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Abstract

As the operating point of a compressor goes below the minimum flow limit point
on a compressor characteristic curve, the compressor operation transitions from a
stable region to an unstable region. In the unstable region, a phenomenon called surge
happens. Surge is characterized by low frequency and large amplitude oscillations in
the mass flow rate and exhaust pressure rise. Because of its violent vibrations, surge
can cause devastating damage to a compressor.

Active magnetic bearings (AMBs) have been utilized in recent years to provide
control solutions that can actively stabilize surge. Using radial AMBs for rotor
levitation and an axial AMB for modulation of the impeller tip clearance, surge can
be stabilized resulting in the achievement of the highest pressure rise possible in a
compressor. The control solutions provided by AMBs can also protect a compressor
against damage caused by surge.

Numerous control methods using AMBs have been studied in the stabilization
of surge. Some of the control methods explored include H,, control, stabilization
with mass flow feedback, sliding mode control and backstepping. This thesis explores
the backstepping control method. Backstepping is preferred because of its ability
to increase the stable operating range on the characteristic curve. In this thesis, a
four state nonlinear model that was developed for a centrifugal compressor supported
by AMBs is used. A surge controller is developed using backstepping design and

simulation results that demonstrate promising stabilization of surge are presented.
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Chapter 1

Introduction

1.1 Background

Compressors find their use in applications that require the pressurization of com-
pressible fluids, mainly gases. Such applications range from small scale use in home
refrigerators to large scale use in petrochemical industries. There are basically two
broad groups of compressors and the grouping is based on the compression mode [3].
The first group of compressors uses the intermittent mode of compression in which
a specific quantity of gas is injected into the compressor, worked on, and then dis-
charged. This process is repeated as necessary. Compressors that use the intermittent
compression mode are called positive displacement compressors. From the gas laws, it
follows that an increase in pressure can be achieved by reducing the volume of the
input gas in positive displacement compressors. The second group of compressors
is characterized by continuous flow, in which gas is continuously injected into the
compressor, worked on, and then discharged without the flow being interrupted. This
group is known as dynamic compressors. In dynamic compressors, an increase in
pressure is achieved by transferring energy from a fast moving impeller to the gas.

The kinetic energy of the gas is then converted into potential energy by means of a
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Figure 1.1: A cross section of the axial compressor [2]

diffuser. The potential energy in this case is the static pressure. Under these two
groups of compressors, there are other subgroups and the nature of their operation is
discussed in [3] and [5].

Dynamic compressors can be further divided into three types depending on the
direction in which the gas flows out of the compressor [3]. Usually, gas enters the
compressor axially, parallel to the axis of rotation of the rotor. In axial compressors
the gas leaves the compressor impeller in the same manner, axially, as shown in Figure
1.1. Axial compressors are typically multi-stage; they have multiple rows of impellers.
The rows of blades in axial compressors alternate between stator blade rows and rotor
impeller blade rows. The stator blade rows are fixed while the rotor impeller blade
rows are the ones that rotate. At the same flow rating, axial compressors are known
to provide higher efficiency than other types of dynamic compressors [3].

The second type of dynamic compressors is the radial or centrifugal compressor as
shown in Figure 1.2. In centrifugal compressors the gas leaves the compressor impeller
radially, going into the stationary diffuser. In the diffuser, the gas is slowed down from
the high velocities it would have acquired through the impeller, leading to the build
up in pressure. The pressure build up in the diffuser is dependent on the backward
leaning of the impeller blades. As can be seen in Figure 1.3, the impeller blades lean

backwards. The more the blades lean backwards, the lower the pressure conversion
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Figure 1.3: A stainless steel impeller

in the impeller but the higher the pressure conversion in the diffuser. The design of

impellers is presented in [6].
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Figure 1.4: A comparison of radial and mixed-flow designs [3]

The third and last type of dynamic compressors is the rarely used mixed-flow com-
pressor. Mixed-flow compressors are hybrids of axial flow and radial flow compressors.
Whilst they achieve energy transfer exactly the same way as centrifugal compressors,
mixed-flow compressors achieve higher flow rates than centrifugal compressors accord-
ing to [3]. A comparison of radial-flow and mixed-flow designs is highlighted in Figure
1.4.

