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Distributed Nonlinear Stability Analysis of Rotating Stall
by

Catherine Mansoux

Abstract

Linear stability addresses only the local behavior of a nonlinear system around its
equilibrium point, whereas a nonlinear stability analysis can provide more general
information, for instance the size of the domain of attraction of the equilibrium. This issue
is critical since a linearly stable equilibrium that has a small domain of attraction can be
destabilized by a big enough perturbation, sometimes even by noise. This phenomenon
occurs in compression systems; the compressor enters rotating stall before the linearly-
predicted stall inception point. This thesis presents a mc_thod for nonlinear stability analysis
of rotating stall using Lyapunov stability theory. The method allows one to estimate
domains of attraction at any operating point, for various compression system parameters. A
nonlinear state-space representation of rotating stall based on the Moore-Greitzer model is
used. Examples are given that show trends in the inception behavior of rotating stall
depending on the properties of the compression system. A more elaborate model of rotating
stall is then presented, and it is shown why and how Absolute Stability Theory can be
applied.
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Introduction

Rotating stall and surge are violent limit cycle-type oscillations in axial compressors, which
result when perturbations (in flow velocity, pressure, etc.) become unstable. Originally
treated separately, these two phenomena are now recognized to be coupled oscillation
modes of the compression system -- surge is the zeroth order or planar oscillation mode,
while rotating stall is the limit cycle resulting from higher-order, rotating-wave
disturbances. The importance of these phenomena to the safety and performance of gas
turbine engines is widely recognized [1], and various efforts to either avoid or control both

rotating stall and surge have been studied [2,3,4,5,6].

This thesis presents a nonlinear stability analysis of rotating stall as opposed to the linear
stability analyses that have been presented in the past [3,7,8]. To model the rotating stall
phenomenon we use a state-space representation based on the Moore-Greitzer equations
[9,10], which include nonlinearity through the compressor characteristic. The model of
rotating stall is therefore nonlinear and a simple linear stability analysis is not enough to
capture the whole behavior of the system. Linear stability addresses only its local behavior
around an equilibrium point. A further step in the analysis is then: given a linearly stable
equilibrium point, to measure from a nonlinear perspective how stable the equilibrium is.
This issue is addressed by the calculation of the domain of attraction of the equilibrium
point which requires a method of nonlinear stability analysis. We will use a Lyapunov
analysis method. Lyapunov methods are the foundation for various nonlinear control
design procedures (such as feedback linearization, sliding mode control and Lyapunov

control). Thus such a choice seems to be well adapted to the problem we are dealing with.
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ion modelin
A detailed model of rotating stall will be presented in Section 2.1 but in order to facilitate
the discussion of the nonlinear analysis we present here a brief description of the

phenomenology of compressor operation.

Figure I.1: Compression system components: A - inlet duct, B - compressor,

C - downstream duct, D - throttle.

Consider the schematic diagram of an axial compressor in Figure I.1. It consists of an
upstream annular duct, a compressor modeled as an actuator disk, a downstream annular
duct, and a throttle. During stable operation, flow through the compressor can be assumed
to be circumferentially uniform (axisymmetric), and a single non-dimehsional measure of
flow through the compressor determines the system state. One such measure is the 'flow

coefficient', which is simply the nondimensionalized value of the axial velocity:
o = (axial velocity)

(rotor speed)

During quasi-steady operation, the total-to-static pressure rise delivered by the compressor

(1)

is simply determined by its 'pressure rise characteristic,' denoted W.(¢) (Refer to Figure

1.2). The pressure rise is balanced by a pressure loss across a throttling device, which can

14



be either a simple flow restriction (used for testing compressors as components) or the
combustor and turbine in a gas turbine engine. The balance between pressure rise across
the compressor and pressure drop across the throttle is depicted as an intersection between
the characteristics of the two devices, y(¢) and y1(¢), where, for low pressure ratios,
Y1(¢) is usually taken to be a quadratic function of ¢:
vr(0)=1K¢? 1.2)

KT depends on the degree of throttle closure. In a typical experiment, the throttle is slowly
closed, the throttle characteristic becomes steeper (modeled by increasing K in (I.2)), the
intersection point between y.(¢) and y1(¢) changes, and the equilibrium operating point of
the compressor moves from high flow to low flow (see Figure 1.2).

The stability of the equilibrium point represented by the intersection between y(¢) and

yT(9) has been the topic of numerous studies, due to its importance in the safe, high

performance operation of gas turbine engines.

X equilibrium points (¢*,y*)

stable equilibria
unstable equilibria

throttle characteristic

Pressure Rise (or Drop), y

Flow Coefficient, ¢

Figure 1.2: Compressor and throttle behavior during a typical experimental test.
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In chapter one, principles of the Lyapunov Analysis are presented. Then it is shown how a
Lyapunov analysis of surge has been successfully implemented and how the initial choice
of the Lyapunov function is critical to the physical meaningfulness of the results that
follow. A first state-space representation of rotating stall based on the Moore-Greitzer
model is presented and a Lyapunov function is proposed. It allows to estimate the domain
of attraction at any operating point for various compression systems. Examples are given
that explain trends in the inception behavior of rotating stall depending on properties of the
compression system. A 1D Lyapunov analysis is performed that explains the 'stabilization’
of the system by a simple nonlinear control. A more elaborate model of rotating stall is
then presented that includes effects of unsteady losses and basic linear control schemes. It
is explained why and how a new technique, Absolute Stability Theory, can be applied to
the model. Domains of attraction are then calculated and compared with results from first

model.

16



Chapter 1

Motivations for the Nonlinear Stability
Analysis of Rotating Stall

1.1 Notion of Domain of Attraction.
From now on, when studying the stability of an equilibrium, it will always be first

translated to the origin through a change of axes. Consider a linearly stable equilibrium

point x=0 of a system whose dynamics are: é = f(x) where x is the state vector and f is a
nonlinear function (see [11]).

The Domain of Attraction (D.A.) is defined as the largest set of points around the
equilibrium such that trajectories initiated at these points eventually converge to the origin.
If the equilibrium has an infinite D.A. it is said to be globally stable (Figure 1.1(i)) whereas
if it has a finite D.A. it is said to be locally stable (Figure 1.1(ii)). This happens when we

have more than 2 coexistent equilibria.

A A

Energy
Energy

> Y

@ (ii)

Figure 1.1: Nonlinear system with: (i) 1 global equilibrium, (ii) 2 local equilibria
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System (ii) exhibits 2 coexistent equilibria: x=a, domain of attraction D3 and x=b, domain
of attraction Dp. This is exactly what happens in the case of rotating stall when we are
getting close to the peak of the compressor characteristic on its stable (right) side (see
Figure 1.2). Linear stability analysis [3,7,8] predicts that the peak of the characteristic is
the linearly predicted stall inception point (S.I.P.). On the stable (right) side of the
characteristic, 2 equilibria a and b exist. Both are linearly stable. The first equilibrium
called a exists as axisymmetric mass flow, while the second, b, is a non-axisymmetric
wave of axial velocity traveling around the annulus of the compressor. The latter is the
rotating stall equilibrium. We would like the compressor to operate axisymmetrically since
the rotating stall (non-axisymmetric) equilibrium can lead to violent and destructive limit
cycle-type oscillations. Therefore, we would like the state vector x to always stay around

the equilibrium x=3, i.e. inside its domain of attraction Dj.

Assume that the system operates initially at x=a. As long as only perturbations whose
magnitude is smaller than the radius of Dy are applied to the system, its trajectory will stay
inside Dy and eventually go back to x=a. If a perturbation whose magnitude is bigger than
the radius of Dj is introduced the trajectory of the system will exit Dy and enter Dp and
eventually tend to x=b which means for our compression system that the compressor will
enter rotating stall. We have thus shown that the system can access rotating stall from a
linearly stable and axisymmetric operating point (x=a) if perturbations are large enough and
thus before the peak of the characteristic, which constitutes the linearly predicted stall
inception point (S.I.P.). Some experimental data [5] exhibit exactly this kind of behavior.
Noise itself can then be enough to make the system jump from an axisymmetric equilibrium

into rotating stall before the S.I.P.

18



1.2. Principles of Lyapunov Analysis

The references used in this section are [11,12]. The Lyapunov function generalizes the
concept of total energy of the system. The Lyapunov theorem generalizes the idea that if
the total energy of a mechanical system is continuously dissipated, then the system,
whether linear or nonlinear, must eventually settle down to an equilibrium point. One point
that is fundamental and will help understanding the final results is that we will always try to

choose a function V that makes sense physically, i.e. which can be interpreted as an

energy.

A Lyapunov analysis does not require the knowledge of the solutions (trajectories) of the
system. This point becomes critical when we want to analyze nonlinear systems whose
trajectories are usually difficult to compute. The method will then prove to be particularly
effective. A key principle of the Lyapunov analysis method is that it detects stability of a
system through properties of a Lyapunov function V(x) where x is the state of the system.
This function is not unique and failure of one function to meet the stability conditions does
not mean that a true Lyapunov function does not exist. Moreover there is no general and
simple way to find a suitable Lyapunov function. This last remark constitutes the main

weakness of the method.

The Lyapunov analysis can be performed in 2 steps.

— step #1:  Find a Lyapunov function that verifies:
HVO=0 V is positive definite
=
() Vix#0)>0 at least locally around 0.
(iii) V <0 in some region around 0.
—step#2:  Apply Lyapunov's theorem for asymptotic stability:

If \./ <0 in some region Q around 0 then x=0 is asymptotically stable.

19



From step #1, we know that the Lyapunov function V(x) is positive definite and has a
unique minimum at x=0. We can visualize V in the simple case where the dimension of x
is 2. Then V(x) corresponds to a surface which looks like a cup (Figure 1.2). The lowest

point of the cup is located at the origin.

Figure 1.2 : Typical shape of a positive definite function V(x;,x,).

A second geometrical representation can be made as follows. The level curves

V(x;,x,) =V, represent a set of closed contours surrounding the origin, with each
contour corresponding to a positive value of V. These contours are horizontal sections of
the cup, projected on the (x,,x,) plane (Figure 1.2). Note that the contours do not

intersect, because V(x,,X,) is uniquely defined given (x,,x,) (Figure 1.3).

20
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Figure 1.3: Projection of 3 contour curves on the (x;,x,) plane

and an example trajectory.

From step #2, we know that \'/(5) is negative for all points in the region Q. This means
that all trajectories in Q cross the closed contour surfaces from the outside to the inside
towards successively smaller values of V(x), and eventually converge at the equilibrium
point, i.e. at the origin (Figure 1.3). Projected on the V(x) surface and starting on this cup
close enough to the origin, the trajectory of the system will always slide down to the origin

(Figure 1.4).

x(1)

Figure 1.4 : Example of a trajectory projected on the V(x) surface.
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For now, we have only discussed asymptotic stability, which is the stability property we
would like to show for the axisymmetric equilibrium of our compression system. In the

same fashion, the notions of simple Lyapunov_stability and instability can also been
defined:

L nov ili rem:
If V is positive definite at least locally around 0 and if \./ <0 in some region

around Q then x=0 is Lyapunov stable.

L nov instabili rem:
If V is positive definite at least locally around 0 and if V > 0 in some region {2

around Q then x=0 is unstable.

Note that Lyapunov stability is weaker than asymptotic stability because it does not require
that the trajectory necessarily returns to 0. It can, instead, oscillate around the origin
(Figure 1.5(a)). In the case of instability, the trajectory escapes from the origin (Figure

1.5(c)).

Figure 1.5:  State-space trajectories indicating (a) Lyapunov stability,

(b) asymptotic stability, (c) instability.
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As a final step in the presentation of the principles of a Lyapunov analysis, we need to
discuss estimation of the domain of attraction of a nonlinear equilibrium using the
Lyapunov function V. The domain of attraction (D.A.) of an equilibrium x=0 is defined as
the largest set of points such that trajectories initiated at these points eventually converge to
the origin. The size of D.A. measures how far from the origin a trajectory can start and still

converge to 0 as t—eo.

One way to determine the domain of attraction would be to discretize a bigger and bigger
domain around the origin and test each of its boundary points as follows: does the
trajectory starting at this point eventually converge to the origin? But this procedure
requires the knowledge of the trajectories (i.e. solutions) of the system. Therefore it is of
interest to use the Lyapunov analysis, which does not require the solutions of the system to

give an estimate of the domain of attraction.

Assume that the equilibrium x=0 is asymptotically stable in a region  around 0.

By definition, \./ <0 in Q. Define D, as the region inside the biggest contour curve

V(x) = ¢ that we can fit inside Q. An example of such Q and D, are shown on Figure 1.6.
Now consider a trajectory starting at x, inside D.. Then: V(xo)<c. x, is also inside Q
and thus \./ < 0 along this trajectory. V(x) will always stay less than ¢ and consequently
the trajectory will never exit D. and Q. It will eventually converge to 0 as a result from the

asymptotic stability property.

We have then shown that any trajectory starting in D, will converge to the origin which
means that D, can be thought of as a2 domain of attraction of x=0. We must now give
some motivation why D, is the best estimate of D.A. we can get using the Lyapunov

function V.
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Figure 1.6: Construction of D given Q

Assume that we have found a better estimate D of the domain of attraction of x=0. Itis
bigger than D. and must verify the property that all trajectories starting inside D eventually
converge to the origin. Let's use the example of Figure 1.7. D is shown to be a little
bigger than D..

Consider a trajectory starting at x, inside D (Figure 1.7). ¢< V(_)go) <d. xg lies inside
Q, so \./(go) < 0. Consequently, V(x) will decrease along this trajectory, at least at first,
and we can guarantee that the trajectory will not exit the contour V(x) = d. But it is not
enough to guarantee that the trajectory will not exit Q since this contour curve is not fully
included in Q (D.was the biggest contour to be fully included in Q). The trajectory can
exit  while staying inside the contour curve V(x) = d. When the trajectory exits 2, \” >0
and we loose the asymptotic stability property. An example of such a trajectory is shown
on Figure 1.7. We have thus found a x, such that the trajectory starting at x, does not
necessarily converge to the origin. D cannot be an estimate of the domain of attraction of

x=0. Consequently, D. is the best estimate we can get using the Lyapunov function V.
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Note that a different Lyapunov function, if it could be found, might have a larger Q and

thus a larger D.A.

D={xIVx)=d} nQ

Figure 1.7:  Attempt to find a better estimate for domain of attraction:

D bigger than D¢

1.3 Lyapunov analysis of Surge

As a background for a future Lyapunov analysis of rotating stall, we briefly present
Simon's work on the Lyapunov analysis of surge [13]. This will provide insight about the
physical interpretation of a suitable Lyapunov function when we are dealing with

compressor instabilities.

Surge is a one dimensional instability phenomenon.

