the

characteristic peak and the compressor is operating stably. The perturbations in

pressure rise and mass flow are on the order of the noise in the system. Point B

lies just to the left of the peak. Here the system shows oscillations at a frequency

of 13.5 Hz, compared to the predicted Helmholtz frequency of 15.5 Hz. The slope of

the compressor characteristic is very shallow and the compressor is operating in

mild surge. Point C is the last stable operating point before deep surge. The

compressor again is in mild surge, but the amplitude of the perturbations has

increased and the frequency has decreased slightly to 13 Hz. Finally, points D and

E show the system behavior in deep surge. The oscillations in plenum pressure

are much larger and the frequency of about 9 Hz has some association to plenum

blowdown and repressurization [6]. The mass flow also fluctuates strongly,

reversing for a portion of the cycle. Figure (5.8) shows the mild surge cycles at

point C in the pressure rise-mass flow plane, plotted over the time-averaged

characteristic. Figure (5.9) is a similar plot in deep surge at point D. The surge

cycles are traced out in a counterclockwise direction.
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5.3.3 Unsteady Behavior of the System With Control

At controlled points A'-D' (Figure (5.10)(a)), the perturbations in

nondimensional pressure rise and mass flow are substantially suppressed, as

shown in Figures (5.10)(b) and (c). The perturbations in nondimensional valve

area, 8Av/Av, are shown for the same operating points in Figure (5.10)(d). Surge

has been successfully suppressed, but a higher frequency is now seen. All

perturbations contain a strong frequency component at 60 Hz which is well above

any frequency that the author can associate with the geometry of the

compression system. It is therefore postulated that this frequency stems from the

controller dynamics. The frequency will later be determined to be a function of

the system geometry, though, as it will vary for different configurations. This

"controller instability" mode will be examined in more detail later. A power

spectral density plot of the valve motion under control reveals that even during

the controller instability the valve is still responding to a lower frequency

associated with deep surge (Figure (5.11)). The suppression of system oscillations

is clearly seen in Figure (5.12), which shows the pressure rise vs. mass flow

perturbations at point D' along the compressor characteristic with the controller

on.

Fink has pointed out that compressor dynamics themselves provide some

measure of stabilization through variations of rotational speed during an

instability [6]. This stabilization becomes more effective at lower surge

frequencies where the compressor speed can closely follow the instability.

Because the controller can affect the resonant frequency of the system, as

discussed in Section (2.3.4), it is possible that the mechanism of surge suppression
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may involve this lowering of the surge frequency which allows the compressor

more time to vary in speed. A power spectral density calculation was thus carried

out on all controlled surge points, as well as the uncontrolled deep surge points in

the same flow coefficient range. The PSD of the plenum pressure fluctuations

with no control determined the deep surge frequency to be 8.8 Hz. Similar

computations performed at controlled points A'-D' showed that the resonant

frequency was reduced from 8.8 Hz to 5.9 Hz at point B', but increased to 8.8 Hz at C'

and to 10.7 Hz at D'. The compressor speed variations, therefore, are not the

reason for surge suppression.

When the throttle was closed enough that the controller could no longer

maintain stability, the surge had much the same features as without control. In

the time intervals between blowdown and repressurization, while the compressor

was operating along its characteristic, the "controller instability" produced

higher frequency perturbations in pressure rise and mass flow. The

nondimensionalized valve area, plenum pressure, and compressor mass flow

perturbations in surge with the control on are shown in Figure (5.13). It can be

seen that the fundamental frequency in deep surge has been reduced by the

introduction of the controller. A plot of the surge cycle on the compressor map

with the controller on is shown in Figure (5.14).

The pressure perturbations of the system both with and without control are

shown as RMS and peak amplitudes in Figure (5.15). Without control the RMS

value for the pressure perturbations approaches a maximum level as the surge

frequency increases, while the peak amplitude is reached immediately after surge

is initiated. It is seen that below the flow coefficient at natural surge, the

controller suppresses the pressure fluctuations to a level below that of mild surge.
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Once surge can no longer be controlled, both the peak level and RMS amplitude of

perturbations are still lower than those with no control.