As with all mechanical machines, designing compressors for optimum performance
is an area of ever-growing interest in industry and academia. For compressors, the
measure of performance is mainly determined from the compressor’s characteristic
curve. A characteristic curve is a plot of the discharge pressure rise against the inlet
flow rate, for a compressor operating at steady-state and at a particular constant
operating speed. Given the characteristic curve of a compressor, the operating point
is found at the intersection of the characteristic curve and the demand load curve. An
approach for finding the coefficients of a characteristic curve is outlined in [7]. On
the characteristic curve, operating on a point that is on the left side of the minimum
flow point results in a phenomenon called surge. The minimum flow point is referred
to as the surge limit, because it is the lowest flow rate the compressor operation is
stable. Operation of a compressor below the surge limit can result in an intense and
rapid oscillating flow characterized by pressure fluctuations in the system. Surge

causes violent vibrations and loud low-frequency noises in compression system. In
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Figure 1.5: Compressor characteristic curves with increasing speed N and demand
load curves at the compressor exhaust [1]

some machines, surge is accompanied by a squeal. Whilst most machines are designed
to temporarily endure surge, prolonged and unchecked operation in surge can result
in catastrophic breakdown of the machine.

Given the devastating nature of surge to a machine, numerous solutions have been
developed to deal with surge. One of the obvious solutions is to avoid surge altogether.
Through test-operating the compressor at various flow rates, the minimum flow rate
can be identified, and with this knowledge operation can be limited to the flow range
in which stable operation is guaranteed. The standard practice in industry is to
place a safety margin line that is 10% away from the surge limit [8]. This approach
is classified as surge avoidance. Surge avoidance can be achieved by increasing the
throttle valve opening which results in an increased flow that helps maintain the stable
operation of the compressor. In the event that the compressor does not have a throttle
valve opening, as in process gas compressors, a recycle valve with an inter-cooler
downstream of the compressor discharge can be installed in the compressor [9]. As
the surge limit is approached, the recycle valve is opened to allow more exhaust flow
back to the suction of the compressor. Whilst surge avoidance is simple and easy to

implement, the loss of efficiency and the inability to achieve high pressure rise levels
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make the solution undesirable.

Another approach that has been developed to dealing with surge involves modifying
the compressor during design or adding external devices on the compressor that can
actively control surge. Some of the approaches that have been studied involve the
injection of air into a compressor’s diffuser to stabilize the flow and the installation of
variable inlet guide vanes to the suction of a centrifugal compressor [10, 11]. Employing
feedback mechanisms, many researchers have come up with control methods to suppress
the surge instability. Pioneered by Epstein et al, active surge control utilizes sensors
and actuators to actively provide feedback control based on sensor measurements
[12]. The sensor measurements are processed by a computer which then generates
a control signal that is fed to the actuators. Krstic [13] theoretically showed that
the backstepping control method can be used to stabilize surge and stall in a jet
engine. Using pressure and flow rate measurements, Krstic developed a controller that
perturbed the throttle valve to change the bifurcation property in the stall and surge
regions of the jet engine.

In an almost related manner, Sanadgol [4] proposed a new method to control
surge by employing active surge control but using AMBs to modulate the impeller tip
clearance. In this new method, Sanadgol used radial AMBs to enable rotor levitation
and an axial AMB to change the position of the rotor. The use of AMBs enabled the
modulation of the impeller tip clearance even if the compressor is in operation. The
modulation of the impeller can increase or reduce the pressure build up in the impeller
region and this ability can make the active control of surge achievable. Detailed
description of the design, manufacturing and operation of AMBs is found in [14]. A
centrifugal compressor was built to perform experimental work to validate the theory
Sanadgol developed [15]. The Rotating Machinery and Controls Laboratory (ROMAC)
and its industrial partners sponsored the project to build the compressor.

The experimental results to validate the surge control method as proposed by
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Sanadgol was presented by Yoon in [1] and Yoon et. al in [7]. During the experimental
testing, it was observed that both the closed-loop dynamics of the AMBs and the
acoustic resonance of the compressor piping degraded the effectiveness of the surge
controller when compared to predictions in [4]. In response to this observation, the
authors in [7] and [1] incorporated the transmission line dynamics of the plenum
piping acoustics. From the enhanced surge model, an H,, controller was developed in
which the closed-loop dynamics of the AMBs were treated as frequency dependent
unstructured uncertainties. The derived controller was implemented and tested
successfully in the experimental centrifugal compressor. It was demonstrated during
experimental testing in [1, 7] that the derived controller is capable of shifting the flow

rate at the surge line by as much as 23%.