The compression system is configured as follows:
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- +
-Ye(0)mt
¢ \—\ plenumn load W(w)
—
/_

compressor v

(] q’l‘(\lf)
compressor load
characteristic characteristic

Figure 1.8: Basic compression system configuration [13]

2 state variables are necessary to characterize the system:
¢ : non-dimensional flow rate through the compressor duct.

y : non-dimensional pressure in the plenum.

o 0= B[wc -v]
The state-space formulation is then (see [13]): < o
Y= §[¢ - 0-(v)]

If the state equations are transformed into a new local coordinate system in which the origin

~

is located at an equilibrium operating point (6",?") (see Figure 1.2) as follows :
$=0-F W{o)-v(#+9)- w2
V=9-V &(V)=0:(v" +¥)-7

the system of equations becomes:

[%(3)-?] -

do _
d—
& Lf-+]
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The state variables in the local coordinate system are called incremental states. The values
of these states are the deviations of the state from the equilibrium. They are not assumed to

be infinitesimal.

Simon's choice for the Lyapunov function was: V(¢,ﬁ) = %(-11;32 + Bﬁz ) (1.3)

This function is called incremental energy and can be seen as the analog of the

incremental energy of a mass-spring system where -;—%? corresponds to the kinetic

energy term ($, non-dimensional flow rate is the analog of a speed) and %Bﬁz

corresponds to the potential energy term (ﬁ measures the degree of compression in the

plenum, it is the analog of the compression of the spring).

V verifies all the properties required of a Lyapunov function:
V(0,0)=0

V is positive definite globally around (0,0): {V($ 20,5 # 0) >0

Moreover, if we can find a region Q around (0,0) where V< 0, Lyapunov's theorem for
asymptotic stability will give that ($,T|~7)= (0,0) or (9,¥)= (6‘,?‘) is asymptotically
stable. Therefore, the asymptotic stability of each operating point (?ﬁ',q—/*) along the

compressor characteristic will be determined by examining the sign of V $'\~|7) around the

origin for V as defined in (1.3):

i(i9)-55 e
using (1.1 V(8.9) = 8- 9.(8)-¥-8:(¥) (1.4)

Both terms in v are products of incremental pressure and incremental flow rate and are
thus power-like. \./can then be seen as an incremental power balance between the
incremental power production of the compressor, area (C) on Figure 1.9 counted
positively, and the incremental power dissipation of the throttle, area (T) on Figure 1.9
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counted negatively. This makes sense physically since the conclusion we can drawn from
the sign of the power balance V is consistent with the idea that if the throttle dissipates
more power than the compressor creates the system will be stable and if the compressor

creates more power than the throttle is able to dissipate the system will be unstable [14].

y1(0)

¥ — — = — N
SN

~
oY

Yc(9)

Figure 1.9: V as the balance between area (C): incremental power production of the

compressor and area (T): incremental power dissipation of the throttle.

Simon showed that for all operating points (6*,7*) along the characteristic, a region €2

around ($ﬁ) =(0,0) where V <0 can be created using close-coupled control. Moreover

in the next chapter, a generalized form of this Lyapunov function (generated to be applied
to rotating stall but also valid for surge) will be show that V <0 in some region {2 around

the origin if (F,W*) is chosen on the stable (right) side of the characteristic. The size of Q

will also be addressed.

This choice of Lyapunov function V($ﬁ) = %(%? + Bﬁz) has proven to be suitable. It

is also particularly pertinent since it stays very close to the notion of energy: V can be seen
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as an incremental energy and Vas an incremental power balance. Our purpose in the
Lyapunov analysis of rotating stall will be to find a Lyapunov function that generalizes the

one we have for surge, in order to keep the physical meaning of V and \.’ .
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Chapter 2

Lyapunov based Nonlinear Stability
Analysis applied to Nonlinear Model of
Rotating Stall without Unsteady Losses

2.1 Nonlinear Model of Rotating Stall without Unsteady Losses
The basic state-space representation of rotating stall we are about to present is derived from
the Moore-Greitzer model [9,10]. Rotating stall is a two-dimensional instability
phenomenon that can occur in compression systems at low flow coefficient.

For surge analysis, the flow through the compressor was assumed to be axisymmetric and
a single non-dimensional measure of flow was necessary: ¢, mean flow coefficient in the

inletduct. ¢, along with V, the non-dimensional pressure in the plenum, determines the

state of the system.

For rotating stall analysis, the flowfield is assumed to be non-axisymmetric. The non-

axisymmetry can be taken into account by introducing a perturbation 3¢(n,8,t)

continuously distributed around the annulus. The total flow coefficient is then:

0(1,6,t) = ¢ + 36(n,6,t) where 7 is the non-dimensional axial position in the compressor,
0 the circumferential angle around the annulus and t is time non-dimensionalized by the
rotor revolution period.

One additional variable must be introduced in order to set up the system of equations. The

upstream flowfield, being two-dimensional now, admits both axial and circumferential
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velocity perturbations. Rather than introduce a circumferential velocity variable, we define

the perturbation velocity potential 3@, such that:

9% _ 8¢ and 95 _ &(circ. vel.) (2.1)

am 20
For the upstream flowfield we assume no incoming vorticity (clean inlet conditions) and
thus the flow in this region is potential:
V35D =0 for <0

The following equations determine the dynamics of the system (see [9,10]):

o50) 3§ (5 _ -

W20 B A LAy (sg000) 029
0 _ 1 =
Firyd O 220

At this point, the system is characterized by ¥ and ¢(1,0,t) = ¢ +8¢(n,0,t) where 8¢ is a
continuous function of 0, 6 € [0;27] (8®is related to 8¢ by Equation (2.1)). We have to

deal with an infinite number of states.

To come up with a finite state-space representation of Equations (2.2) in a matrix form, it is
necessary to perform a spatial discretization in 6 of the circumference of the annulus. We
keep (2N+1) points equally spaced around the annulus to describe the perturbation &¢.
Then (2.2a) must be evaluated at 2N+1 different points, leading to a set of 2N+1
equations. This yields an overall system of 2N+2 equations. 8¢ and ¢ can be considered
as vectors of length 2N+1. Their Discrete Fourier Transform is also of length 2N+1 which

means that only the modes -N to +N are needed to reconstruct 8¢ or ¢. Thus, we will

keep only modes -N to +N while taking the Discrete Fourier Transform (DFT) of (2.2a).

27wk

L = GN+D for ke [0,2N] (2.3)

Discretization in Q:

: k=0 k=0
8¢ =| 30(6, ) 0=|0+30(6,) (2.4)

k=2N ) k=2N
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A first step in the Fourier decomposition is to define the continuous Fourier Transform.

Fourier Transform (continuous form):
The upstream flow field being potential, a solution for the velocity potential is:
n=+co .
sD(n,0,t)= 3 @, (t)-e®.emM forn<0  (2.5)

nN=—o0

nz0
where {&n (t),ne ]-oo;+oo[} are the Fourier coefficients associated to .

Then using (2.1), we get:

80(n,6,t) = ,,:im o, (t)- €™ .MM for <0 (2.6)
0
a 2n .
where o, (t)= % [56(0,0,t)-e"0de forn=0 Q2.7
and &, (1) = ¢TIfIt) 2.8)

The zeroth mode has been separated from the others but a simple equation will relate $o(t)

to ¢(t) in the discrete case.

This Fourier decomposition is valid for 1 <0 but in the first equation in (2.2), all functions
are evaluated at M =0, i.e. at the compressor face. Thus, from now on we will omit the
variable . Because of the assumptions on the upstream flow field, the partial-differential
nature of the original system of equations (2.2) can be eliminated using Equation (2.8) and

the dependence on the axial position N has been solved out of the system.

The next step is then to define a Matrix Discrete Fourier Transform, which we will use in

our system representation.

Discrete Fourier Transform:

m Z‘P( K-e forn=0 (29
1 +N,\ +in6,
0060 = T, 28 forn=0  (2.10)
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Written in a matrix form, (2.9) and (2.10) become:

n=-N
0=|0 =F-¢ and ¢=F'.¢=F"-¢ 2.11)
: n=+N
n=-N
1 i -2in
where F= m e WKL Woneg = e2N+1 (2.12)
k=0 k2NN

o 1 . .
The normalization factor N1 has been chosen because it conveniently leads to

F' = F" where () denotes the conjugate transposed of a matrix. Now, the zeroth mode

is defined by:
$o(t) =0(t) V2N +1.
Equation (2.8) still holds in the discrete case. The DFT is applied to ¢ and not 8¢. Then

the vector § of the Fourier coefficients includes also the zeroth mode and the DFT can be

written in a compact form.

Discrete Fourier Transform of (2.2a):

2N+1 equations result from the D.F.T. of the group of 2N+1 equations (2.2a) for modes
-N to +N. The terms involving 8¢ (and &) in (2.2a) contribute to the equations of all

modes except 0 whereas the terms involving ¢ and Y contribute only to the equation for

the zeroth mode.
D.ﬂl (I_nll"'u)&;n =—i}"n'a’n +{|\,cn (213)
n
n=0 1. a’o“l’co-\l"m 2.14)
. . 0
Orinmatrix form:  Dg-0=-D, -0+, —|¥-V2N+1|¢<n=0 (2.15)
N T 0
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n=-N
m
—+U (0)
In|
DE = . lc «—n=90
R (2.16)
m
(0) —+H
In|
= 4N
n=-N n=+N
o =N
D, = iAn .17
(O) “ln=4N
n=-N n=+N
Using Equations (2.11), (2.15) can be written in terms of 9 as follows:
E-é=—A-9+wc—[\?} (2.18)
where E=F'.-D;-F and A=F .D,-F (2.19)

It will presently be useful to note that A has all its eigenvalues on the jw axis. When

applying A, each mode is rotated by ©t/2 and multiplied by (k|n|) This is best seen if we

consider a real decomposition of A:

A=G"-DS.G (2.20)
[0 (0) 1 n= 0
[ 0 lk} n=1
-1A 0
DS = (2.21)
0 NAJ||n=N
o %]

34



’ B n=0
V2
cos(1~ 2n -k)
2N +1 n=1
G= 2 . ...Sin(l.zén .k)...
V2N +1 A
(2.22)
cos(N~ 2% -k)
2N +1 n=N
sm(N- 2% k)
i 2N +1 i
k=0 k=2N
To prove that A¢ is orthogonal to ¢, we form their dot-product
T
¢"-A-9=(C-9) -DS-(G-0)
G T : 0 nA]|a
Because of the structure of Dy, 0 -A0= n%}[an b,]- [-—nk 0 ][bﬂ
-ao i n=0
a; n=1
_| b
where G-o=|
ay | [n=N
| bx ]
0 nA| |a,
for all n: [anbn]{—nl 0 ][bn} =a, -n\-b,—b_ -nk-a, =
Therefore for all ¢, A¢ is orthogonal to ¢ and ?T ‘A-9=0 (2.23)
A real decomposition of E can also be performed:
E=G".D§-G (2.24)
| lc (0) i n=0
m
{TH 0 -
o
with: Df = (2.25)
m 4
0) N n=N
0 % +H
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f th - ion of
T creates a distributed (vector) representation of a zeroth mode disturbance from its scalar

equivalent.

ST is a row vector that extracts ¢ from ¢.

T= [1] ST = Kld-[ 1 ] M=2N+1 (2.26)

Then, recalling (2.2b), a state-space representation of rotating stall can be written as:

i horule) 17
2.27
a1 le (§T 90— ¢T(V))

(4

V=

The system is of order 2N+2 with 2N+2 equations and 2N+2 unknowns or states: ¥ and

the 2N+1 inputs in ¢. If ¢ is a uniform vector (the flow coefficient is constant around the

annulus), the system can be reduced to a second order system: for n=0 $n =0 and
Equations (2.13) become (\flc)n =0 and thus can be dropped. The problem is
axisymmetric. The states are ¢ and ¥ and we are left with the equations of surge.
Therefore, the state-space representation of (2.27) is suitable for the analysis of both surge

and rotating stall.

2.2 Lyapunov analysis of Rotating Stall

Using the state-space representation of rotating stall of (2.27) and knowing Simon's
Lyapunov function for surge (1.3), we are trying now to find a suitable Lyapunov function
for rotating stall. Although any positive definite function based on the system state is a
candidate Lyapunov function, careful choice of the form will lead to a much more elegant
and physically meaningful formulation of the problem. Thus, our purpose is to find for
rotating stall a Lyapunov function that generalizes the one for surge in order to be able to

keep and exploit the physical interpretation of V and V presented in Section 1.3.
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As in Section 1.3, the first step in the Lyapunov analysis is to transform the state equations

into a new local coordinate system in which the origin is located at an equilibrium point

(E*,W*). The transformation equations are analogous to those in (1.2):

4=0-1F ¥(3)=v (15 +8)- .
V=U-F  §(V)=0:(v +¥)-¥

Again the state variables in the local coordinate system are called incremental states. They

measure the deviation of the states from the equilibrium and are not assumed to be

infinitesimal. The state-space representation becomes:

E-§=-A-§+0.(§)-T¥

. 1 . o (2.29)
v 41 B? (S - ¢T(W))
Now consider the function
~ =~ 1 ~T ~ X
V(@\V)Z‘ﬁ? -E-+2B%, y° (2.30)

where M=2N+1. From here on, all states and variables are evaluated about the new origin.
It is straightforward to show the V@,ﬁ) is positive definite globally around (0,0):

Using (2.24), v(s, ﬁ)_LMéT (G"-DE-G)-§+28%, F
V(8.7)= 555(68) -DE-(68)+ 281 %
P 1
Let X{G}],thcn V(g):lgT.[ng 0 ]g
v 2 0 4B2,]
D

Dg is a diagonal matrix with strictly positive elements on the diagonal (see (2.25)). It is

positive definite, thus D is also positive definite. Consequently, V(X)>0 forall X#0. V

is positive definite globally around the origin. It will be a suitable Lyapunov function if we

can find a region Q around the origin in which V <0 fora given operating point (6*,'“7").
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rivation of V:

Y65)- " B3 a0

€re

Using (2.27) ‘.’@"T’)='ﬁ§T'A'§+ﬁ§T'.‘TLC@)-;I,['E'I'ﬁ“‘ﬁﬁ‘ﬁ'%(@)

This expression can be simplified. According to (2.23), the first term is 0. Then, using
1 1-T =~ =1 - = “ = =
T——. T ® . .—=_.—- T. =_. T. —_-_.
the fact that §7 == T" we get: 7§ T-¥=- T -§=¥ (§ g) V-0 and the

second and fourth terms cancel each other.

The resulting relationship is:

V(6:9)=—5" 9. (8)-¥-5:(¥) 2.31)

Note that if @ is uniform, (2.31) becomes (1.4). The present expression for \./ is the
generalization of the one for surge to the case where § varies around the annulus.
Therefore, the physical interpretations of \./ and V are still valid. \.I represents again an
incremental power balance between the incremental power production of the compressor

which is now averaged around the annulus and the incremental power dissipation of the

throttle. Taken to the 2D continuum limit (i.e. M—e0), (2.31) becomes:
. 1 2rm. i~ o~ [
V= [§(6)- .(6(9)) d0 - F-4:(¥) 2.32)
T o
This measure of compression system stability was originally proposed by Gysling [15].

V can be seen as the incremental energy of a mass-spring system where the kinetic energy

term is: 511\—4§T -E- § and the potential energy term: 2Bl 2.