The previous time-resolved measurements under control were all taken

during stable or steady-state oscillatory operation. The transient behavior of the

system when the control is turned on or off is also a measure of the control

effectiveness. Figure (5.16)(a) shows the nondimensional perturbations in valve

area, pressure rise, and mass flow for the system in deep surge with the controller

off. At t = 1.03 seconds, the controller is switched on at a previously set controller

gain and phase. It can be seen that the controller captures the surge and

suppresses the fluctuations within one surge cycle. In the pressure rise-mass

flow plane, the surge cycles are shown to be suppressed as soon as the compressor

reaches the time-averaged operating point on its characteristic (Figure

(5.16)(b)). The controller can thus capture the instabilities even though the

system is operating in a highly nonlinear surge regime. It should be noted that

the implementation of the controller increases the time-averaged flow coefficient

slightly from * = .083 to .092 because the pressure increases (this is basically

motion along a constant throttle line). Even though the flow coefficient,

however, increases it still remains well within the no control surge region.

Another view of the transient behavior is given by switching off the

controller. This is shown in Figure (5.17), at t = 1.16 seconds. The absence of

control action allows small perturbations to grow within several surge periods, to

the large amplitude deep surge cycles.

5.3.4 B Parameter Dependence of the Unsteady System Behavior
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The system unsteady behavior in surge both with and without control is

strongly a function of the B parameter. With no control, the amplitude of the

plenum pressure fluctuations remains virtually constant but the behavior in

between each surge cycle is quite different. At small B factors, when the

compressor reaches the last stable point of operation, any further throttling

triggers deep surge, with each plenum blowdown and repressurization followed

immediately by another blowdown/repressurization. Further throttling does not

change the surge behavior other than to slightly increase the surge frequency.

At higher B factors, though, the compressor operating just to the left of the surge

line can experience a single surge cycle and then recover for a period of quasi-

steady operation before another surge cycle occurs. The compressor sounds as

though it is "barking" during this mode. As the throttle is closed down, the

"barks" become more frequent until the system does not recover stable operation

between surge cycles (Figure (5.18)). Similar behavior was found by Fink [6] for

a system with a much larger B parameter.

The dynamics of the controller also appear to be dependent on the B

parameter of the system. Figure (5.19) shows the nondimensional valve area

perturbations at 90,000 RPM for both the small B and the large B cases. In both

configurations, it can be seen that a frequency much higher than the surge

phenomenon is present. In the small B (B=.61) case the frequency is 60 Hz, and at

large B (B=1.65) the frequency has increased to 83 Hz. Both the pressure rise and

valve motion still contain the deep surge frequency, but the pressure rise and

mass flow oscillations at this frequency have been greatly reduced compared to

no control. The high frequency "controller instability" does not appear to limit

the controller effectiveness, at least in the configurations tested, but it did appear

at gains near the maximum allowable magnitude for control. At smaller gains no
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controller instability was found. The oscillations during controller instability

were small so they did not preclude surge suppression. However the presence of

unmodelled dynamics highlights the importance of proper design for future

controllers and suggests that a more detailed model be constructed for a more

sophisticated implementation of active throttle control.

5.3.5 Summary of Time-Resolved Measurements

The main features of the time-resolved behavior of the compression system

both with and without control are summarized below:

* The compression system without the controller exhibits different modes

of instability as a function of mass flow. To the right of the peak, the

compressor operates stably. Just to the left of the peak mild surge

develops with oscillations in pressure rise and mass flow occurring

near the system's Helmholtz frequency. Further to the left the

compressor goes into deep surge with large amplitude oscillations

and flow reversal. The frequency decreases from 12-15 Hz in mild

surge to 8-9 Hz in deep surge.

* In deep surge, the plenum experiences blowdown and repressurization.

The compressor appears to follow its forward flow characteristic

during the repressurization portion of the cycle.