1.2 Objectives and Scope

The objective and scope of study of this thesis is to develop a controller using the
backstepping control method to improve on the modulation of the impeller and increase
the range of stable operation on the characteristic curve. The thesis also aims to
establish the platform for experimentally evaluating the effectiveness of the developed

controller.

1.3 Thesis Outline

This thesis consists of four chapters. The first chapter provides an introduction to
compressors, surge and various approaches to control it. Chapter 1 also includes a
discussion of the previous work this thesis will build on. Chapter 2 shows how the
compressor model and the piping model were developed and assembled. This chapter
also provides information on the compressor test rig the model detailed in this thesis

is based upon. Chapter 3 discusses the controller derivation and simulation results.
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1.3

The last chapter, Chapter 4, provides a closing conclusion, recommendations for the
practical implementation of the controller, possible future work and a discussion on

the economic viability of AMBs.



Chapter 2

Engineering Analysis

2.1 Compressor Model

The development of the compressor model that is used in this study is presented in
[4, 1, 7]. This chapter shows how the model was developed starting from the famous
Greitzer model. Greitzer [16] famously developed a lumped parameter model for a
compression system that consisted of a compressor, a plenum and a throttle valve.

The original model had four states and could be formulated as,

ddq:f — B(V, — 0,), (2.1a)
dj;h = g(\p,, —Wy), (2.1b)
% = (@ D) (2.1c)
e N, (2.10)
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Figure 2.1: Compressor system schematic as developed in [4]

where the parameters included in Equation 2.1 are defined as,

T = twy, (2.2a)
A
=a, — 2.2b
Wit = B\ | (2.2b)
U

- 2.2

2WHLC’ ( C)
LthAc

= 2.2

G AthLC7 ( d)

and ¢t is time, a,; the ambient speed of sound, A, the area of the impeller eye, V,
the volume of the plenum, U the impeller tip velocity, A, the throttle valve cross
sectional area, Ly, length of throttle duct and L. length of the compressor duct.
Figure 2.1 is a schematic of the compressor and illustrates the location of some of the
parameters introduced on the right side Equation 2.2. As shown in Figure 2.1, ®, is
the compressor mass flow rate, ®;, is the throttle mass flow rate, ¥, is the plenum
pressure rise, Wy, is the throttle pressure rise and W, is the compressor pressure rise,
all these are non-dimensional. The parameter B in Equation 2.2 is a constant known
as the Greitzer stability parameter and it governs the intensity of surge instability in
the Greitzer model. Parameter wy is also a constant called the Helmholtz frequency.

The parameter G measures the inertia effects in the throttle duct compared to the
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inertia effects in the compressor duct. In the Greitzer model in Equation 2.1, the

non-dimensionalization of the pressure rise ¥ and the mass flow rate ® are defined as,

U= %, (2.3a)
2Fo
o= 1”(}34 . (2.3b)

The parameters used for non-dimensionalizing above are the absolute pressure p, the
inlet absolute pressure p,;, the density of air at the inlet p,;, the impeller tip velocity
U, the cross section area of the compressor duct A, and the mass flow rate m.

In the Greitzer model, the first dynamics in Equation 2.1a are for the conservation
of momentum in the compressor duct. The dynamics for the conservation of momentum
in the throttle duct are modeled by Equation 2.1b. Equation 2.1c¢ models the dynamics
for the conservation of mass in the plenum. The last equation, Equation 2.1d models
rotating stall.

The Greitzer model can be simplified be neglecting the effect of G since the length
of the throttle duct Ly, is significantly shorter than the length of the compressor
duct L.. Also, since the performance of a centrifugal compressor is not affected by
rotating stall, Equation 2.1d can be ignored completely. With these simplifications,

the Greitzer model becomes,

®, = Buy(V, — 0,), (2.4a)
. w
W, = FH@C — Dy). (2.4b)

Whilst the Greitzer model was originally developed for low pressure axial compressors,
the simplified model can be successfully applied to some centrifugal compressors. The
Greitzer model is renowned for its ability to capture the nonlinear surge instability

in compression systems. However, Yoon [1] experimentally validated that the piping
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Figure 2.2: Fitted characteristic curve of the compressor at 16,290 rpm [1]

acoustics of the compression system of the centrifugal compressor generated acoustic
resonances which the Greitzer model missed.
The compressor system model in Equation 2.4 assumes steady-state characteristics

of the compressor flow that are given by,

‘IIc,ss((I)c> - Alq)3c + qu)Qc + Dl- (25)