As defined by (2.30), V seems well-adapted to the analysis of rotating stall. It accounts for

all perturbations that might exist in the compressor but also makes sense physically.
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As (2.31) shows, V is the sum of two functions, where the first one depends only on é

and the second one depends only on V. The dependence of \.' on § and V can be studied

separately, using the following definitions:

V(o9)= 372,10} +5(7) @33
with f (~ k) = q">k v, (ék) for each location k around the annulus

)Stmdyof: V

p=ol¥)= £l¥)=(F) #:(¥)

The shape of g(ﬁ) can be easily deduced from a sketch of (T)T(ﬁ) as shown on Figure 2.1.

For low pressure ratios, W1(¢) is usually taken to be a quadratic function of ¢:
WT(Q)) = %Ktq’z
Consequently, \TIT((T)) and also its inverse (T)T(ﬁ) are always in the first and third

~

quadrants. Note that g(\p) is always negative, as it is the product of two functions of

-~

opposite signs. Thus, g(w) =0 only for { = 0. Note also that the function has zero slope

at$=0.

o(y)

gv)
-V

Figure 2.1: Shape of g(¢)
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Now, since V is a function of separated variables 6 and ﬁ , and since g(ﬁ) is maximum

at ¥ = 0 and strictly stabilizing elsewhere, studying V along the axis W =0 as a function
of é will give the worst case for the sign of \./ i.e. the most positive V. This idea is

confirmed by examining Figures 2.2 and 2.3.

psi_tilde

phi_tilde

The example of \./function shown on Figure 2.2 illustrates the separation of variables §

and . For clarity of the plot, N=0. The perturbation is evaluated at only one point

around the annulus and § becomes ¢. Along each axis f = constant we find the shape of

~

f(ﬂ)k) and along each axis = constant the shape of g(\y). The operating point (0,0) is

marked with a cross. Note that the highest curve v -~ (6) is obtained for § =0,

\ = constant

as expected.
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psi_tilde
o
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phi_tilde

Figure 2.3: Contour curves of \./@)W) for N=0, \./ =0: -

Figure 2.3 shows several contour curves V= constant of the same function as in Figure
2.2. The contour curve we are most specifically interested in is V= 0, which is the dotted
line on Figure 2.3. On its left V> 0 and on its right V< 0. The distance between this
curve and the equilibrium point is minimum for ﬁ =0 which again means that restricting

the study of \./ to the axis = 0 will give the worst case for the sign of V.

In conclusion, the stability of the system can be addressed by the study of the sign of

\}ﬁ___o@)
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1 2N /. -\~ . e
= o8 =37 Z1(8). £(3)=6-.(3)

2) Study of. _V

The shape of f ((T)) can also be easily deduced, this time using the shape of \Tlc(&;), i.e. from

the compressor characteristic. Figure 2.4 is an example characteristic shape and is quite

general near the peak of the characteristic. If the operating point (E‘,'\V‘) is taken on the
stable (right) side of the characteristic, \]‘;C(J)) =0 for =0 and $=-d<0. Then,
f(i)) =0 also for ¢=0 and ¢ =-d<0. The "f" function will invariably have a local

maximum that goes through the origin, be negative for values of ¢ greater than 0 and

become positive for values of ¢ below -d.

Ve(9) £(¢)

Figure 2.4: Shape of f(¢)

Understanding the shape of the "f" function for a given characteristic is fundamental since

V= 0@) is calculated by mapping the velocity perturbation onto f, as shown by the bold

line on Figure 2.5, and taking the average of f (6) around the annulus. This is true whether
the perturbation is discrete @) as in Equation (2.31) or continuous (6(9)) as in Equation

(2.32) and Figure 2.5.
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Figure 2.5: Mapping velocity perturbations onto f

As seen on Figure 2.5, the perturbation <~p(9) is mapped about the equilibrium point, i.e.

about 0 in the local coordinate system. Based on the shape of f for stable equilibria, if the
minimum of the perturbation is strictly greater than -d, it will be entirely mapped on the

- 0@) will also be negative as well as \.’@ﬁ)

region where f (ﬁ)) <0. Consequently, \./

for all § since g(\y) <0 forall . Stated mathematically we have:

1) for a continuous perturbation:

,min [80)>-d = V<0 (2.34)

where the equality holds only when ¢(8)=0 V6
2) for a discrete perturbation:
in [0, |>- V < V <
osrl?é'iN[¢k]> d = VS0 or xeQ = V<0 (2.35
O

where the equality holds only when x = . X= l: g ] is the state
v

of the systemand Q= ]—d;m[”"+1 xR. (2.36)
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It is critical to note at this point that the shape of (T)(O) has not been restricted in any way
except its minimum.
(2.36) defines a region Q around the origin in which V<0. This is the well-known

condition for local asymptotic stability of the equilibrium point [12]. In the case of a

discrete perturbation where $(0) is evaluated at only 2 points around the annulus:
0, and 6,, Q is easily visualized as the quarter of plane in Figure 2.6 where the shaded
lines show the directions where the boundary of Q is at ee. The component of € along the
ﬁ axis is not shown on this plot for clarity, and since it includes the whole ﬁ axis. This
very simple representation of € does not correspond to any reality for the system since EE is
always a vector of odd dimension 2N+1 (N is the number of modes we keep to describe
the system) but it is useful to illustrate Equation (2.36) and will be useful in the next section

to show how the domain of attraction is constructed.

A 6(87)
A

N
N
\
N
N
N
N
N\

—>
¢(01)

‘)
.-

-d

Figure 2.6: Visualization of Q in a simple 2D case

In conclusion, we have found a Lyapunov function that is suitable for the stability analysis
of rotating stall. It is a 2D generalization of Simon's Lyapunov function for surge [13].

Moreover, the flow coefficient d gives a measure of the size of  as the operating point

proceeds from the stable (right) side of the characteristic towards the peak.
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2.3 Domain of Attraction

Linear stability analysis of rotating stall [3,7,8] have already proven that operating points
on the right side of the compressor characteristic y(¢) are linearly stable and that those on
the left side are linearly unstable. The neutral stability point is located at the peak of the
characteristic. In Section 1.1 we mentioned that the system can access rotating stall from a
linearly stable operating point if perturbations are large enough, i.e. if they exceed the size
of its domain of attraction at this point. Therefore, it is necessary to know how stable a
linearly stable operating point is from a nonlinear perspective and this can be measured by
the size of the domain of attraction.

Our purpose is then to use the Lyapunov analysis of rotating stall of Section 2.2 to estimate
the domain of attraction (D.A.) and its size for any given linearly stable operating point.
We will present plots of the size of D.A. as the operating point moves along the
compressor characteristic. Intuitively, the size of D.A. will be finite (and non zero) for any
operating point on the linearly stable (right) part of the compressor characteristic and is
going to decrease as the operating point moves to the left towards the unstable part of the
characteristic until it reaches 0 exactly at the neutral stability point, i.e. the peak of the

characteristic.

Recalling the notations and definitions of Section 1.2, an estimate of the domain of
attraction is given by the biggest contour curve D¢ = {x | V(x) = c} that we can fit inside Q
where V is defined by Equation (2.30) and 2 by Equation (2.36). Dc is an hyper-ellipsoid
of dimension 2N+2. The constant ¢ measures the size of the D.A. We want to fit D¢
inside  as tightly as possible. Again, there is no need to look at the  axis in this
problem since € is infinite along this direction (there D¢ will always fit inside ) and we
can restrict D¢ and € to the @ directions. Then, as shown on Figure 2.7, fitting D¢ inside
Q can be quickly done by using C¢ instead of D¢ where C¢ is the hypersphere of center the

origin and radius the major axis of Dc.
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A diagonalized form of E and thus V is already given in Equation (2.16). The major axis
of D¢ called mg is then:

2Mc
me = [—————
mm(lc B+ u)
From Figure 2.7, the biggest C¢ we can fit inside Q is such that m¢ = d which means that:
2 .
c= 2dW -min(lc, § +p) 2.37)

The min function in Equation (2.37) indicates that the size of D.A. may be limited by either
surge (I¢) or rotating stall ({& + W) considerations.

If N is large (and we want it to be large to include a lot of modes and represent accurately
the dynamics of the system), ¢ will be small compared to d. Moreover, ¢ has no units,
whereas d is known to be a flow coefficient. Thus, even though the rigorous definition of
the size of the domain of attraction is ¢, we will use d from now on, keeping in mind that d

and c are related by Equation (2.37).

A 0(62)
/S A S S S S S

Q
DC\CC
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Figure 2.7: Construction of D¢ = {x | V(x) =c}

Is it possible to improve the present definition of the size of D.A.? One might wonder why

the eigenvectors of E were not used to try to fit D¢ more tightly inside 2 without using Cc.

This would have increased c, but the size of D.A. will always be related to d in a way
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similar to (2.37). One might also wonder if it is possible to find Q such that (2.35)
becomes: _)g&Q e \"SO.
In other words, Q as defined by (2.36) is only subset of the region where V< 0. Canit

be extended to the whole region of negative \.' ?

Going back to the last section and to the mapping of a discrete velocity perturbation é onto

the f function of Figure 2.5, if part of é is mapped on the region where f is positive

= _ @) can still be

((f) < —d) but only for a small fraction of the annulus, the result \./l_

negative. {2 could then be extended towards smaller flow coefficients but to what extent ?

This question can only be answered by specifying both the shape of the f function, i.e. of

the characteristic ., and the shape of the perturbation ('13 and then calculating

Vi

- 2N . .
G = 0(9) = -1\17 lZ;of(cpk). The dimension of ¢ is 2N+1 where N is typically at least 5.

Thus, exploring all possible shapes for é is not straightforward. The number of
perturbations to be tested before reaching the boundary of \./ cannot be reduced by using
the principle of superposition because f is nonlinear. This number stays very large and

extending €2 to the whole region of negative v would require a lot of computation and has

not been done in this thesis. However, the "bottom-left" corner Cy; defined by é =|-d|is

a tight boundary of Q (Cy, is marked by a cross on Figure 2.7). If any of its entries -d is

~

replaced by -d-€ (¢>0), \./l 0@) becomes strictly positive. So even if Q can be

deformed towards smaller flow coefficients, this corner is fixed. Thus, it may be possible
to fit a bigger ellipsoid D¢ inside Q but d will still be a valid measure of the size of Q and of
the domain of attraction. Chapter 3 will also show a good agreement between d, size of the
domain of attraction resulting from the Lyapunov analysis of Section 2.2, and another flow

coefficient d, size of the domain of attraction resulting from application of the Absolute
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Stability Theory. This will validate the use of  as defined in (2.36) as a good

approximation of the entire region V <0.

In conclusion, it is relevant to use the distance d along the ¢ axis from the origin to the next

zero of the function (6) as a measure of the size of the domain of attraction of a linearly

stable operating point.

2.4 Applications of Lyapunov Analysis of Rotating Stall: Stall
Inception Behavior and Nonlinear Compressor Characteristic
In the preceding section we defined a parameter d which indicates the size of the domain of
attraction around a given stable operating point near stall. This measure provides a
quantitative way to compare the stability of various compressors, and allows experimental
stall inception behavior to be linked to the compressor characteristic nonlinear shape. The

reference used in this section is [16].

To illustrate this, consider the following scenario which is a common test procedure (see
Figure 1.2). A compressor is put into operation at a stable operating point. The throttle is

then closed quasi-steadily, moving the operating point towards stall. During this process,

the slope of the characteristic dy_/d¢ at the operating point will monotonically approach

Z€ero.

According to the linearized theory (see, for instance, [3]) the damping ratio of rotating stall

perturbation waves is directly proportional to dy_/d¢, and thus during our hypothetical

experiment, the system will begin to resonate. Random excitations which exist in the
compressor environment will excite the rotating stall modes, and waves will begin to

appear in the compressor. The size of these waves depends on both the excitation level and
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on the damping ratio of the rotating stall modes, that is on dy_/d¢. Unsteadiness in the

compressor also tends to increase as the peak of the compressor characteristic is
approached, so one might expect the excitation level to also rise during such an experiment.
When a disturbance wave becomes large enough that it is outside the domain of attraction
for the current operating point, the compressor will go unstable.

Based on this discussion, a compressor is more likely to stall if d is small for a given value
of dy_/d¢. Thus, plotting d as a function of dy_/d¢ allows the stall flow coefficient to
be assessed as shown graphically in Figure 2.8. It also indicates the damping ratio at
which one can expect the system to go into rotating stall, which directly influences the size

of the "pre-stall” waves which exist prior to stall inception.

A

Domain of attraction
© \ (> 0asdyc/dp—0)
= L \
"E \\ \
,.g \
= “
£ | '
S "3 Amplitude of perturbations
g s, (increases as dy/d¢— 0)
£ ./
= - Ss o
E
= STALLPOINT " ==eeo_________
0 >
0

-Slope, -dy/do

Figure 2.8: Importance of both the size of the domain of attraction and the

compressor slope in determining the stall point

Figure 2.10 shows d vs. dy_/d¢ for three example compressors whose characteristics are

presented analytically in Table 2.1 and graphically in Figure 2.9.
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Table 2.1 - Compressor Characteristics

Cl:
1.9753-92 ~ 0.098765-¢ + 0.051235 ; ¢ <0.025
yeld) = ~12.776-¢° + 6.3946-0% — 0.29577-¢ + 0.053597 ; 0.025 < ¢ <0.30

~5.5363-¢* + 7.7202:¢> - 4.2045-¢? + 1.1276-0 + 0.071953 ;  ¢>0.30

C2:
12.117-¢% - 2.4235-¢ + 0.22117 ; $<0.1
V@) ={ —49.624-0° + 39.509-9° - 6.4130-¢ +0.39584 ;0.1 < ¢ <0.40
-10.0695-02 + 9.4301-0 — 1.1848 ; o> 0.40
C3:
492-20+05 ; $<0.25
@) = ~143.14-9° + 143.04-0% - 44.683-0 +4.7172 ; 0.25<¢ <0.405
C ~13.365-92 + 11.574-0— 1.9206 ; 0.405 < ¢ <0.4638
-5.4283-02 +4.2112:¢ - 0.21325 ; ¢ > 0.4638
12 ! j i
- 01
\ — 2
1;..‘ ~_‘C3 .....................................................
0.8""':\-; .......... h. ................... ..................
20.6‘ ............ \\. ..................................... - ’_\ ........... ................. .
0.4k e\ .\\\. .......... // ..... ............... \\\ ..................
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Figure 2.9: Compressor characteristics V()
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Figure 2.10: Domain of attraction variation with level of linear stability

as measured by the compressor characteristic slope.

Figure 2.10 clearly shows that in compressor C1 we expect strong resonance to occur prior
to stall inception, because only under such highly resonant conditions will the domain of
attraction be violated. On the other hand, compressors C2 and C3 tend to go unstable more
easily, and thus require only mild resonance for stall inception. This is consistent with
both the experimentally observed and simulated behaviors presented in [16]. In conclusion,
the shape of the compressor characteristic determines, to a large extent, the character of stall
inception.