* The controller can successfully suppress the surge oscillations to an

amplitude below that of mild surge.
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* The controller adds unmodelled dynamics to the system which may

affect the system stability.

* The controller does not stabilize the system merely by reducing the

surge frequency to allow the compressor more time to adjust its

speed to increase stabilization.

* Deep surge with the controller on is less severe than normal surge.

* The controller can suppress existing surge even though the surge

phenomenon is highly nonlinear.

* The B parameter affects the ability of the compressor to recover

between surge cycles. At lower B the compressor goes into full

surge as soon as the surge line is crossed. At high B the compressor

may recover between surge cycles until further throttling

produces full deep surge.

* The B parameter also influences the controller instability modes. As B

increases the frequency of the controller instability increases.

5.4 Comparison of Experimental Measurements to Model Predictions

As a test of the validity of the linearized model, comparisons may be made

between the system behavior predicted by the model and the observed behavior.

These comparisons include both those without control, to validate the lumped
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parameter model of the compression system, and those with control to verify the

proportional controller model in the compression system.

5.4.1 Compressor Transfer Function

The compressor transfer function was briefly studied to compare with

theoretical predictions. The transfer function between the plenum pressure rise

as the input and the compressor mass flow as the output was measured in the large

B configuration at 90,000 RPM near the peak of the characteristic. The amplitude

and phase of the transfer function were measured point-by-point for frequencies

in the 2-40 Hz range. The plenum pressure rise was oscillated by driving the

control valve at the desired frequency with a sinusoidal signal. The compressor

mass flow was calculated from the plenum pressure and valve motion by the mass

continuity method. The results are shown in Figure (5.20).

The results of the transfer function measurement were not conclusive. It

is thought that the mass flow measurements are not precise enough due to the

technique used (measuring the mass flow indirectly from the plenum pressure

and the valve area). Time limitations prevented an independent measure of the

mass flow with a hot-wire anemometer, and these measurements are considered a

priority for future active control investigations.

5.4.2 Control Action Required for Surge Line Extension

The theory predicts that a certain gain and phase will produce the optimum

reduction in stable mass flow with given system parameters. In addition, the

model predicts the most extreme conditions the controller can handle, i.e. the
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maximum compressor characteristic slope before losing ability to suppress surge.

To estimate what the actual characteristic slopes were at a controlled operating

point, a compressor map was needed which would extend the constant speedlines

to the left of the surge line under control. This was accomplished by close-

coupling the control valve to the compressor exit duct. The volume was then

essentially reduced to the exit duct volume, resulting in a B small enough to avoid

surge until very low flow rates. The control could not be tested here because the

system frequency was increased to well above the control valve frequency

response.

The compressor map in the close-coupled configuration is shown in Figure

(5.21)(a)-(c) in terms of 7c vs. SCFM, i vs. ), and head coefficient vs. 0. From these

characteristics, the nondimensional slope could be estimated, although a precise

value cannot be obtained due to the local variations. Therefore the slope could

only be bracketed and used to show whether the model predictions were

reasonable or not.

The controlled points on the 90,000 RPM speedline in the small B

configuration (B = .61) were compared to the theoretical predictions. The gain

and phase of the controller at each point was measured from the time-resolved

data, and the slope of the characteristic at each time-averaged operating point

was estimated. At each controlled point, the phase of the controller was zero

degrees, as this was found to produce the most control. The theory predicted that a

phase of approximately 340* was optimum. The results for the controller gain are

shown in Figure (5.22) for points (A'-D'), with the gain multiplied by the

nondimensional mean valve area. An estimation of the uncertainty in the

compressor slope is shown on the plot as error bars. It can be seen that since the

83



compressor slope for a given gain is lower than the maximum predicted tolerable

slope, the controller has some theoretical margin for improvement. This

indicates that the controller could suppress surge even though its performance

was not optimized. Note also that one controlled point lies on a negative slope

where the uncontrolled compressor recovers slightly from mild surge before

developing into deep surge.