The method to obtain the coefficients of the steady-state characteristic compressor flow
in Equation 2.5 is outlined in [1]. It is important to note that this curve corresponds to
the unstable region of the characteristic curve that lies on the left side of the surge limit
line. The unstable region is used because ideally the controller’s task is to stabilize
flow in that region, so it makes sense for the controller to have information of the
region in which stabilization is sought. Figure 2.2 illustrates the fitted characteristic
curve at 16,290 rpm as determined by Yoon. Another important relationship in the
development of the compressor model is how the throttle mass flow rate is a function of

the percentage of throttle valve opening and the plenum pressure rise under subsonic
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Figure 2.3: Fitted of the throttle valve constant at 16,290 rpm [1]

flow conditions [17],

DPin = wnCinr/ V. (2.6)

The percentage throttle valve opening is wuy, and ¢, is the throttle valve constant
that is determined experimentally. Yoon recorded steady-state pressure rises and the
accompanying mass flow rates at different throttle valve openings when the compressor
was operating at 16,290 rpm. Figure 2.3 shows how the fitted curve was obtained
using experimental data. The Greitzer model in Equation 2.4 was applied to the

experimental test rig under the following assumptions [4]:
e The compression system operates at low inlet Mach numbers.

e The pressure rises achieved by the compression system are low compared to the

ambient pressure.

e Flow in the duct section is taken to be one-dimensional and incompressible.
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e The compression process in the plenum section is isentropic and with uniform

pressure distribution.
e Fluid velocities in the plenum are considered to be negligible.

e Plenum dimensions are much smaller than the wavelength of the acoustic waves

related to surge.

2.2 Effects of Impeller Tip Clearance

The tip clearance modulation was achieved by a thrust AMB which guaranteed very
high precision and enough bandwidth. Different studies [18, 19, 20| have shown
different effects in the compressor flow to variations in the impeller tip clearance. With
knowledge that these differences were largely as a result of the difficulty in measuring
and controlling tip clearances in compressors that do not use AMBs, Sanadgol [4]
formulated the mathematical derivations that described the effects of impeller tip
clearance modulation on the compressor model. Yoon [1] provided some corrections
to the derivations through experimentation. It was observed that for a 1% change in
the compressor efficiency An there is a variation of 1.43% in the ratio between axial
impeller tip clearance ¢l and the blade height at the impeller exit b,. This relationship

can be expressed as,

(2.7)

Solving for efficiency 7 in Equation 2.7 as a function of the impeller tip clearance,

impeller blade height and efficiency at zero clearance 7y, we get

To
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Since the efficiency at zero impeller tip clearance is impossible to obtain because of
physical limitations, a turnaround of modifying Equation 2.8 to measure efficiency in
terms of nominal efficiency can help in evaluating the equation. The nominal efficiency
7, at the nominal tip clearance cl,,, the design value for the compressor, can then be

expressed as,

Mo
= 2.9
=1 07, (2.9)

Solving for 79 in Equation 2.9 and substituting it in Equation 2.8, we get the expression

for the compressor efficiency as,

_ N (1 + —O'ZSZ")

2.10)
0.7¢l (
1+,

n

Simplifying the expression in Equation 2.10 by introducing two new variables we get,

p=—n__ (2.11)

—= 567
1 — ko3

where the two introduced variables are defined as,

0q = cl, —cl, (2.12a)
0.7
ko = — oot (2.12D)
1+ O.Z2ln

The variable 0. is clearly the variation of the impeller tip clearance from the

nominal position cl,, whilst ky becomes an impeller tip clearance coefficient.
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With reference to perfect gas and isentropic compression assumptions, the total-

to-static isentropic efficiency of the compressor is expressed as,

G ()7 1)

)
Ahoc,ideal

n = (2.13)

where T,; is the inlet stagnation temperature, C, is the specific heat at constant
pressure, p,; is the ambient pressure, p. the compressor output pressure at the
compressor exhaust, Al iqeqr 1S the total specific enthalpy delivered to the fluid and
v is the specific heat ratio. At the nominal tip clearance the nominal total-to-static

isentropic efficiency can be consistently expressed as,

E
T,C, ((pp_) T 1)