Clearly, compressors which go unstable well before they are linearly unstable are more
difficult to control, especially if one limits oneself to linear controllers. Detection of pre-
stall waves, an important area of current research, is also more difficult in such
compressors. Thus it is of interest to understand the conditions under which the domain of

attraction of a compressor will be small when measured against dy_/d¢. Figures 2.11 and

2.12 show two parametric studies which provide some insight into the trends.
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Figures 2.11: Effect of the unstable part of the compressor

characteristic on the domain of attraction

Figures 2.11 shows 3 compressors whose stable (which also implies measurable)

characteristics are identical, but which have different unstable characteristics. A plot of d

vs. dy/d¢ for these compressors reveals that, for a given stable characteristic, the steeper

the unstable characteristic, the more difficult one can expect both detection and control of

rotating stall to be.
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Figures 2.12: Effect of the narrowness of the peak of the compressor

characteristic on the domain of attraction

Figures 2.12 shows the effect of the "narrowness" of the characteristic peak on domains of
attraction. Here we see that wide peaks are more benign from a detection and control

perspective than narrow peaks. Unfortunately the latter may be more prevalent in high-

speed compressor applications, where rotating stall control is of highest interest.
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This delineation of compressor behavior provides an explanation for two experimentally
observed phenbmena, both of which are inexplicable using linearized arguments: 1) some
compressorsbexhibit large traveling waves prior to stall, while others stall while traveling
waves are still relatively small, 2) the experimentally determined damping ratios of pre-stall

waves do not generally go to zero before stall inception occurs.

2.5 1D Lyapunov analysis and nonlinear control of rotating stall
The purpose of this section is to interpret the results of [5] using a 1D Lyapunov analysis.
In this paper, the authors explain how they 'stabilized' a compressor which is operating
right at the peak of the compressor characteristic. The idea was to use a simple nonlinear
control to increase the size of the domain of attraction of the operating points close to the
peak on the stable (right) side of the characteristic and thus improve the operability near the
peak and reduce the necessary stall margin. They used a 1D axisymmetric actuation with

limited 2D sensing and low bandwidth requirements. The nonlinear control modifies the
throttle characteristic through the following relationship K, = Kto +k-A? where A is the

amplitude of the first mode, |<’f),| Note that this control law cannot extend the stable flow

range of the compressor, since it does not change the eigenvalues of the system. However,
it will allow to safe operation of the compressor right at the peak of the characteristic,

which is highly desirable because the pressure rise is then maximum.

To understand the operation of this control law, consider the following scenario:

Starting at an operating point right at the peak of the characteristic and without any control,
the system stalls. If we assume that the B parameter is very small, the operating point
leaves the peak and moves along the throttle characteristic as shown on Figure 2.13. The

perturbation 5() is then a growing perturbation wave. If we assume also that the motion

of the operating point is quasi-steady, at each point along the throttle characteristic the
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perturbation wave is characterized by the fact that when mapped onto the compressor
characteristic ﬁlc(a)) about the mean flow coefficient (0 in the local coordinate system), it

gives back the initial pressure rise (again 0 in the local coordinate system). The operating
point stops moving when the system reaches its fully developed stall.

Now consider the effect of the above nonlinear control, as visualized in Figure 2.13:

A\I’I

oV

Unstable system Stabilized system

Figure 2.13: Effect of the nonlinear control on the operability at the peak

As soon as the system begins to stall and the amplitude of the perturbation wave is finite
(non zero), the controller opens the throttle quasi instantaneously. This results in a sudden
increase of the flow coefficient ¢ while the pressure rise ﬁ stays identical. The operating
point is moved to the right and the real throttle characteristic (dotted line on Figure 2.13) is

replaced by an apparent throttle characteristic (solid line on Figure 2.13). The perturbation
30(0) stays the same. When it is mapped onto \T/c(é) about the new operating point, we

get a larger pressure rise. ﬁ increases and the operating point tends to go back to the peak
and thus is stable. Concommitantly, the amplitude of the perturbation wave also decreases.

If the control is rapid enough to react to any small increase in the amplitude of the



perturbation wave, the operating point will stay close to the peak. The arrows on Figure

2.13 show to the path taken by the operating point.

The last paragraph constitutes a simple explanation of the stabilization of rotating stall at the
peak of the characteristic using the proposed nonlinear control. We now derive the same
conclusion from a 1D Lyapunov analysis. This is particularly pertinent since the trajectory
taken by the operating point is known to be initially the real throttle line and then the

apparent throttle line.

From Definition 3.8 of [11], if V() is at least locally positive definite about the origin
(equilibrium point), has continuous partial derivatives and if its time derivative \./(5)
evaluated along any state trajectory is strictly negative, then V is a Lyapunov function and
the origin is asymptotically stable.

We will start with the same V function as in Equation (2.30) but here the approach of the
Lyapunov analysis is different than in Section 2.2. In that section, the operating point was
fixed at the origin and the sign of \./ was studied about the origin as a function of the

unknown perturbation 8¢. Here, the mean flow is moving from the origin (which

corresponds to the peak) along the throttle characteristic and the perturbation is assumed to

be a known function of the location of the mean flow ($W) V(x) and \./(5) are then

evaluated along trajectories corresponding to both the real and the apparent closed-loop
throttle lines, as functions of the position of the mean flow. We check first that V(x) is

positive definite about the origin. The sign of \./(5) will then allow us to conclude the

stability of the system, i.e. whether V is a proper Lyapunov function.

Some assumptions are made for simplicity of this 1D Lyapunov analysis:

1) the compressor characteristic is a third order polynomial:
v, (&)) =a ¢ +P ¢ in the local coordinate system about the peak.
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Here we will use o =300 and p =-75.

2) the throttle characteristic in the local coordinate system is:
~ [~y Ky = = . .
WT(¢) = 7‘ ¢ +Q 6. where Q is the slope of the throttle characteristic at the peak.

Here we will use Kt =6 and Q = 8.

3) the perturbation wave is assumed here to take the simple form

3¢(0) = Asin(B). This is relevant if the perturbation is small and if the compressor

stalls by instability of the first mode.

If (30,%) denotes the position along the throttle characteristic, the "state” of the system is
8(6) = 0, + Asin(8) , 6 <[0;2x]
Vo

then: (2.38)

2n - - = =
The perturbation wave is defined by: 7= ] ¥.(5(6)) d0 =, = -KZ—‘ 02+Q%,  (2.39)

since, as we have said, the perturbation wave will be approximately quasi-steady.

Using (2.38), the definition of the compressor characteristic and:
2r 2n
7%(j)sinede=0 Qlﬁg(smef de=0

2rn 2n 4 (_2~40)
A [ (sinB)’ d0=4 L [(sin6)" dO =14
0 0
Equation (2.39) introduces a relationship between A and $0 as follows:
= ) = K = =
(’3’0‘ ¢o+g') Ah'*'(a ¢03+(B_—2L) 0’ —Q %):0 (2.41)

Equation (2.41) determines A? and therefore the size of the perturbation wave as a function

of 30. Knowing A2 is enough since the sign of the limit cycle is indifferent.

Calculation of V(fﬁo,ﬁo) and \./(30,$0) as (30,@,) moves along a trajectory:

From Definition (2.30) and Equation (2.19),
~ = 1 ~\T It 2, =2
v(6.%)= m(Fg) Dy -(F§)+2B%, ¥ 2.42)
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Here, the perturbation 3¢(0) is continuous. So we should use a continuous form of

Equation (2.42). But because of the simple form of 3§(6) (first mode only) the

expression for V(%’\l’o) turns out to be very simple since:

[ Tn >~
I-';-‘I+u 0) [ (0) o>
. LiA | n=11
DE = lc n=0 -~ =
., and, for our case F(q)) =l ¢ n=0
m
0 —+ . =
( ) |nl p’ 0} 1A n=1
i T e (0) | n—>+e
n— —oo n — +oo - -
We get: v(&,,ﬁo) = J(m+p) A%+ 31,8, + 28212 2.43)

where A2 is related to 30 by Equation (2.41).
For all ($0,ﬁ0) # (0,0) along the trajectory, V($O,T4~70) >0. Thus, V is globally positive

definite in this 1D space. We now have to study the sign of \.’@o’ﬁo) along the real and

apparent throttle lines.

\./(fso,ﬁo) is given by Equation (2.32) for a continuous perturbation:
® = o 1 2r ~ ~ = v (=
V(800 = 5= T8(0) .(6(6)) 80 -y b (Vo) (2.44)
Mo
Using (2.38), (2.40) and the definition of the compressor characteristic, this expression

can be simplified to:

{/($o’ﬁo) = 0‘$o4 + [3303 + %Az(%aAz + 60‘$02 + 3B$o) - $oﬁo (2.45)
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Figures 2.14 show the system in the configuration of the real throttle and the corresponding

function \.l(a,,ﬁo) along the trajectory. As expected, \.’(a,,ﬁio) is always positive and

the peak is an unstable operating point in the absence of any control. Now, suppose that,
as a consequence of the nonlinear control K; =K, +k- A?, the real throttle line is moved

to an apparent throttle line whose characteristic is taken to be WT(J)):QJ). 2

configurations are studied: Q =-60 and Q =-20. The results are shown in Figures 2.15
and 2.16 respectively. These configurations differ by the position of the apparent throttle
characteristic with respect to the mid-line of the compressor characteristic (dotted line on the
plots). Our conjecture was that the system would be stabilized if the throttle line was

moved to the right of the mid-line because then the mapping of the perturbation 8(6) onto

the f function is favorable to a negative V as shown on Figure 2.17.

Because (a,,ﬁo) is a quasi-steady operating point, the expression for V(a,ﬁo) in

Equation (2.44) can be simplified if written in the local set of axis about ($0,$0):

Using:

we get:
V(30.%0) = 5 1 (Bo+3860)- (7o + iffc(aq?(e))) 40~V 9y

e [= = 12
v(%,wo) =005 [ §.(55(6)) oo ! 56(8) d6- ¥, +— J 35(6)- ¥.(86(6)) 6
2n . -
But by definition of the perturbation wave, -21- | ﬁ:c(&p(e)) d0 = 0 in the local coordinate
To
2n
system. Also, the assumed form of the perturbation gives: 2—11; | 66(6)do6 = 0.
0

Therefore, for all operating points (fﬁo,ﬁo) along the throttle characteristic,

(oo = 55 [36(0)-§.(36(0) o,

59



which implies that the perturbation 3¢(8) is mapped onto an "f" function (as in Section

2.2), where f is now constructed in the local coordinate system about ($o,¢o)-

It is clear in Figure 2.17 that when the throttle line crosses the =0 axis on the left of the

mid-line of the compressor characteristic, the f function exhibits a strong positive bump
between ¢ =0 and ¢ =+c. Itis bigger in magnitude and width than the negative bump
between ¢=—d and ¢=0 as shown on Figure 2.17(a). Consequently when the

- 2r . =~ o~
symmetric perturbation d¢(6) = Asin(8) is mapped onto f, % | 86(6)- \TJC(&I)(O)) d6 and
0
thus \7(&,,?0) is positive. In the opposite case, when the throttle line crosses the { = 0

axis on the right of the mid-line, the contribution of the negative bump is dominant and

\./(a)ﬁo) is negative, see Figure 2.17(b). Therefore, we expect the system to be

stabilized when the throttle line is moved to the right of the compressor characteristic mid-

line.

Figures 2.15 show that moving the throttle characteristic to a straight line of slope Q = -60

is not enough to stabilize the system at the peak. V(fﬁo,ﬁo) is still positive along the

trajectory. If the slope is Q = -20 as on Figures 2.16, the throttle line is on the right of the

mid-line of the compressor characteristic. Then, V($o,ﬁo) is negative close to the peak

and becomes positive again if the deviation from the peak is too big. The region over which
Vis negative constitutes the domain of attraction of the operating point. The size of the
domain of attraction of the peak is now finite whereas it used to be zero without any

control.

Note that the stabilization of the system does not occur exactly when the apparent throttle

line is the mid-line of the compressor characteristic because we use here a very simple
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model for the limit cycle: Asin(8) with only a first order content. Also note that the effect

of B is not modeled by this analysis.

The 1D Lyapunov analysis proves again that the system operating at the peak can be

stabilized by moving the throttle line to the right.
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Figures 2.14: Configuration of the real throttle
~ (= Ky ~» ~
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Figures 2.15: Configuration of the apparent throttle \T!T(i}) =Q¢, Q=-60.

63



0.1

0.05

-0.05

-0.15

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016
phi0, position along the throttle

Figures 2.16: Configuration of the apparent throttle ﬁJT(é) =Q (T) Q =-20.
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Figure 2.17: Mapping velocity perturbations onto f:
(a) Throttle characteristic on the left of compressor characteristic mid-line.

(b) Throttle characteristic on the right of compressor characteristic mid-line.
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Chapter 3

Absolute Stability based Nonlinear Stability
Analysis applied to Nonlinear Model of
Rotating Stall with Unsteady Losses

3.1 Nonlinear Model of Rotating Stall with Unsteady Losses

The purpose of the elaboration of a second nonlinear model of rotating stall is to improve
the state-space representation of Chapter 2 by including the effects of unsteady losses. As
explained in [10,17], in Section 2.1 the assumption is made that the axisymmetric
compressor characteristic y.(0) is quasi-steady and is not altered by the presence of
unsteadiness in the flow. However, if an abrupt change in the axisymmetric mass flow is
applied to the engine, the compressor naturally requires a finite time to adjust to the new
flow condition. Up to now this fluid dynamic lag has not been taken into account in the
compressor model. The assumption of quasi-steadiness will be increasingly inaccurate

with increasing mode number because the higher modes "see" more rapid flow

unsteadiness. If the steady state compressor characteristic W (¢) is decomposed into:

Ve (9)=wi(0) - Ly(0) (3.1)

where ;(0) is the ideal characteristic of the compressor assumed isentropic and L., (¢)
represents the viscous losses of the compressor when it operates in steady state, the effect
of unsteady losses is incorporated by letting the pressure rise of the compressor be given
by:

w(0)=wvi(9)-L(0) (3.2)
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In general, the loss L(¢) will be subject to unsteadiness so that the actual compressor
characteristic y will vary and be different from .

The rotors and stators have different dynamic characteristics in unsteady flow. Therefore,
the rotor loss Ly should be distinguished from the stator loss Lg. The proportion of the

‘contribution of each is determined by the reactions of the compressor blading Ry and Rg.
L,=19+1% L=L +L,
LW =R,.L, L,=R,-L with: R +R, =1
L(sss) = Rs ) Lss I-"s = Rs -L

Then, Equations (3.1) and (3.2) become:

1) Pressure rise delivered by the compressor in steady state:

Ve(0)=vi(0) - LI (0) -LE(0) (3.3)
2) Unsteady pressure rise delivered by the compressor:
w(0) = vi(6) - L.(0) - Ly(9) (3.4)
The unsteadiness is modeled by a first-order lag:
rotor: T (a;'" + aalé ) L-L, (3.5)
stator: e 9L S ) (3.6)

t is the nondimensional time as in Chapter 2. The time constant T is the same for rotors and
stators. It should have a value approximately equivalent to the time necessary for a fluid

particle to convect through a blade row and is usually of order 0.1.

Our starting point is again the Moore-Greitzer model and the system of equations presented
in (2.2). Replacing the steady state form of the pressure rise delivered by the compressor

by its unsteady form, we have:

o5P) | 90, ,9(80) %) | 15 _y
m=— L E = A A= = (v L~ L, ) (04 80(0.6,1) ¥ o

W _ 1 =
=5 (8- 0(9))

c
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The approach is the same as in Section 2.1. The same spatial discretization in 0 is
performed around the annulus and only the modes -N to +N are kept while taking the DFT
of the first group of 2N+1 equations in (3.7).