5.4.3 Measured Stability Boundary

The stability boundary was discussed in Section 2.3.2, and it shows the

region in the controller gain-phase plane where stable operation may be

achieved. In general, the maximum range of gains for stable operation occurs at

00 phase shift between the plenum pressure perturbations and the valve motion,

and the stable gain range decreases as the phase is shifted either positively or

negatively. At some. magnitude of controller phase, no gain will stabilize the

system. This leads to a closed region in the gain-phase plane where compressor

stability is ensured. The size and shape of this region is B dependent. A

comparison between the measured stability boundary and the theoretical

prediction is made at 90,000 RPM for the small B configuration and the results are

shown in Figure (5.23:). The compressor slope for the calculation was set to match

the maximum gain at zero degrees phase, and the values for * and 4 were taken

from the steady-state measurements. The qualitative theory and experiment

comparison is fairly good, although there are specific quantitative differences.

The measured stable region is somewhat larger than that predicted by the model,

smaller minimum gain is needed for stability than predicted, and stability is

achieved over a larger range of controller phase.
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5.4.4 Shift in Measured System Resonant Frequency

The frequency shift predicted in Section 2.3.4 considered the change in

frequency of small perturbations as the controller phase was varied from 00 to

3600. In practice, the frequency shift could only be measured while the system

was in deep surge with the controller on. If the measurements were attempted

either in stable controlled operation or in mild surge, the controller would induce

deep surge when the phase difference between valve and pressure perturbations

became appreciable. Thus the comparison had to be made between the linearized

model and the nonlinear compressor instability. The results are shown in Figure

(5.24). The comparison of the theoretical frequency shift to the actual data shows

that even though the surge phenomenon is nonlinear, the model does capture

essential features. The frequency shift at O0 phase shift is shown to be about 20%,

and by driving the controller out of phase with the pressure perturbations the

frequency is driven higher than in normal surge.
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Chapter 6

Conclusions

6.1 Discussion of Conclusions From This Experiment

The active throttle control scheme has been demonstrated as a viable

method of surge suppression for a centrifugal compressor. With the control valve

in place in the compression system, the minimum mass flow for stable operation

was reduced by 20-25% from the uncontrolled surge point. This control was

achieved without degrading system performance in terms of compressor adiabatic

efficiency.

The time-resolved behavior of the system with the controller revealed the

substantial suppression of pressure and mass flow oscillations at controlled

steady-state operating points. Both the shift in the surge line and the decrease in

the surge margin with control open up the accessible operating region on the

compressor map.

The linearized model of the compression system has been shown to be

adequate to predict the features of surge behavior and the effect of the throttle

control. Although the model only considers a linearized system for small

perturbations around a mean operating point, the controller has been

demonstrated to suppress surge even when the system behavior is in a highly

nonlinear regime. Therefore the control scheme may be used to suppress deep

surge as well as to prevent surge from occurring in the first place.
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The linearized model predicts the strong dependence of the controller

performance on system parameters. In particular, the B parameter has been

shown to strongly influence the ability of the control valve to affect the

compressor. With larger B values, the valve becomes more decoupled from the

compressor and more control effort is required for stabilization. Eventually at

high enough values of B, the capacitance of the plenum is large enough so that

the valve is effectively too remote to influence the compressor. The control effort

required at a given B factor is also highly dependent on the slope of the

compressor characteristic at the time-averaged operating point. A steep

compressor slope means a larger energy input of the compressor for small

perturbations and thus more energy dissipation required by the controller.

Overall, this experiment is seen as providing a useful test bed for active

throttle control and proven that the control scheme can provide substantial

stabilization under typical operating conditions. This even though the simplest

possible control scheme was used, so that significant improvements also appear

likely.