)
Ahoc,ideal

T = (2.14)

where p, 55 is the compressor output pressure at nominal clearance.
Since the compressor exhaust pressure ratio ¢, and the compressor exhaust pressure

ratio at nominal tip clearance 1. s are defined as,

v = 22, (2.15a)
Po1

77Z)c,ss = pc,ss’ (215b)
Po1

a new expression of the compressor exhaust pressure ratio 1. that is as a result of
substituting n and 7, in Equation 2.13 and Equation 2.15 respectively, into Equation
2.11, and solving for the compressor exhaust pressure ratio . yields,

v—1

s — 1
o= 14 Lo 1) (2.16)

dc
1 — kot
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The nominal compressor exhaust pressure ratio v, s; can be obtained from the charac-
teristic curve of the compressor at the specified compressor flow rate. Using Equation
2.3, the non-dimensional compressor pressure rise W, can be expressed as a function of
the nominal compressor exhaust pressure ratio 1. s and the variation in the impeller

tip clearance . defined in Equation 2.12. The expression is,

~y
i ) y=1 51
Po1 (22:11[] \110785 + 1) -
o 1 o

U, =
1pn U2 1— k;og—c;

— 1. (2.17)

The density of air at the inlet p,; and the impeller tip velocity U have been introduced
already in Equation 2.3 during non-dimensionalizing. The compressor pressure rise in
Equation 2.17 is substituted into the simplified Greitzer model in Equation 2.4 and
that concludes the inclusion of impeller tip clearance modulation in the compressor

model.

2.3 Linearization of Impeller Tip Clearance Effects

The relationship between the non-dimensional compressor pressure rise and the vari-
ation in the impeller tip clearance derived in Equation 2.16 is highly nonlinear and
makes it inconvenient for deriving a surge controller. The linearization of the impeller
tip clearance effects about the nominal tip clearance where d,; is zero can help simplify
surge controller derivation. Defining the right hand side of Equation 2.16 as f(d4)

and then using the Taylor expansion theorem, Equation 2.16 can be written as,

Of(6er) 1 9%f(0a)

e AC50) A 2.18
P T PP R P (2.18)

wc = f((scl)

and throwing away the high order terms, the relationship between the compressor

pressure rise and the impeller tip clearance becomes linear. The resulting expression
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of the linear approximation becomes,

~ v kO 1 =1
c— WYess — — 7 gss cgs —1 5@- 2.19
Ve =Y, 7—1b2¢’ (e, )0l (2.19)

Equation 2.19 above can be further simplified by defining a new variable k. as,

v ko 2
kc = ————Uss(Pegs — 1 s 2.20
= - Rk - ) (2.20)

resulting in a more cleaner and simpler linear approximation of the compressor pressure

rise, given as

~

wc - ¢c,ss + kcl(scb (221)

Non-dimensionalizing the compressor pressure rise the same way done in Equation 2.3

we get,

\i’ _ pol(lﬁc B 1)

c 2.22
%polU2 ( )

Substituting the linear approximation of the compressor pressure rise in Equation 2.21
into Equation 2.22 and non-dimensionalizing the steady state compressor pressure rise

e g5, We arrive at

b, =0, + lp—‘ﬂmkdéd. (2.23)

2p01

If the non-dimensional compressor pressure rise V. in the simplified Greitzer model in

Equation 2.4 is substituted with the approximation in Equation 2.23 that includes
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linear effects of modulating the impeller we get the final compressor model given by,

: Po1
(I)c = BwH(\IJQSS + W’fddd - g[p), (224&)
i, = ‘%(@c ~ D). (2.24b)

2.4 Piping Model

The model in Equation 2.24 is not yet final and it has to include the piping model
that is part of the compressor system according to experimental findings by Yoon [1].
Referencing the transmission line model that was studied in [21] the dynamic piping

equations can be written in single mode state space representation as,

Dih 0 =Z=| |pwm 0 =22 D
= . + e |, (2.25)
Qp ﬁ 8 dp % 0 qth

where p, and ¢, are the upstream pressure and volumetric flow rate, respectively, and
pin and gy, are the downstream pressure and volumetric flow rate. The remaining
parameters are Z, the inviscid impedance constant and d, the line dissipation number.
After adding a steady-state correction to the model that is in [7], the pipeline dynamics

can be represented in state space as,

Dth _ 0 Ai| |pwm N 0  DBi G Dp ' (2.26)

dp A9 Agy 4p By B dth
The definitions of the Z and d parameters in Equation 2.25, and the detailed derivation
of the coefficients A;; and B;; in Equation 2.26 can be found in [7].
Applying the assumption that the change in the density of the gas due to fluc-

tuations in pressure and temperature is negligibly small, Equation 2.26 can be non-
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dimensionalized using Equation 2.3 to give,