All losses are functions of ¢ and like ¢ are evaluated at 2N+1 locations around the annulus
of the compressor. Through the discretization they become vectors of length 2N+1 to

which we can apply the DFT definition in (2.9) and (2.10).
1 N . 4ing,

L,(8, )= L, -e ¢
( k) ’2N+l II=Z—N n o L. =F.L.
© 1 N e +ine TRV opL
Lss (ek) = E L, -e k Zss T s

V2N +1p=2N *"

Equations (3.5) and (3.6) are evaluated at each one of the 2N+1 locations around the

annulus. Taking the DFT of these 2 groups of 2N+1 equations we get:

Vne[-N;+N],  rotor: Lo =L0), -(+int)L, (3.8)
stator: tL, =L -L, (3.9)
n

Before taking the DFT of (3.7) it is useful to separate linear and nonlinear parts in y; and

L(l')

ss ?

L(:s). The nonlinear system modeling the dynamics of rotating stall will then be

represented as a feedback connection between a linear dynamical system and a nonlinear

element regrouping all nonlinear contributions from v and L, 1),

Vi(0) =c;+d; 0+hy(¢) ¥,(0) =c;T+dio+hi(0)
LO(¢)=c,+d, 0+h,(¢) =  LY(¢)=c,T+d,0+h,(0) (3.10)
L) () =c, +d, 0+h,(9) LY(¢)=c, T+d,0+h,(9)

h;, h; and hy are the nonlinear part of y;, L(S's) and L(:S) respectively.

Moreover, we know that the first step in the nonlinear stability analysis of an operating

point (5‘,?’*) is to express all variables in a new local coordinate system in which the

origin is located at (F,V*). Doing this now will save one step in the next section.
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The transformations equations are:
$=0-T-5" p(8)=p(T-
V=9-F (V)= 0r(¥ +V)-
where p canbe v, LT, L® L orL,.
In the local coordinate system, Equations (3.10) become:
gl(c}) =C,T+ Di§+_ffl_i@)
LY(8)=C,T+D,5+H,(d) 3.11)

L)(3)=Cc,T+D,5+1,(3)
C;, C, and C, are scalars which give the value taken by V;, i and [¥) for §=0.
D;, D, and D, are scalars which give the slope of V;, L2 and I for § =0.
H;, H, and H, are the nonlinear part of ;, i and [¥.
From Equation (3.3) written in the local coordinate system, we can get a relationship

between C;, C, and C, as follows:

v (0) =vi(9)- LY (9) - L(9)
]

.(8)+ ¥ =9,(0)+ ¥ -L(o)- ¥ -L(o) - ¥
¥ (6)=¥:(6)-L(6) - L(¢) - 29"
Evaluated at ¢ = 0, the last expression gives:
C,-C,-C,-2y" =0.
In the same fashion, ;(¢)-L,(¢)—L,(¢)-V¥ in Equation (3.7) becomes, after the

change of coordinate system:

¥:(8)-L.(6)-L,(6)-v-2v".

Using (3.11) Equations (3.8) and (3.9) become in the local coordinate system:

["‘l)c

V ne[-N;+N] rotor: =C,T, + D,(l)n + H -(1+ mt)L (3.12)

mn

+D,g, +

«a
™tre
w
II

stator: f,sn 3.13)
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where T, is the "modal” form of T. Here, we have used the fact that T, #0 only for n=0

and consequently, n T, = 0 for all n.

Equations (3.12) and (3.13) can be separated into linear and nonlinear parts:

Defining Ll. and Li such that: L, = C.I+_~I=i. +L: where the superscript "i" stands for

internal (to the feedback loop) or linear part and the superscript "e" for external or nonlinear

part and where:
Vne[-N;+N]  rotor: T L =D,$, - (1+int)i,_ (3.14)
T L —f, -(+in7)Ls, (3.15)
stator: T L =D, - L\ (3.16)
i of -fe (3.17)

guarantees that Equations (3.12) and (3.13) are satisfied. However, this is not obvious for

the rotor and needs to be verified.

tL, =t L+t =D¢,+H, -(1+int)l; - (1+inT);
tL, =D&, +H, -(+in0)L, +(1+ in)C, T,
tL. =CT,+D,¢,+H, —(1+ in'c)f,,n

The last equality uses again that n 'T‘,, =0 for all n and proves that (3.12) is satisfied.

Taking the DFT of the first group of 2N+1 equations in (3.7) written in the local coordinate

system, we get 2N+1 equations (one for each mode) which are analogous to Equations

(2.13) and (2.14)

n=y



Callin d_fg[+u,forn¢0h NeD)h e o Lot '
Eh=1 forn:Ote(M +1)th element on the diagonal of the matrix Dg

c

and recalling that C, — C, — C, — 2" =0, we are left with:

nz0 d, ¢, =(D; —ikn)-¢,-L, -L, -L% - +H, (3.18)
ﬂ do'éo =Dl 60_T~|'I-"V2N+l_i¢ito'"fdiso—iel-o_ieso'i'ﬁio (3.19)

The last equation is coupled with:

ﬁ=55¥(m30—%(ﬁ))| (3.20)

Therefore, 4(2N+1) equations and 4(2N+1) unknowns have been introduced to model the
dynamics of rotating stall with unsteady losses, bringing the dimension of the system to

~i

10N+6. The 10N+6 unknowns are the entries of _J_), L:, L:, L,, L: and . The 10N+6
equations are (3.14) to (3.20). Considering that N is usually at least 5, the number of
states has to be reduced in some way. We are going to perform a model reduction mode by
mode to eliminate all 4(2N+1) states associated to the losses thus returning to a system of
dimension 2N+2. However, in the meanwhile the location of the eigenvalues of the linear

system will have been modified to take into account the effect of unsteady losses.

Mode by mode model reduction, PartI: n # 0

Five states are associated to such a mode. Its dynamics are given by:

-~ - — - ~ A =
2 [D.—ikn  _ 1 - 13 24
O N N R
2 D 2.
5 =+ FH-in 0 0 O0fL,| | o
2 I_| D _ 2
Llsn - -T_s 0 -Tl 0 0 Llsn + 0
iern 0 0 0 F-in 0L, E:“ or X=AX+U (3.21)
f‘inJ - 0 0 0 0 :tl--~in- E‘tm
- v — F e e ot - -
X a U
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The matrix A is diagonalized through the change of variables X = VZ, V is the matrix of
right eigenvectors of A where A = WAV is the diagonal matrix of eigenvalues of A and
W = V7 is the matrix of left eigenvectors of A.
Multiplying (3.21) on the left by W, we get:

Z=AZ+WU (3.22)
If T is small, the coupling between the equations of (3.21) is not strong and Z is close to X

as defined by (3.21). Consequently, the first state in Z, which we will call z;, stays close

to 6,,. The 4 other states, which we will call z, are close to the losses L. , L ff;n and

rn? sSp?

A

I:‘;n whose "uncoupled" dynamics are very fast: the absolute value of Ztl the real part of
their eigenvalues, is large if T is small and is the dominant term in the eigenvalue (see

Equations (3.14) to (3.17)). Therefore, z contains the fast high frequency states and its
steady-state is reached very quickly. It is valid to assume that é =0 to perform the model

reduction.

Separating z; from z, Equation (3.22) can be written:

A 0) Eq
: O, |[#
Helol ™ ([2]+|el | (3.23)
z Aq |
(0) As I wl I
We want to keep only:
21=hz +w'-U (3.24)
z is eliminated as follows:
ﬂz: 5 Ay
. wa /A
z=0 = z=—-—3/73U (3.25)
- - V_V;/ (e
Ws / As
$ncm be recovered from Z through:
O = vz +[Via Vi3 Vig Vis] 2 (3.26)

where [v); Vi, Vi3 vy Vys] is the first row of the matrix V.
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Combining (3.25) and (3.26), we get:

T T T T
~ VioWsr ViaWa ViuWs4 VicW
q)n =vyZ _[ 1222 1313 144 1575 ] U

A, Ay Ay As
usually = 0

]

The contribution of U in ¢, is usually negligible since A,, A4, A, and A5 are close to the

"uncoupled" eigenvalues of the losses and thus have a big magnitude.

N

Under this assumption, J)n can be reconstructed using:

A

¢, = V112

Multiplying Equation (3.24) on the left by v,;, we get:

0, =M0, +v, W) -U
Using the definition of U, the final result of the model reduction is:
I o (s (3.27)

T _
where w; =[wy; Wip w3 Wiy Wis ).
Equation (3.27) is true for all n#0. For clarity, the index n is omitted on A;, v;;, Wy, Wiy

and w5 which are all functions of n.

The 4 high frequency modes associated with the unsteady losses have been eliminated.
The nonlinear part of the ideal characteristic {; and the steady-state losses of rotor and
stator f,(s's) and I:(sss) are still considered as a nonlinear feedback modifying the linear system.
The effect of the combined introduction of the dynamics of the unsteady losses and their
subsequent elimination by the model reduction has been to translate the eigenvalues of the

linear system from initially Digl)m to A; and to apply to the nonlinear feedback a
n

complicated control power matrix (no longer the identity matrix). The model of rotating
stall elaborated in this section will not be more complex than the one of Chapter 2 (same
dimension) but will reflect the effect of unsteady losses through the modified control power

matrix and eigenvalues of the linear system.
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M mode model ion, Part Il: n =
Six states are associated to the zeroth mode. Before writing its dynamics in a matrix form

as in (3.21), the dynamics of ﬁ and the throttle characteristic must be linearized (this thesis

deals with the study of the effects of the nonlinearity of the compressor characteristic only).

vr(0)=50" or onlw)= {3

which becomes in the local coordinate system:
5 (@ ’2(V'+ﬁ) (1.3 .
— = _ * = 1+ - *
Linearization of this equation gives:

@*r(ﬁ) = 2;(7: [l+j_;—)—$*

N
) sz, v (3.28)

Using (3.28), (3.14) to (3.17), (3.19) and (3.20), the dynamics of the zeroth mode are

By definition,

which is simplified into:

also given in the fom X = AX + U:

(2] T D; -2N+1 -1 -1 -1 __1-['3 T I:{lo
2 dg dy dy dy dy dy 0 d,
= 1 =1 0 0 0 oW
Vo | 4BA2N+T 4B 2K,§" Vvifo
2 Dr _ 2.

L, == 0 2 0 0o oLy, 0
= +
2 D - i
L, = 0 0 = 0 0L, 0
2 -1 z 3
L, 0 0 0 0 = 0|L, Ll (3.29)
f’io L 0 0 0 0 0 ;tl-- ‘I:io' LE’:_O-

- - he ~ e e ! .

)'( A X
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The procedure of the model reduction is the same as before. If T is small, the 2 first states
in Z, z; and z, are close to 60 and ﬁ The 4 high frequency modes associated to the
unsteady losses are eliminated. The notations used in the diagonalization of A are identical.

Now, Equation (3.23) takes the form:

A, 0] T [wr]]
Z.l [0 Ay © K 'E-L
* = As (0) z; + [ w; U
Z.Z (0) X‘t Z EI B
z As AT ||wd
i (0) Ae | w!
We want to keep only:
| [h 0][zl]+ |y 3.30
Lz] [0 AMlz] wy |~ (30
W;;?&:;
oy i ~ _| Wy Ay
using: z=0 = z= W;/Xs 18] (3.31)
we /A
[qi_o] can be recovered from Z through:
v
‘I’o =[V11 Vlz][21]+[vls Vig V15 Vle],z
i Var V22 i Z2 Va3 Vaq Vo5 Vag ] =
Vi
2 Vliﬂg Vliﬂz V1iﬂg vliﬂg
: 9o | = [Zl]_ 3 4 5 6 |
Using .31, i} Vi = VW3 VouWy VasWs VasWe Y

- A, A, As Ag
usually = 0O

a

For the same reasons as before, the contribution of U in [42] is negligible.
Therefore, [‘&)] can be approximated by:
v
o z
i)
\V 2
Multiplying (3.30) on the left by V12 and using the definition of U, we get:
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with: A, =

'pé *]2 *]2 *]2
. ;O + * H 0+ % Hr0+ * Hso (332)
= 4V
SR R O®

o,
=]

.e‘;o'e'“...

LB
=

(0)

and using (3.27) for all n#0 and (3.32) for n=0,

X+AH +AH +AH, (3.33)
7T n=-N
n=-1
"0 dimension(A,)= 2N+2)2N+2)
n=+l1
Jn=+N
-
(0)
dimension (A, )= 2N+2)(2N+1)
VuWi
dn
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(0)

dimension (A, )=

dimension (A, )

(2N+2)(2N+1)

= (2N+2)(2N+1)

}, the matrix that transforms X into X is basically the DFT matrix F as defined

It X = [g
Y
by (2.12), extended to take into account the extra state ﬁ
rr 7 : ] n=-N
F (0)
A ) I i : n=0
X= Fexl—x with Fexl =1 (0) o1 1 n=0 (ﬁ)
[ i : n=+1
F (0)
L L i 1 n=+N
"-N<n<+N
Like F, F,,, satisfies the property:  F,,, ' =F,,"
rA = FCXlTAaFCXI
. . T . I= FextTAiF
Then, multiplying (3.33) on the left by F,,, and defining J we have:
R=F_"AF
S = FextTAsF

<o

ml

=AX+[1 R |0,

3
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Finally, if we define

- . g I2N+1 Q
Y=CX=(¢|, where C=[Ing O
¢ Ly O

and Irn, is the identity matrix of dimension 2N+1,

and we also define

1(§) -

,ggg , sothat U=-¥; and B=[-1-R -§],
s\9

a state-space representation of the system of dimension 2N+2 is:

e
w2
I
javiigiesiiges]

As shown in Figure 3.1, the full nonlinear system is represented as a negative feedback
connection between a linear dynamical system and a nonlinear element which contains all

nonlinearities due to the compressor characteristic.

=0 4 U Linear system X >
G(s) = C(sI-A)1B
Nonlinear <

Element

Figure 3.1:  Representation of the system as a feedback connection

of a linear system and a nonlinear element

78



Effect of unsteady losses on the location of the eigenvalues of the linear system:

As an example we are going to study the compressor C2 of Section 2.4 for different throttle

settings K;. The model parameters are found in [16] and shown on Table 3.1. The

decomposition of the steady-state characteristic of C2 into ideal characteristic and steady-

state losses of rotors and stators is calculated using data in [17] and presented in Table 3.2.

Table 3.2:

Table 3.1: Model parameters of compressor C2

U (speed at mean wheel radius)
R (wheel radius)

a at stall inception

f(-r at stall inception

c
B
m
M
A

T (nondim. convection time)
Ry (reaction of rotors)

R (reaction of stators)

72 m/s
0.287 m
0.463
9.41
6.66
0.1

2
1.2937
0.6787
0.3
0.738
0.262

Decomposition of compressor C2 characteristic into ideal

characteristic and steady-state losses for 0.42<$<0.6

v.(0) =1.023-10.07(¢ - 0.46825)°
v, (0) =-3.3741+8.9947¢ —7.4985¢7 + 10114

¢

L{)(6) = —1.6156 - 0.32166¢ + 1.8978¢7 + 014641

¢

L) (6) = ~0.57356 - 0.1142¢ +0.6737¢% + 2:2650

0

Even if T is not very small here (t = 0.3), Figure 3.2 validates the use of the model

reduction method since it shows that it is possible to sort the "coupled” eigenvalues and to
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associate each separate group to a group of "uncoupled"” eigenvalues. This is true for all K¢

we will be using (from 9 to 10.6).