6.2 Suggestions for Further Study

The investigation of this control scheme revealed several areas requiring

further exploration. First, the compressor transfer function measurements must

be made with a hot-wire anemometer in order to have confidence in the

modelling of the compression system.
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The controller dynamics must also be more thoroughly investigated. The

controller instability observed during these experiments was unmodelled and may

have precluded larger surge line extension. Because the effect of the controller

instability was apparent even with this very simple controller, the successful

implementation of a more sophisticated control scheme would demand the full

characterization of the additional dynamics.

The problems associated with repeatability and reliability of an analog

control loop suggest that a future controller be implemented digitally. A digital

control loop allows flexibility in testing various feedback laws to optimize control.

Such an experiment is being initiated at the high speed test facility, and will use a

personal computer with analog-to-digital and digital-to-analog interfaces to

process the control signals. The digital controller will first attempt to duplicate

the analog controller results to verify its design, then will explore more complex

throttle control schemes.

One throttle control scheme that appears promising is the close-coupled

controller with the valve between the compressor and the plenum. Because the

control valve must balance the loss of usable plenum pressure rise across it with

the benefits of controllability, a simple control law did not prove adequate. Since

the close-coupled control valve effectively modifies the compressor to create a

compressor with "different" characteristics, this type of control suggests that the

valve motion may be able to be tailored for operation in different regions of the

compressor map. This is an area that is also regarded as having high priority for

further study.
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Figure 4.4 Exploded View of Holset HiD Turbocharger
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4.10(b) Predicted cd vs. Reynolds Number [12]
Reynolds Number Based on Orifice Diameter
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Figure 4.15 Motor Position Control Loop Schematic [13]
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Figure 4.19(a) Overall Control Loop Transfer Function Including Pressure
Transducer, Test Setup Schematic
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Figure 4.20 Schematic of Data Acquisition Inputs and Outputs to the Controller
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Appendix A

Derivation of the System Characteristic Eauation
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Consider the compression system shown below:

0 2

PLENUM X
COMPRESSOR MOVABLE THROTTLE

Assuming:

1) Quasi-steady compressor behavior

2) Uniform pressure throughout the plenum

3) Isentropic fluid behavior in the plenum

4) Incompressible flow in the ducts

5) Negligible throttle inertance

6) Quasi-steady flow through the throttle

7) Constant ambient conditions

the integral form of the momentum equation for the compressor duct, assuming

one-dimensional flow, is:

1

P _P PJ =p dx - AP (A.1)

0

where: C, = axial velocity through the compressor duct

APt, c = total pressure rise across the compressor

An equivalent compressor duct length is defined as:
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(A.2)

1

LC= A. dx
n J A(x)

o

where A(x) is the duct cross-sectional area and Ain is the throughflow area at the

compressor inlet face. Substituting Eq. (A.2) into Eq. (A.1) gives:

Po P L =A pI A(x) - APt

rill = p Cx A(x)

(A.3)

(A.4)

Eq. (A.3) is rewritten as:

L drit
Po P0 I A. dt Le

h

(A.5)

In the exit duct, the inertance of the throttle is neglected, so that the

momentum equation gives simply:

Pl - P2 = APtv (A.6)

where APt, v is the total pressure drop across the valve. Mass conservation in the

plenum requires:

dp lmi = ri 2 - Vp dt (A.7)
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Assuming the fluid in the plenum behaves

isentropically:

= constant

dt dP dt1

dp_ p1 dP 1

dt 7 Pl dt

(A.8)

(A.9)

(A.10)

Using the Perfect Gas Law:
dp. = 1 dP1
dt yR TI dt

With the definition of the speed of sound in the plenum:

a = yRTI

Eq. (A.11) becomes:
dpl 1 dP,
dt a2 dt

Substituting Eq. (A.13) into Eq. (A.7) gives:

Vp dP 1
1 2 a2  dtdt
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So:

(A. 11)

(A.12)

(A.13)

(A.14)

where Vp is the plenum volume.
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Eqs. (A.5), (A.6), and (A. 14) completely describe the fluid mechanics in the

compression system. These equations are linearized for small perturbations

around a mean operating point. The variables in the equations become:

ril I =M + 8thi  (A.15)

ih2 2= 2 + 8rh 2  (A.16)

P1 = T + 8P, (A.17)

AP,= APL, + rbm2 + - 8AV (A.19)S th2 2 AA

where overbars designate mean flow properties. Av is the throttle valve area.