Wy, 0 2l |0y, . 0 b |y, . 0
: A21p,U Ba1puU PuPol
q)P 2A. Ao (I)p 24, Bay Dy, o1 U A, <A21 + 821)

(2.27)

2.5 Overall Model

Using the relationship between the pressure and mass flow rate in the throttle valve
section given by Equation 2.6 and the steady-state characteristics given by Equation
2.5, the piping model in Equation 2.27 can be combined with the Greitzer model in

Equation 2.4 to give the overall model in Equation 2.28,

Po1

b, = Bwy (AP} + B1®? + Dy + +———=kaba — V), (2.28a)
5,001U
. Wi
U, = (B — By, (2.28b)
. 2A1,A, 2B, A,
\Ijth = pi2[] ¢p + piQU UthCth \Ijth; (2280)
< A21puU BleuU PuPo1
P, = 2. Wy, + A ®, + 2. v, + p01UAC(A21 + Boy) + ...
+ BagunCin/ Yin- (2.28d)

The overall model is a nonlinear system that has the state variables: compressor
mass flow rate, plenum pressure rise, throttle section pressure rise and plenum mass
flow rate. Yoon [1] experimentally validated the model in Equation 2.28 using the
parameter values given in Table 2.1. At 16,290 rpm and 21% throttle valve opening,
Yoon observed a good agreement between the model and the experimental test rig, in

both magnitude and phase responses.
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Table 2.1: Model parameter values [1]

Parameter Symbol  Unit  Parameter Value
Comp. duct length L, m 1.86
Comp. duct cross. area A, m? 0.0082
Corrected A coeff. Ay - -172.6
Corrected B, coeff. B, - 36.88
Corrected Dy coeff. D, - 1.029
Design tip clearance cly, mm 0.6
Greitzer stab. parameter B - 0.44
Helmhotz freq. Wi rad/s 80.1
Impeller tip speed U m/s 213.24
Impeller blade height by mm 8.21
Inlet pressure Dol Pa 101.325
Inlet gas density Pol Kg/m3 1.165
Line dissipation number d - 2.38 x 107°
Line impedance constant Z Pa s/m 4.39 x 10*
Plenum volume Vp m? 0.049
Pipeline length L m 6.5
Throttle constant Cih - 1.7197
Specific heat ratio of air ¥ - 1.4




Chapter 3

Controller Derivation

3.1 Integrator Backstepping

Starting with the simple case of backstepping, as illustrated in [22], let us consider

the system

&= f(x) + g(x)y, f(0) =0, (3.1)

where z € R™ is the state and y € R is the control input. The functions f(z) and g(z)
are smooth in the domain D C R™ that contains x = 0 and f(0) = 0. To design a
state feedback controller that stabilizes the origin (z = 0), let us suppose that the
system can be stabilized by the control law y = ¢(x) with ¢(0) = 0. Suppose further
that we know a smooth positive definite Lyapunov function V' : R™ — R that satisfies

the inequality

ov

oy (@) + g@)olw)] < =W (@), vz € D, (3:2)

where W : R™ — R is positive definite. Under this supposition, the control law

y = ¢(x) makes the origin (x = 0) of Equation 3.1 globally asymptotically stable.

22
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Now, adding an integrator to the system in Equation 3.1 results in the following

system,

&= [f(z) +g(@)y, (3.3a)

i =u. (3.3b)

Let us suppose that the first component of the system in Equation 3.3 can be stabilized
as discussed earlier with y € R as the control input. If W(z) is positive definite, then
Vo(z,y) = V() + 5[y — ¢(2)]? is the Lyapunov function for the system in Equation
3.3. It follows that there exist a control law u = ¢,(x,y) which makes the origin

(x =0,y = 0) globally asymptotically stable. Such a control law is derived in [22] as,

96 oV

u=—M[y—o(x)] + %[f(x) + g(z)y] — %g(x), A > 0. (3.4)

Recursive application of integrator backstepping can stabilize a system that has more

than two states.