3 % ; ; ; !

+ § : * | x  uncoupled
4 """ *' """""""""" +coup]e'd"
¥ : : : :
3k Beeees P P P PP

+: +
-1 AR Fe M +)< .................................................
* 4%
peeeees PR, Koo X .................................................
L :
& ab....... L U SO O SO ORUPRN SRR
P e ¥
4 x ¥
b ..... e A >< .................................................
¥ x
2_ ........ , ..... Wi +)<~ .................................................
+ +
C| ERTPRPR L. O S S R S S S .
+ :
| I R S R e, o
+ : z ' :
5 l X 1 l i J
4 2 0 2 4
Real

Figure 3.2:  Location of eigenvalues of coupled and uncoupled

dynamics for the full order system, K¢ = 9.

Figures 3.3 to 3.5 illustrate the evolution of the location of the eigenvalues for the reduced

order system as Kt increases from 9 to 9.93. All of them show that unsteady losses have a
stabilizing effect on the system. The eigenvalues of the coupled dynamics are always on
the left of those of the uncoupled dynamics and the stabilization gets bigger and bigger as

the mode number increases. An explanation of these trends can be found in [17].

For K¢ = 9 the linear analysis predicts that the system is stable, the operating point being on
the stable (right) side of the compressor characteristic. This is confirmed by Figure 3.3
since all eigenvalues have a negative real part.

For K¢ = 9.333, the operating point is exactly at the peak of the characteristic. The linear

analysis without unsteady losses [7] predicts that all modes become unstable at this point.
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This is again confirmed by Figure 3.4. All eigenvalues of the uncoupled dynamics are on
the jw axis while the "coupled" eigenvalues are still all stable. Therefore, the introduction
of unsteady losses in the model explains that a value of K¢ larger than 9.333 is necessary to
destabilize the system. Experimentally, the stall inception occurs at K¢ = 9.41.

For Kt = 9.515 according to the linear analysis without unsteady losses, the system is
unstable. All eigenvalues of the uncoupled dynamics are on the right half plane. Taking
into account unsteady losses on the other hand, the system is exactly at the neutral stability
point since the first mode crosses the jw axis. K¢= 9.515 sets a new limit for the stall
inception point which is not violated by the experiment (see [16]). According to this
analysis, the stall inception cannot occur for Kt > 9.515 otherwise there would exist a
stable range of Kt > 9.515. However, it can occur before K; = 9.515 if the domain of
attraction gets smaller than the size of the perturbations encountered by the system.

Two other important values of K¢ can be pointed out. At K¢ = 9.93, the second coupled

mode becomes unstable and at K¢ = 10.6, the third coupled mode becomes unstable.

3 ! ; ! ; ; s ;
: : ' 5 : X uncoupled
¥ : : + coupled
2_,+ .................. x. ..................................................
x
: : + :
o] S A L SO LY SO0 SOV SURUUTRRRNE SURURPPPRIS SOPRRRON
: z o
Lox x
> : 'z *
0_‘.4..; ..................................................
£ : : X
: *® ! X
. . +
_1-.. .................. x. ..................................................
: : + ;
: 5 x
-2-. .......... +.. ................. x. ..................................................
o
] 5 S S S -L i
-88 -0.6 0.4 0.2 0 0.2 0.4 0.6 0.8
Real

Figure 3.3:  Location of eigenvalues of coupled and uncoupled

dynamics for the reduced order system, K¢ =9.
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Figure 3.4:  Location of eigenvalues of coupled and uncoupled

dynamics for the reduced order system, K¢ = 9.333.

Imag
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-1
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s : Z E X uncoupled
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Figure 3.5:  Location of eigenvalues of coupled and uncoupled

dynamics for the reduced order system, K¢ = 9.515.
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In conclusion of this section, a new state-space representation of rotating stall has been
elaborated. Its dimension is 2N+2. The nonlinear system is represented as a feedback
connection of a linear dynamical system and a nonlinear element. This representation takes
into account the effects of unsteady losses through the location of the eigenvalues of the

linear system and a complex control power matrix B.

3.2 Motivations for using Absolute Stability Theory

Our purpose is now to perform a nonlinear stability analysis of the second nonlinear model
of rotating stall presented in Section 3.1. The idea that comes naturally to mind is to try
using the same approach as in Section 2.2. In that section it was possible to find a
Lyapunov function V that made sense physically, and to interpret the sign of its derivative
\.’ while keeping the perturbation @ very general (it was not necessary to specify its form,
i.e its modal content, to conclude on the sign of \./ ). However, both reasons that made the

Lyapunov analysis successful are no longer present. The state-space representation was:

(2.29)

To analyze the system, we had to deal with only one nonlinearity L @) The control

power matrix in front of this nonlinearity, if treated as a feedback like in Section 3.1, was
the identity matrix. The second property of this state-space representation was that A had

all eigenvalues on the jo axis. Therefore, with V defined by (2.30), the term involving A
canceled out in v and v took the simple form in (2.31), which had a very straightforward

interpretation.

Now, the state-space representation is:

X=AX+IH, +RH,+SH,
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Note that the state  is included in X here. The nonlinearity of the compressor

characteristic has been broken into 3 nonlinearities. The control power matrix in front of

each one of them is complicated. All modes are actuated differently. A change of variables

can make only one out of 3 actuation matrices be the identity. We get for example:
E'f(_:A'f_(+Hi +R'H+SH,.

Moreover, the eigenvalues of A' are no longer on the jo axis. If our purpose was to keep

the same "incremental energy" definition of the Lyapunov function, V(X) = ﬁXT -E'X,

we would get for \.’:

V&) =& A X+ L& (B +RE +SE,)
The first term does not cancel out any more. Because the eigenvalues of A' are no longer
on the jo axis and because of the presence of the actuation matrices R' and S', it is not

possible to study the sign of \.’ without specifying the modal content of X. The analysis

looses its generality and is no longer pertinent.

Consequently, we turn to another method which is derived from the Lyapunov analysis and
is well-adapted to the current model of rotating stall: Absolute Stability theory. It applies to
nonlinear systems seen as a feedback connection of a linear system and a nonlinear element
which is exactly the case here and it provides a new way of dealing with nonlinearities and

of finding a suitable Lyapunov function.

3.3 Absolute Stability based Nonlinear Stability Analysis

The reference on absolute stability theory used in this Section is [18]. Notions that are
useful for the stability analysis are summarized below. Absolute stability theory applies to
nonlinear systems seen as a feedback connection between a linear dynamical system and a

nonlinear element such as in Figure 3.1. A state-space representation of the system is:
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1l
>

X+BU
X where X eR", UeRP, Y eRP,

¥(LY)

"
@)

X
Y
U

As usual, the state equations are written in a local coordinate system, such that the origin is

located at the equilibrium point whose stability is being studied.

Some assumptions are made which are all verified by the model.
1) [A,B] controllable
2) [A,C] observable
3) W:[0;+eo x RP — RP is a memoryless, possibly time-varying,
nonlinearity which is piecewise continuous in t and locally Lipschitz in Y.
Here, ¥ does not depend on t, so the variable t is dropped.

4) The transfer function matrix of the linear system, G(s) = C(sI - A)™'B is

a square strictly proper transfer function.

The nonlinearity W(.) is required to satisfy a sector condition globally or locally. In the

monodimensional case, the sector condition can be visualized as follows:

A By A By
y(y)
oy oy
> 2 il >
y y
(a) (b)

Figure 3.6: Sector condition satisfied (a) globally, (b) locally over [a;b]
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In the multidimensional case, the sector condition takes the form:
[¥(Y) - K Y] [#(Y)- K, ¥]<0,VY eT cRP (3.34)

for some real matrices Kmin and Kmax, where K = Kpax - Kmin is 2 symmetric positive
definite matrix and the interior of I is connected and contains the origin. If ' =RP, ¥

satisfies the sector condition globally.

The purpose of the analysis is to study the asymptotic stability of the origin not for a given
nonlinearity but for the entire class of nonlinearities that satisfy a given sector condition.

This preserves the generality of the analysis as the Lyapunov analysis did in Section 2.2.

Definition of absolute stability:
The system is said to be absolutely stable if the origin is asymptotically stable
for all nonlinearities satisfying the sector condition (3.34).
The phrase "absolute stability” implies that the sector condition is satisfied globally
and that the origin is globally asymptotically stable. Otherwise, the phrase

"absolute stability with a finite domain" will be used.

The candidate for Lyapunov function is:

v=X".P-X, P=P">0
The question that must be addressed now is: is it possible to find P symmetric definite
positive such that \.’(X) <0 along all trajectories of the system for all nonlinearities that
satisfy the sector condition (3.34)? A method to find such a P is given by the Multivariable

Circle Criterion whose main steps are recalled here.

Assuming that the nonlinearity satisfies the sector condition (3.34), it is always possible

through the loop transformation or pole shifting shown on Figure 3.7 to consider the case
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where Kp;y, is replaced by 0 and Kmax by K=Kmax-Kmin provided that the state-space
representation of the system is modified as follows.
The system whose state-space representation is:

X=AX+BU

CX
-¥(Y)

o

I =<

and whose nonlinearity satisfies: [¥(Y)- K, X]T J¥(Y) - K Y] <0,VY eI c RP

is equivalent to the system whose state-space representation is:

X =(A-BK,,C)X+BU
Y=CX

U=-Y¥, (X)

with ¥,(Y)=¥(Y)-K,nY  (3.35)

and whose nonlinearity satisfies:
[‘_I’_t(X)]T -[‘_P_,(X_) -K X] <0,VYeTlcRP with K=K__ -K_. =K">0 (3.36)

=0 u G(s) )X
=0 u Y
=Sk G(s) > Kmmin f€—
<>
¥ Kmin j€—
< ¥

Figure 3.7: Loop transformation

Therefore, we consider now the asymptotic stability of the origin for the system (3.35) and
all nonlinearities satisfying sector condition (3.36). The assumption is made that
A'= A-BK,,;,C is Hurwitz, i.e. stable (has all eigenvalues in the left half plane). The
derivative of V(X)= XT.P- X along the trajectories of the system is given by:

V(X)=XT-(PA'+A'TP). X —2X"PBY, (Y
t
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Because of (3.36), —2¥(Y)-[¥,(Y)-KY]<0,VY eI cRP and its addition to the

right hand-side of the last equality gives an upper bound of \.’(X)
V(X)<XT-(PA'+A”TP). X - 2X"PBY, (Y) - 2¥7(¥)-(¥,(Y) -KY)

V(X)<X"-(PA'+A'TP)- X +2X" . (CTK - PB)- ¥,(Y) - 2¥7(Y)- ¥,(Y)

Assuming that there exists P =PT >0, L and £>0 such that:

PA'+A'TP=-LTL -¢P 337)
PB=CTK -+2L" '
Then, V(X)<-eXT-P-X - [LX -VZ¥,(X)] -[LX - V2%, (X)]
and consequently, \./(X) <-eXT-P-X<0

Moreover, V(X)=XT-P-X is then positive definite like P.
Thus, provided that we can find P = PT >0, L and £>0 solutions of Equations (3.37), we
can show that \./(X) < 0 for all trajectory X and, applying Lyapunov's theorem, the origin

is globally asymptotically stable for all nonlinearities satisfying the sector condition (3.34).

S of the Multivariable Circle Criterion
Considering a class of nonlinearities W(Y) that satisfy the sector condition
[(Y) - Knin Y] [#(Y)- K Y] <0.VY €T CRP
with Kmin and Kpax real, K = Kjax - Kmin = KT > 0 and the interior of I" connected

and containing the origin.

If A-BK,,; C is Hurwitz and if the system:

P(A - BK,;,C)+ (A -BK,;,C) P=-L"TL —¢P
PB =C"(K 0 — Kiin ) = V2LT

min

(3.37)

has a solution (P,L.¢) such that P=PT >0 and £ >0,

then the system is absolutely stable and a suitable Lyapunov function is given by

V(X)=X"-P-X. If the sector condition is satisfied only on a set I c RP, the

system is absolutely stable with a finite domain I'.
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By elimination of L, the system of equations (3.37) can be transformed into the following
Ricatti equation: A, "P+PA. -PB.P+C_. =0 (3.38)

Aric =A- lB(I(mm + Kmax )C + le12N+2

2 p)
B. =BRB”
with ne .
Cn’c = ECT (Kmax - Kmin )(Kmax - Kmin )C
R =-2I¢n.3

In general, a Ricatti equation has many solutions P but only one of them is symmetric
positive definite. A symmetric solution P to the Ricatti equation (3.38) can be constructed

by using an eigenvalue decomposition of the Hamiltonian matrix H (see [19]).

Aric —Bric
H= _C. AT (3.39)

A key property of H is that if A is an eigenvalue, so is -A.

U, U
If U= [U” 12] is the matrix of ordered eigenvectors of H, P =U,,Uj} is the desired
21 Yz

solution. P will be positive definite as soon as H has no eigenvalue on the jw axis. This
provides a simple test for the existence of the symmetric positive definite solution of the

Ricatti equation (3.38).

We can now apply absolute stability theory and multivariable circle criterion to the
nonlinear stability analysis of the model of rotating stall with unsteady losses. As an
example, we will study compressor C2 of Section 2.4. The state-space representation of

the model of rotating stall with unsteady losses is given in Section 3.1.

Bi(¢) i, =H,(6,)
By definition, i(i) = H,@) where H, = ﬁ,(&)k) Vk €[0;2N].
£,(3) . =H,(6)
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H;, B, and A, are functions of a single variable ¢. For compressor C2, v;, L' and L(:s)

are of the form: p(¢) =c+d¢ + e’ +% which implies that to a third order approximation

H;, H,and A, are of the form: ﬁ(6)=h62+163 with h=e+ =&, 1=_$g4.
6 )

Therefore, they cannot satisfy any sector condition globally.

The nonlinearities fii, H, and H, are shown on Figure 3.8 in the case of the compressor

C2 of Section 2.4 for 2 extreme values of the explored range of throttle setting, K=9 and

K=10.6. Both plots exhibit the same trends. The largest contribution in the nonlinear part
of the compressor characteristic is due to the rotor. The third order term is negligible in I:I,

and H,. These functions can be considered even. H; is not even but it is very flat for

positive J)

Kt=9
S T OO W L o W N A

0.1\.\. ..... ,. ......... .......... ....... ..... ;.—..*Hi.. ... ...g :,
M : : : —-iHs : : ; : »
0.05f -+ ‘\, ......... .. ......... ......... //,’ ......