Assuming the inlet and exit are both at ambient conditions, PO = P2 = constant. The

total pressure slopes are written more compactly as:

dAP
T di= (A.20)

dmrh

Tv =- t(A.21)ar
2

CV- PA (A.22)
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Substituting Eqs. (A.15) to (A.17) and (A.20) to (A.22) into Eqs. (A.5),(A.6),

and (A.14), the mean values are subtracted and the equations combined to form

two coupled perturbation equations:

Le d~rilLc = T_ riS, - sP, (A.23)A. dt

VP dtP1  rht I 1 CY vA (A.24)
a2 dt I T, I T, V

The variables in Eqs. (A.23) and (A.24) are nondimensionalized by:

6P
BYI 1 2 (A.25)

TUPo

1o (A.26)
PoUA in

A
t = cot (A.27)

A AV
Av-. (A.28)

1
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T. = Tr 2u

2A.
1, = T, u

2A.

With the definition of the Helmholtz frequency, w:

o = a VP Lc

and defining a stability parameter, B, as:

B= U _U VP
2wLc 2al Lc A.

Eqs. (A.23) and (A.24) become:

d& _c B  B 8

Cd 2 2

d6 I 1 1 _v _ A

2B 2B 81, 2B t•

The control law is selected as simple proportional feedback:
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(A.29)

(A.30)

(A.31)

(A.32)

(A.33)

(A.34)

(A.35)



(A.36)
A

where the constant zA is complex. Inserting Eq. (A.36) into Eq. (A.35), the two

nondimensional perturbation equations for the controlled system are:

d6o _ cB B5y

i, 2 2

d8V_ 1 1 1 - ~, AZA
& 2B 2B • ,

(A.37)

(A.38)

Eqs. (A.37) and (A.38) are represented in matrix form as:

F&s1
-B
22

12B 1 1, vA, zA
2B 2B TV

[Z] (A.39)

where [A] is the system matrix. Setting the determinant of [A-sl] equal to zero

produces the characteristic equation for the controlled compression system:

S2 2 c B  1
2 2B (A.40)S1- , AV ZA
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Appendix B

Circuit Diagrams for Controller Components
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Appendix C

Derivation of Comoressor Duct Effective Lenth

181



The equivalent compressor duct length, Lc , has been defined as:

1

L = A. -dx) (C.1)
0

where Ain is the annular impeller area and A(x) is the duct cross-sectional area.

The duct comprises three parts:

1) Inlet Duct

2) Compressor

3) Compressor Exit Duct

1) The inlet duct inner diameter is 5.2 cm (2.0 inches). The length of the inlet

was varied for different parametric studies. The length of the short inlet pipe is

22.6 cm (8.9 inches), while the long inlet pipe is 2.05 m (81 inches). Neglecting

the curvature of the bellmouth as relatively small, the contribution to the

effective length from the inlet becomes:

L "inlet pipe length (C.2)
A inlet pipe cross-sectional area

Values for the two inlet lengths are:

HL--) = .226 m = 107.2 mrn
surt ini 2.11 x 10 n 2

) = - 2.054 m - 973.2 m-1

ng in~ 2.11 10 -3 m2
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2) The derivation of the effective length through the compressor is given by [21]

for a geometrically similar turbocharger, with all dimensions given in mm:

Compressor This can be subdivided into three sections:

(a) Diffusing passage before scroll

(b) Scroll

(c) Diffusing passage after scroll

(a) Diffusing passage before scroll

19--- Lon

,I5 ° _

A -= 2 x 3 x (31 + s)

L 18
A 18

o

(2a
Za

as
6,r (31 + s) (C.3)

M (1/6r) ln(49/31) - 0.024
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(b) Scroll

Assume uniform addition of fluid with angle around scroll

so that mass flow Q at angle 8 is given by Q -T QT
T

where the subscript T denotes total values.