3.2 Backstepping Design for Surge Control

Integrator backstepping was applied in [4] for a two state compressor model. Here,

the method is applied to a four state model which includes the piping dynamics. The
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full model is stated again here for convenience,

(Agy + Bop) + ...

ci)c = BWH(A1(I)3 + B1(I)2 + Dy + 1p—012/€c15cl - V,),
5:001U

. wH

\ij = f(qbc - Cbp),

. 2A12A, 2B15A,
Uy, = = d, + 2 UnCenV Vi,

puU puU
: A21PuU Bo1p,U PuPol
b, = 1\ Ay ® L
pT oA, ARt T T L UA,L

+ Basuncein/ Vi
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(3.5a)

(3.5b)

(3.5¢)

(3.5d)

A change of variables can be applied to the model using Equation 3.6 in order to move

the equilibrium points to the origin. The equilibrium values denoted by subscript eq

show the intersection of the steady-state characteristics of the compressor characteristic

and the throttle valve. The change of variables is given by,

51 = qjth - \Ijeq7
52 - (Dp - (I)eqv
53 - \I]p - \I[eq7

54 = <I>c - (I)eq-

(3.6a)
(3.6b)
(3.6¢)

(3.6d)



3.2 Backstepping Design for Surge Control

Applying this change of variables, the model in Equation 3.5 becomes

: 2A12AC QBlgAc dqje
51 - puU (62 + (Deq) + ,OuU UthCth\/ £1 + \Ijeq - an
. As1 p, U By p, U
62 - 2212 (61 + \Ijeq) + A22(€2 + (I)eq) + 22112 (63 + \I]eq) + ...
PuPol d(I)e
+ p01UAC(A21 + Bo1) + BostunCinn/&1 — Yeq — Wq,
: Wy Wy d\I’e
3 = F(& + ®eg) — F(fz + ®eg) — Wq,
= Bun(As(a+ ep)’ + Ba(6 + @)’ + Dy 2l =
2 FPol
dd
—&—0,,) — —4.
53 eq) dt
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(3.7a)

(3.7d)

To make the expressions of the model in Equation 3.7 more simpler and convenient to

use, the following algebraic manipulations are carried out,

51 = fi(&) + g1&e,

where g; and fi(&;) are given as,

_2A12Ac
oplU

g1

2A1,A, 2815 A, AV
fl (51) - = (@eq) + 1—2uthcth \V/ 51 + \Ijeq - an fl (0) =0.

pulU pulU

Similarly,

& = fo(&1, &) + 283,

(3.9a)

(3.9b)

(3.10)
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and go and f5(&;, &) are given as,

_ BleuU
P27 94

Pl &) = P20 6 1 00) 4 Al + D) +

Pol UAc

Same applies for the third system in the model,

&3 = fa(&2) + g3y,

where g3 and f3(&) are given as,

WH

93=§>

fol&2) = S5 (Beg) = (2 + Peg) —

Lastly,

&= f1(€3,&0) + gadu,

where g4 and f4(&3,&4) are given as,

DPo1
91 = T Bwnka,
%p01U2

fa(€3,€1) = Bog (A1 (&4 + Peg)® + Bi(&a + Peg)® + Dy — ...

do,,

_§3_\Ijeq)_ dt

B21puU
2A.

ulo dq)e
+ Publol (Ag1 + Bay) + BastsnCiny/&1 — Yeq — !

dt

dW.,
dt

(Uog) + -
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(3.11a)

(3.11Db)

(3.12)

(3.13a)

(3.13b)

(3.14)

(3.15a)

(3.15b)
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The simplified model in Equation 3.5 can now be expressed in strict feedback from as,

&= f(&) + née, (3.16a)
& = f(61,&) + 926, (3.16b)
& = f3(&) + gsés, (3.16¢)
& = f1(&5.&) + 946, (3.16d)

where d, is the control law to be found that will globally asymptotically stabilize the

entire compressor model. Now, for Equation 3.16a consider the Lyapunov candidate,
L,

Taking the derivative of V; with respect to time,

o,
Vi= 8_5151’

= &i(f1(&1) + q162). (3.18)

If the control law & to the system in Equation 3.16a is given as,

62 = Qq,
1
= _g_(fl(fl) + ki), (3.19)
1
where k; is positive, then,
‘71 = _k1€12’