0 | ; ' BN PN Sk

1 1 — 1 | 1 1 1 L
01 -008 -006 -0.04 002 0 002 004 006 008 0.

phi
Kt = 10.6

0.1

0.05F

0

-0.1 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1
phi

Figure 3.8: Nonlinearities H;, H, and H, for K;=9 and K;=10.6.
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If each one of the nonlinearities H;, A, and H, satisfies locally the 1D sector condition:
0.$<H.(§)<Bb Voe[ab,]

_‘i_‘(i) satisfies the multidimensional sector condition in (3.34) with:

CASS (0)
Kuin = o TN
| (0) o Ioni
[ Bilona (0)
Knax = BrIZN+1
| (0) Belans
= [ai;bi ]2N+1 x [ar;br]2N+] N [as;bs]2N+1

and the dimensions of the different matrices are:
A: 2N+2)(2N+2) B: 2N+2)(6N+3) C: (6N+3)(2N+2)
X: (2N+2)(1) Y ¥, . U: (6N+3)(1)

P: @N+2)2N+2)  Kmin, Kmax: (6N+3)(6N+3)
R: (6N+3)(6N+3)  Ayic Bric Cric: (2N+2)(2N+2)

Considering a class of nonlinearities W(Y) that satisfy the sector condition (3.34) with

Kmin and K2« as given before. In order to show that the system is absolutely stable with

the finite domain I' and that a Lyapunov function of the form V(X) = XT.P-X is suitable,
we must find a solution P =PT >0 to Equations (3.37) or equivalently to the Ricatti
equation (3.38). The Ricatti equation is parameterized by:

g, a;, B, o, B, a,and B;.
The first parameter € can be considered as a measure of how fast the trajectories converge
to the origin since \./(X) < -eXT-P.X forall trajectories. Setting € to a certain value at the
beginning of the nonlinear stability analysis will determine the kind of convergence we are

looking for. If €0, we will get a larger domain of attraction for the system but the

convergence will be penalized: it will be infinitely slow.
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The second group of parameters is still free and comes from the definition of the sector
conditions. Its number of parameters can be reduced to 3 if it is assumed that all 3 sectors
are symmetric. Then, a, = -, for « =i,r,s. This assumption is valid for the compressor
we are studying: compressor C2 since all 3 nonlinearities are flat or close to be even

functions of ¢.

If we can prove that the system is absolutely stable with the finite domain I" for a given
sector condition, i.e. a given set (B;,B,,B,), the next step of the analysis is to find the
largest sector condition, i.e. the sector condition with the set of largest B's and the largest

domain of validity I", under which the system is still absolutely stable. Then, I" defines the

domain of attraction of the origin or equilibrium point.

Recall that a simple test of existence of the symmetric positive definite solution P of the
Ricatti equation is: the Hamiltonian matrix H defined by Equation (3.39) has no eigenvalue
on the jo axis. Thus, the nonlinear stability analysis of compressor C2 proceeds as
follows:

1) Choose &, i.e. the speed of convergence of the trajectories.

2) Start with a large value of f,.

3) Construct all 3 sector conditions from the only parameter 3, :

“ o, =,

* o, and o are chosen so that a; =a, =a_ as shown on Figure 3.9.
* B, =—a, and B, = -0

4) Test H. If H has still some eigenvalues on the jo axis, B, is decreased and we

go back to step 3. Otherwise, we have found the largest B, such that the symmetric

positive definite solution P of the Ricatti equation exists and the largest finite

domain I" over which the system is absolutely stable.
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The result of the iteration T'=[a;;b, ] x[a,;b,]2N+1 x[as;bs]2N+l defines the region of
negative \./ around the origin in the local coordinate system or equivalently around the
equilibrium point (see Figure 3.6 for definition of [ae;b.]). The size of I" (previously called
€Q) defined as the distance of its boundary surface to the origin and is again called d. Here,
d= min(laiI’Ibil’larl'lbrLlasl’lbs I)

Rigorously, the domain of attraction of the equilibrium point is found by fitting the biggest
ellipsoid D, = {x IV(x) = ¢} inside T and its size is c. However, as in Section 2.3, we
prefer to use d as an estimate of the size of domain of attraction because c is dependent on
V through P. d is not and makes sense physically: it is again a flow coefficient. Therefore,
d's calculated at the same equilibrium point but using different methods can be compared
whereas c's cannot. For example, in a next section we are going to introduce different
basic controllers and for each controlled system apply the above nonlinear stability analysis
iteration and calculate d. We will be able to compare the different d's but it does not make

sense to compare the ¢'s since in each case the P matrix we get is different.

Figure 3.9 (for which K=9) helps validating the choice made in step 3 of construction of

all 3 sector conditions from the only parameter B, so that a; =a, =a,. It presents on 3
separate plots the nonlinearities H;, H, and H, and the corresponding sector conditions
resulting from the nonlinear stability analysis iteration. The dotted vertical lines picture the
boundaries ¢ = —d and ¢ = +d of the hypercube [—d;d]6N+3. Because of the shapes of
H,, H, and H,, the hypercube is then very tightly fitted inside I". This constitutes a good
configuration for the calculation of d: it will lead to greater d than for another configuration
where a lot of space is wasted in some direction between the hypercube and I'. For
example, using the construction described in step 3 we get: d=0.0147. If all 3 sector
conditions use the same o and B (o, = o, = o, =B, =B, =-B,) then d=0.0093 and the
interval [-d;+d] is much smaller than both [a;;b;] and [as;bs]. Therefore, an analogy can be

made between the property that the result d of the iteration is larger if the set of parameters
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(B;.B..B,) is defined so that the hypercube [-d;d]°N*? is tightly fitted inside " and the

property of Section 2.3 that the size of domain of attraction d is larger if the ellipsoid

D, = {x IV(x) = c} is tightly fitted inside Q. Since we are free to choose the way to define

the set of parameters (Bi,B,,BS), it makes sense to select the method that will lead to the

largest d and the one described in step 3 is the best we have found.
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Figure 3.9: Nonlinearities ﬁi, ﬁr and I:IS and the corresponding sector conditions

resulting from the nonlinear stability analysis iteration for K;=9.

In conclusion, a method has been developed using absolute stability theory to calculate d
the size of domain of attraction of an operating (equilibrium) point on the compressor
characteristic. For now, no assumption has been made about the linear stability of the
considered operating point. We will see in the next section that for a linearly unstable
operating point the Ricatti equation cannot be solved even when the 3 sectors are infinitely

small (B, —0). d is then 0. Except from the details of the construction of all 3 sector
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conditions from the only parameter B, in step 3, the ideas of the nonlinear stability analysis

iteration apply to any compressor.

3.4 Validation of the Absolute Stability based
Nonlinear Stability Analysis

The absolute stability based nonlinear stability analysis of Section 3.3 results from a theory
and has no direct physical interpretation. The Lyapunov function it generates comes from
some computation: resolution of a Ricatti equation and is not obviously energy-like.
Comparing its result, the size of domain of attraction d, with the same quantity calculated
by the Lyapunov based nonlinear stability analysis of Section 2.2 for compressor C2 of
Section 2.4 would validate the absolute stability method because the Lyapunov one has

proven to be physically meaningful. This validation is the purpose of the present Section.

In Chapter 2 the model of rotating stall did not include unsteady losses. Therefore, we

have first to derive a state-space representation of rotating stall of the form:

N

X =AX+BU
Ji=C_)~(_ where X eR", UeRP,'Y eRP,
_Q=—i(t9i)

i.e. that is suitable for application of absolute stability theory, but which does not take into
account unsteady losses. This is very straightforward. We just need to:
1) Recall the DFT form of the 2N+2 equations of rotating stall:
Equations (2.13) and (2.14) and the second equation in (2.2) directly written in the
local coordinate system.

2) Decompose the compressor characteristic into linear and nonlinear parts:

() =Db+1.(3)
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3) Linearize the throttle characteristic

T — = ’ ! . -
. ﬁ +u, forn#0 .
4) Define again d, = 1 forn =0 as the (n+N+1)th element on the diagonal

of the matrix Dg.

Through these steps, we get:

2 D —iAn) 2 2
nz0 ¢n=(_°_(i._l_lll.¢n+dLHCn (3.40)
n n
2 _D.z aN+1=, 1 7
¢0_7¢0 do W*‘H;Hco
(3.41)

n= <

v

ﬁ === 1 60 - :
4BAN2N+17" 4B 2Ky

Equations (3.41) take the matrix form:

i _— ¥]2
¢.0 =[ :l[qio]'*'[ ]Hco
: * x| = *
v Y =
A A}
[ In=-N
On
P n=-1
2 60 n=0
Defining the same state vector X= ﬁ n=0 and the same matrix Fex as in Section 3.1
D {n=+1
On
i : In=+N

so that X = Fextf(_, Equations (3.40) and (3.41) can be written in a matrix form:

(3.42)
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. 7 n=-N
D, —iAn
B ©)
n n=-1
A *% AO n=0
with: 2T * |00 n=0
D,—itn | "=
© .
Jdn=+N
4 (0)
. a.
and Ac= . 1A
1
(0) 4

with dJmensmn( ) (2N+2)(2N+2) and dlmensmn( ) (2N+2)(2N+1).

Multiplying (3.42) on the left by F.  we get:

L

X=F, AF, X+F. AF_H,

ext’*al ext
. . A = FextTAaFext
Finally, if
B= —FexlTAcF
Y=CX=¢ C=[Ix 0]
i(i) = Hc (é) Q = _i

a state-space representation of the system of dimension 2N+2 is:

]
>
+
(o0]
I

Pl

(3.43)

=Y
Il I

| (@)
1€ |

—_——
|~
g
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Then, the nonlinear stability analysis iteration based on absolute stability theory can be

applied to the model of rotating stall without unsteady losses in a suitable form (3.43). It
has to deal with only one nonlinearity ﬁc(é) which is symmetric for compressor C2.

Therefore, the assumption o, =—f, is valid and there is no ambiguity in the construction

of the sector condition. The iteration is simply done over B.. Here, d=b_. Using this

method, the size of domain of attraction d is calculated for different operating points

(6',?’) along the characteristic corresponding to a range of K; from 8.5 to 9.5 and plotted
as a function of ¢*, this is the dashed line on Figure 3.10. Meanwhile, the nonlinear
stability analysis based on a Lyapunov analysis and presented in Section 2.2 is applied also
to the model of rotating stall without unsteady losses. d is calculated for the same range of
operating points and plotted on the same figure, this is the solid line in the figure. Figure

3.20 shows also the location of the peak of the compressor characteristic by a dashdotted

vertical line.
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Figure 3.10: Comparison of Absolute Stability and Lyapunov based
nonlinear stability analysis, evolution of d as the operating point

moves along the compressor characteristic.
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From this figure, there is obviously an excellent agreement between the 2 methods. Both
curves go to 0 at the peak and are consistent with the linear stability theory: they show that
in absence of perturbations the compressor goes unstable when the operating point reaches
the peak of the characteristic. Even if the absolute stability method did not make any
assumption on the linear stability of the operating point, it turns out that as soon as the

operating point is linearly unstable the Ricatti equation cannot be solved out even for a very

small .. The iteration stops when B.= 0 and thend = 0.

In conclusion, the results shown on Figure 3.10 validate the absolute stability based
nonlinear stability analysis by comparison with the Lyapunov based nonlinear stability
analysis and consequently the absolute stability method appears to be as physically

meaningful as the Lyapunov analysis.

3.5 Application of Absolute stability based Nonlinear Stability
Analysis: Comparison of two Linear Controllers.

The purpose of this section is to introduce some basic linear controller in the nonlinear

model of rotating stall with unsteady losses presented in Section 3.1 and to study how the

presence of the controller modifies the function d, size of domain of attraction, as the

operating point moves to the left along the compressor characteristic. The effects of 2

different linear controllers will be compared: a simple constant-gain feedback and a Hoo

controller. The compressor we will use is again compressor C2 of Section 2.4.

The nonlinear system of Section 3.1 is represented as a negative feedback connection of a
linear dynamical system and a nonlinear element which contains all 3 nonlinearities due to
the compressor characteristic. The linear control is wrapped around the linear system.

Then, Figure 3.1 becomes Figure 3.11.
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The linear controllers that are considered here stabilize the first 2 modes of rotating stall up

to the throttle setting K; = 10.6 for which the third mode becomes unstable.

Y
>

Linear System y

Linear ¢ Y
Controller

Nonlinear
Element <

Figure 3.11: Linear control of the nonlinear model of

rotating stall with unsteady losses

First linear controller: constant-gain feedback on the first 2 modes

A state-space representation of the uncontrolied linear system is given in Section 3.1 and
takes the usual form:

i =AX +BU

Y=cX
The current controller modifies the eigenvalues of A for the first 2 modes. Using the
notations of Section 3.1, the constant gains k; and k; applied respectively to the 1st and the
2nd modes are evaluated at K, =10.6 and defined by:

k, = real()x(ll))

k,= rcal(?»(lz)).
Then, for all K; the closed-loop linear system has same eigenvalues as the open-loop one,

except that:
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K(li l)C.L. = )"(lﬂ)O.L. +ky

AP =P +K,
The locations of both the open-loop and closed-loop eigenvalues of the linear system are
shown on Figure 3.12 for K;=10.6 (Figure 3.12 also shows the eigenvalues of the
uncoupled dynamics of the model as in Section 3.1). By definition, the first 3 modes of

the closed-loop linear system are neutrally stable for K; =10.6 and stable for K; <10.6.

open-loop
f 7+ 3 : : :
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closed-loop
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Figure 3.12: First linear controller: constant-gain feedback on first 2 modes,

Eigenvalues of the open-loop and closed-loop linear systems

for K;=10.6.

Then, the absolute stability based nonlinear stability analysis of Section 3.3 is applied to the

overall controlled system. The size of domain of attraction d is calculated for different

operating points (5",W*) along the compressor characteristic corresponding to a range of
K, from 8.5 to 11.5 and plotted as a function of ¢": solid line on Figure 3.13. The d

function for the controlled system can be compared with the same d function for the
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uncontrolled system which was calculated in Section 3.4 and is recalled by a dashed line on
Figure 3.13. Figure 3.13 also shows by 4 successive dashdotted vertical lines the position

of the peak of the compressor characteristic and where the first 3 uncontrolled modes

become unstable.
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Figure 3.13:  First linear controller: constant-gain feedback on first 2 modes,
Size of domain of attraction d as the operating point moves

along the compressor characteristic.

As expected, the d function for the controlled system is strictly positive for K; < 10.6 or

9" >0.4373, i.e. as long as all modes are stable, and goes to 0 exactly at the neutral

stability point ¢" = 0.4373 (which is simultaneous for modes 1, 2 and 3). This shows that

in absence of perturbations the compressor will go unstable when the operating point

reaches the flow coefficient ¢* = 0.4373 against ¢* = 0.4683 for the uncontrolled system.

The range of linearly stable flow coefficients has been extended by a factor of 6.6%.

Comparing both d functions, we can see that introducing this basic linear control has
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dramatically increased the size of domain of attraction of the system as the operating point
gets close to the peak and has even made it finite (strictly positive) instead of 0 in the range
0.4373< ¢" <0.46825. Until its neutral stability point, the controlled system is much
more robust as regards perturbations, i.e. much more stable nonlinearly speaking, than the

uncontrolled system was. In that sense, the current linear control is very successful.

Second linear controller: H.. controller of the first 2 modes
A very rough dynamic compensator has been designed using the H.. algorithm in Matlab.