Depending on the assumptions made it is possible to demonstrate

that either of the following definitions of L/A is plausible:

L - ds
SA (C.4)

or L (T (C.5)

Neither is more 'correct' than the other as there is no absolute

answer, so it was decided to calculate the value both ways and

use the mean of these. Note the existence of a region of radial

flow near the inner radius mixing with the flow which is in a

direction mainly along the passage.

(i) Assuming = 2

Mean radius is constant at 51mm

.. ds = 51 de

Width of the passage is given by

D - 13 + - (32 - 13)
. OT

L , T 2d
Hence L c TI 2 (.)

S (K +
(K + ')

o
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where c - 4 x 51/ x 192)

9T = 312 x 7/180

and K = 13 eT/19

giving, after some manipulation:

L Kn+ 9- - 2K _n _

A T

Ths 170

L(ii) Assumnnng A

gives L cA T
! T

ds
A

Ode

(K + 9)2

K+ K
= c9 T  n " +

K K + TT

the constants c, K, 0T are as in (i)

The mean of these two values for the scroll is

( L
A 2b

= 0.235
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iL ? S (C.7)

(0.8)

(C.9)- 1,)

L
giving ,K = 0.301

I

T
8

-teT
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Figure C.1 Compressor Scroll Geometry
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(c) Diffusing passage after scroll

(Onto which the outlet pipe fits)

-i-

s 2s
For this D = 32 + (36 - 32)-- 32 + --

70 35

L 170
A

o

- 35 2/r

L 02
A -o

2c

4 ds

,7(32 + 2s/35)

I 370
560 + s

.077

So the total contributioa for the compressor is

(L)A = 0.024 + 0.235 + 0.077 = 0.336
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Thus the total contribution of the compressor is:

AL
A = 336 m1

wmpnsor

3) The exit duct is composed of a) a coupling between the compressor

plenum, and b) a pipe extending into the plenum.

LC
A.

Smaciing

n

xit pipe

LCA.
n

Thus the total contribution for the

coupling length

Eg

coupling cross-sectional area

_2.54x10 2m = 13.9 m -'
-31.83x10 3 m2

exit pipe length
exit pipe cross-sectional area

.319 m = 243.5 mn1

1.31x10 -3 m 2

exit duct is:

*
LC Le

A. A.
1i

L C
A.i

exit pipe

= 257.4 nm1
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The value for the effective length through the entire compressor duct is found

Lc Lc L[ LJ
iA. + A. eIA.

n hp am ssor exit

For the short inlet:

Le = 700.6 m -r
A.

With Ain = 1.25x10- 3 m2 , the effective compressor length is:

Lc, short = .88 m

For the long inlet:

Lc - 1567 m-
A.

11

So that:

Lc, long = 1.96 m
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Appendix D

Uncertainty Analysis for Instantaneous Mass Flow
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The uncertainty in taking a discrete approximation to the pressure

derivative is not easily calculated, especially since the pressure trace is smoothed

before differentiation. For qualitative comparison, though, a sine wave was fit to

the plots of i vs.time to calculate conservatively what the surge cycles would be

assuming purely sinusoidal pressure perturbations. In deep surge, the sine wave

fit to the data at point E was:

V = 1.475 + .482sin(58.8 (t+.041))

In mild surge at point C, the curve fit was:

V = 1.83 + .lsin(80.42 (t+.025))

Figures (D.1) and (D.2) show the instantaneous mass flow calculated both from the

actual data and from the sine fit. In mild surge the agreement is quite good, since

the actual data is nearly sinusoidal. In deep surge, the mass flow from sine fit

differs from that for the actual data by about 10% of the total flow excursion. The

difference may be attributed to local deviations in the actual pressure rise from a

pure sinusoid. The sine fit, therefore, is overly conservative and the uncertainty

is believed to be an order of magnitude lower than the plot shows, or 1%.
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