Its purpose is to guarantee closed-loop stability and to reject worst case disturbances.
Since the nonlinear model of rotating stall with unsteady losses does not include actuator
dynamics nor delays and will involve only a simplified actuation, there is no need to design
an elaborate H.. controller. The one we are considering is of second order mode by mode
and is not optimized in frequency: no frequency weighting has been used. Again, the first
2 modes are controlled separately and the H.. controller is designed so that the first 3 modes

are simultaneously neutrally stable at K; = 10.6.

A state-space representation of the H... controller is:

_;.] = ER --El]+[Bl 0] .lel
;, 10 A,z 0 B2__Xz
JLz2] (3.44)
v, ] _[c o Tz D, 0 —-21
lu,| |0 Cz__£2]+[ 0 D,jy,

where z,, y, and u, are vectors of dimension 2.

An open-loop state-space representation of the linear dynamical element is:
—Y

]+BQ
u

—

Y |G g
iHek

2=AX+F1&{
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The inputs and outputs of the controller are:

Rcal((él)) . Rcal(':)’-l)
| mag(3,)| 7 magli)
Rcal(ii)z) u, = Real(i-z)
Imag(a) ) Imag(yz)

u, in degrees and "?, in radians (y is the stagger

angle of the servo-controlled guide vanes).

oet]! 1[5 ]

1 17 (Fext) -1y row
G, =% - +i][(F ) ) ]

5 1 +i
where U is the rotor speed and [Y"} = %ﬁ[ ]

where ¢, is nondimensional, y, is in m/s,

Therefore, G; and G; are given by:

We use a simplified actuation: for n=t1 and n=12, Equation (3.27) of the model of rotating

stall with unsteady losses is replaced by:

a)n:xla)n [1 a‘l’( ):]’:Yn V11W11H +V11W14H +V11W15H
ll

oy T 1
For compressor C2, the function aE;V'yc (¢) is found in [17]:

MWe (6= 0.82513.6550 +2.888¢°

oy
if f, =al—.a;;° (6*),the actuation matrices Fj and F» are given by:
- (0) ]
thl‘OW

E=FT [floo] (N ) T 1+

1 ext ( ) _m
[O f1] ((N+3)Ihrow)
L (0)
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C )
[f2 O] [(v-1"row) L+
nd  Fy=FL| (0 ol 2
[0 f,]}(ov+4"row) '
| (0)

Combining (3.44) and (3.45), we get the following closed-loop state-space representation

for the linear dynamical element:

X! [A-FDG,-F,D,G, -FC, -F,G,TX] [B
%= B,G, A 0 z|+|0|0
z,| | D,G, 0 A, 1 %2 _0,-‘
L Acy. Bcr.
X

Y= [C00]z

—_———

CeL |2

The system is now of dimension 2N+6. Figure 3.14 shows the effect of the introduction
of the H.. controller on the location of the eigenvalues of the linear component of the
system for K=9.333 (at the peak). Eigenvalues of open-loop and closed-loop linear
systems are marked by "o" and "x" respectively and those of the H.. controller by "+".

Closing the loop stabilizes the first 2 modes and does not move the eigenvalues of the

controller.
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Figure 3.14: Second linear controller: He.. controller on the first 2 modes,
Eigenvalues of the controller and both open-loop and

closed-loop linear systems for K, = 9.333.

Next, the absolute stability based nonlinear stability analysis of Section 3.3 is applied to the
overall closed-loop system. System matrices Ac L, BcL. and Cc L. are used instead of A,

B and C and Ipn.6 instead of IoN4+2. Again, the size of domain of attraction d is calculated
for the operating points (F,W*) corresponding to a range of K, from 8.5 to 11.5. d is

plotted as a function of ¢": solid line on Figure 3.15. It turns out that we get exactly the
same results as with the constant-gain feedback controller. Figure 3.15 and 3.13 are
identical. Thus, the same conclusions can be deduced regarding the improved stability of
the system. The H.. controller has been designed to reject worst case disturbances and has
therefore more stability robustness than the constant-gain feedback controller. Therefore,
we expected an increase in the size of domain of attraction d. However, this is not the

case. The function d does not distinguish between the linear controllers.
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Figure 3.15: Second linear controller: H.. controller on the first 2 modes,

Size of domain of attraction d as the operating point moves

along the compressor characteristic.

The size of domain of attraction d is the same for both linearly controlled systems. In order
to explain this phenomenon, we need to examine for a given operating point how the
Hamiltonian matrix H behaves when the parameter B, is decreased since the test on the
eigenvalues of H decides when the iteration of Section 3.3 stops and thus how large d is.
Figure 3.16 shows the location of the eigenvalues of H for K, = 9.333 and B, =0.2618
when the system is stabilized using the constant-gain feedback controller. Figure 3.17
shows the same plot when the H., controller is used.

H is of dimension twice the dimension of A (or Ac1.). Each mode can be associated to 4
eigenvalues that are symmetric with respect to both real and imaginary axis. When B, is
very large, H has all eigenvalues on the jo axis. Then as B, decreases, its eigenvalues

separate from the jo axis mode by mode starting from the most stable to the least stable.

107



At K; = 9.333, the order of separation by mode number is: 0, 5, 4, 1, 2 and 3 when
constant-gain feedback is used and 1, 0, 2, 5, 4 and 3 when the H.. controller is used. In
the second case, the 1st and 2nd modes separate earlier because their stabilization is better.
But the key element is that in both cases the mode that is limiting (i.e. that separates last) is
the 3rd mode. Improving the linear controller through its stability robustness and making
the 1st and 2nd modes more stable does not change the 3rd one. It separates from the jw
axis for the same value of B,and consequently d is not improved (d is determined by the

domain of validity of the sector condition and thus by B,).

In conclusion, the absolute stability based nonlinear stability analysis allows us to explain
how a linear controller improves both the linear and the nonlinear stability properties of the
system. We have also shown that 2 different linear controllers stabilizing the first 2 modes
are the same from a nonlinear point of view: they generate the same domain of attraction.
To improve the system, it is now necessary to design a more elaborate controller that takes

into account higher modes.
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Figure 3.16: First linear controller: constant-gain feedback on the first 2 modes,

Eigenvalues of the Hamiltonian matrix H for K; = 9.333 and B, = 0.2618.

-1.5 -1 -0.5 0 0.5 1 1.5

Figure 3.17: Second linear controller: H., controller on the first 2 modes,

Eigenvalues of the Hamiltonian matrix H for K, =9.333 and B, = 0.2618.
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3.6 Attempt to reduce conservatism of the absolute stability
based nonlinear stability analysis, Lyapunov function in
Luré form
The reference used in this section is [20].
The absolute stability based nonlinear stability analysis of Section 3.3 has been restricted
by its choice of Lyapunov function V. It deals exclusively with quadratic functions of the
form: V=X".P-X where P is symmetric positive definite. The result d of the
nonlinear stability analysis iteration gives only an estimate of the size of the domain of
attraction, the actual size being probably larger. Restricting the studied class of Lyapunov
functions has introduced some conservatism. The purpose of the current section is to
reduce it by allowing the Lyapunov function V to take a more general form than the
quadratic one: the Luré form. New estimates of size of domain of attraction d will be

calculated for compressor C2 at the peak (K{=9.333) and compared with the previous one.

The new absolute stability based nonlinear stability analysis starts with the same
assumptions as in Section 3.3. Then using Corollary 3.1 of [20], the multivariable circle

criterion applied to compressor C2 is replaced by:

Considering a class of nonlinearities ¥(Y) that satisfy the symmetric sector

condition [¥(Y)~ Kpin Y] -[#(Y) - Ky Y] <0,VY e cRP

l: (0)j| [ﬁiIZNH (0) ]
with Kmax = "Kmin =K= ki = Br12N+l
0) . (0) Blana

and T = [ai;bi]2N+1 x [ar;br]ZNﬂ % [as;bs]2N+1,
if there exits: A) a multiplier W(s) = Igy,5 + Ns

with N e [REVDEND; 20,5 % j;n; 20}

B) R= RT > 0,Re REN+2)2N+2)
s 1 R <[k +NCB+ (VB |
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2) there exits a solution P =PT > 0 to the equation:
(A+BKC)"P+P(A+BKC)+R +
[C+NC(A + BKC) - BTP| R;'[C+NC(A+BKC)-B"P]=0  (3.46)
then the system is absolutely stable with finite domain I" and a suitable Lyapunov

function takes the Luré form:
(69,4

VX)=XT-P-X+2 3 n; | (¥i(0)-k;0)do (3.47)
i=1 0

Note that Equation (3.46) is equivalent to the Ricatti equation:

A, =A+BKC-BR;'[C+NC(A + BKC)]
with B, =B(-R,) B'
C.ic =R+[C+NC(A +BKC)]'R5![C+NC(A + BKC)]

The nonlinear stability analysis iteration proceeds exactly as in section 3.3. It uses the
same method of construction of the multivariable sector condition from the single parameter
B, and the same test over the location of the eigenvalues of Hamiltonian matrix:

L i

*|-Ca AL
The only difference is: instead of choosing €, rate of convergence of the trajectories of the
system towards the origin, we now have to select both matrices N and R prior to the
iteration.
R is symmetric real positive definite and thus involves (N+1)(2N+3) degrees of freedom.
It models the dissipation of the system and is thus analogous to €. As withg,if R - 0
there is no dissipation, the convergence of the trajectories gets infinitely slow. It will be

faster if R is chosen as "big" as possible (in a norm sense here).



N comes from the stability multiplier W(s) = I¢y,; + Ns which is selected based on the
known slope or gain properties of the nonlinearity ¥(Y), i.e. based on K. This matrix is
real diagonal and thus involves (6N+3) degrees of freedom.

For each choice of (N,R) a different d can be calculated using the iteration. If we want to
optimize (N,R) (find (N,R) such that d is the biggest), we have to explore a space of
dimension 2N2+11N+6 which gets very large indeed if N is as usual at least 5. This thesis

will only show trends in the optimization. Simple particular forms are chosen for N and R:

0Ny 0)
and N=nlg,,;, n>0 or N= 109 DY) , N;,N,,n3 >0, (3.40)
(0) n3ln4

The last form of N is chosen by analogy with K since N is selected based on K.

First case: n=r.

Figure 3.18 shows the new estimate of size of domain of attraction, the flow coefficient d, |
as a function of n, in percent of ¢*. As expected, d gets bigger for small n =r, i.e. when a
slower convergence of the trajectories is tolerated and is larger than the result of Section 3.3
(0.0273 or 5.83% of 5*) onlyif n=r< 107" . Below n=r =107, the increase in d for a
given decrease in n =r and thus in convergence speed is not very dramatic. Therefore, we
will keep the value of d at 10-2 as the optimum in the direction n =r.

n=r=1072 d=6.60%.

Second case: r=107%, n varies.
Figure 3.19 show the plot of d(%) as a function of n. It goes through a maximum at:

n=0.16 d=6.71%.

Thirdcase:  r=1072, N taken in the second form, n,, n,, n, vary.

Figure 3.20 shows a 3D plot of d(%) as a function of n;, n, and n,. d is maximum for
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n; small, n; large and n3=0.

n, =0.08
n,=0.34 d=7.04%.
n3 = O

In conclusion, extending the class of Lyapunov functions to Luré functions has increased
the value of the size of domain of attraction d at the peak of compressor C2 characteristic
from 5.83% to 7.04% of the equilibrium flow coefficient even if we use only basic forms
for the matrices R and N, (3.39) and (3.40). Moreover, d is maximum for nj, n3 small and
ny large. This makes a lot of sense since nj is associated to B, and the nonlinearity due to
the rotor is the predominant one. However, there is still room for optimization. Another

form of multiplier W(s) should be considered since the present one is well adapted to third

order nonlinearities and H;, H, and H, are in a first approximation second order functions

-~

of ¢.

d (% of phi*)

10 10° 107 10 10
n=r

Figure 3.18: Size of domain of attraction d function of n =r.
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Figure 3.19: Size of domain of attraction d function of n, r = 0.01.

n2 0 0

n3

Figure 3.20: Size of domain of attraction d function of n,, n,, n,, r = 0.01.
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Conclusion and Future Work

Two methods of nonlinear stability analysis have been developed. The first one is based
on a Lyapunov analysis and can be applied to the nonlinear model of rotating stall without
unsteady losses. It provides a quantitative way to compare the stability of various
compressors, and allows experimental stall inception behavior to be linked to the
compressor characteristic nonlinear shape. This explains two experimentally observed
phenomena, both of which are inexplicable using linearized arguments: 1) some
compressors exhibit large traveling waves prior to stall, while others stall while traveling
waves are still relatively small, 2) the experimentally determined damping ratios of pre-stall
waves do not generally go to zero before stall inception occurs. A simple 1D Lyapunov
analysis can also be used to explain the 'stabilization’ of rotating stall by a basic nonlinear
control scheme applied to the throttle. It shows that the system can operate safely at the
peak of the compressor characteristic if the control moves the real throttle line to an

apparent throttle line that is on the right of the compressor characteristic mid-line.

The second method of nonlinear stability analysis is based on Absolute Stability theory and
is suitable for the analysis of a more elaborate model of rotating stall that can include both
the effects of unsteady losses and a linear controller. Two linear controllers have been
considered. Both stabilize the first 2 modes of the system up to the point where the third
mode becomes unstable. The first controller is a constant-gain feedback over the first 2
modes, while the second one is a Heo controller. Domains of attraction have been
calculated and compared with results from the first method. The second method allows to

explain how a linear controller improves both the linear and nonlinear stability properties of
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the system. The range of linearly stable operating points has been extended to the left of
the peak of the compressor characteristic and over this range both linear controllers have
dramatically increased the size of domain of attraction of the system. Until its neutral
stability point, the controlled system is much more robust as regards perturbations, i.e.
much more stable nonlinearly speaking, than the uncontrolled system was. The analysis
also shows that 2 different linear controllers stabilizing the first 2 modes are the same from
a nonlinear point of view: they generate the same domain of attraction. Therefore, the
domain of attraction will only be increased if the controller takes into account higher

modes.

The nonlinear stability analysis of rotating stall can still be improved. There are several
areas of interest that call for further investigation in the future. First, an even more realistic
model of rotating stall should be generated which includes the dynamics of the components
in the feedback path: feedback time delay, zero order hold sampling of the filtered hot-wire
signals by the A/D converter, and IGV actuator dynamics (see [17]). Then, the absolute
stability based nonlinear stability analysis should be applied to this model and more
complex controllers should be tried: linear controllers that take into account higher modes
than the second one or even simple nonlinear controllers. Comparing the size of the
domain of attraction for different control schemes will help in deciding what kind of
controller to implement in the future. It seems that stabilization of the nonlinear
phenomenon of rotating stall should be best enhanced by nonlinear control, precisely
because of its nonlinear nature. The methods presented here will have to be adapted in
order to deal with a nonlinear controller because, in the case of a nonlinear controller the
control part of the state-space representation in a matrix form is no longer valid. The size
of domain of attraction which results from the nonlinear stability analysis herein should

also be checked and compared with a quantitative measure of the size of the perturbation
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that destabilizes the system using a nonlinear simulation of rotating stall with unsteady

losses.
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