<0, (3.20)
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results in (§; = 0) for the system in Equation 3.16a being globally asymptotically
stable.
Using input transformation for the system in Equation 3.16b, in which the control

law &3 is to be determined, we get

Qg = 537

= g%(% — fa(&1,&2)). (3.21)

It is clear that the system in Equation 3.16b can now be written as
& = au. (3.22)
Now, applying the recursive step to integrator backstepping,
1 2
Vo=V1+ 5(52 — ), (3.23)

will be the Lyapunov candidate that makes Equation 3.16a and Equation 3.16b globally

asymptotically stable. Then,

: oV -0
Vy = aglfl (&2 —a1)(& — a(;l ),
8V .0
e (h(6) + 916) + (& — a)(& — &)
ZZI (f1(&1) + 1) +g—¥1(9152 gron) + (& — ar)(az — %(fl(fl) + 91&2)).
20
(3.24)
Choosing the control law as as follows,
0 oV;
oy = 8?1 (f1(&1) + 91&2)) — 8511 g1 — ka(&a — ), (3.25)
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where ks is positive results in

) ) 1
Vo=Vi — §k52(f2 - 041)2,

<0, (3.26)

making (§; = 0,&; = 0) for the systems in Equation 3.16a and Equation 3.16b globally
asymptotically stable. Using an input transformation once again for the system in

Equation 3.16¢ where the control law &, is to be determined,

azo = &4,
1
= —(az — f3(§2))7 (3.27)
g3
will result in,
53 = (3. (328)

Representing the systems in Equation 3.16a and Equation 3.16b as one vector system

as shown in Equation 3.29a,

I' = fr + grés, (3.29a)
& = ag, (3.29b)
where
. & [1(&) + g1 0
I'= 7fF = ;80 =

52 f2(§17§2) 92
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To find a globally asymptotically stabilizing controller aizo for system in Equation 3.29,

let us consider the Lyapunov candidate,

1
Vo= Vo + (53 - 0420)27

Y a‘/Q 81/2 : 8@20 : 8@20 .
Vi = —551 7%, &+ (& — an) (& — 8_5151 - 8_5262)’
= 8‘/25 oV — (f2(&1,&2) + 9263 — gotvap + garag) + ...
06 &2
(53 - 0420)(043 - 85?10 &1 — %(ZO §2),

g‘gﬁl C‘;C;q (& —an)é + (& — ) (fol&r, &) + 92042oz+-.-

~
<0 if agg from Equation 3.21 is substituted

8a20 : 80@0 : a‘/2

— — — : 3.30
(§3 — ago) (a3 o€, &1 06, §2 + 06, 92) ( )
We can now choose the control law a3 as,
(90(20 : 80420 : a‘/Q
= — —k — 3.31
3 ¢, &1+ 06, &2 06, 92 3(&3 — ), ( )
and for k3 positive we get,
) ) 1 )
V=V, — §k3(§3 - 0420) )
<0, (3.32)

clearly making (& = 0,& = 0,& = 0) for the system in Equation 3.29 globally
asymptotically stable.
For the last backstepping step to find the control law J. to stabilize the entire

system in Equation 3.16, let us combine the systems in Equation 3.16a, Equation
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3.16b and Equation 3.16¢ into one vector system as in Equation 3.33a,

T = fT + grf4, (333&)
& = au, (3.33b)
where
& [1(&) + g1&e 0
T = &)y = | fo(&1,6) + 26| 8x = |0
&3 f3(&2) g3

Making the final input transformation

Qg = 5(:17

= Lo fulen, &), (3.34)

g4

which makes

&= au, (3.35)
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we can find a globally asymptotically stabilizing controller d., for the system in

Equation 3.33a. Let us consider the Lyapunov candidate

1
Vi=Vs+ 5(54 — 0430)27

S Vs oVs - Vs dagp dasy . oy
Viy= 3¢, &+ 8525 7€ €3+ (&4 — z0) (€4 — 7€, §1— a5, &) — 96 &3),
= 2—251 - %(52 — ) — 860?051(53 — ) + & — 880?052 + ..

?{E (f3(&2) + gsasg — gsauso) + gs&a) + (€4 — avs0) (€4 — 88023051 80230 &) — a;;:;o £3),

gg (A€ + 9100 + (6 — au) (G on = G — 52066 - )il

e+ SUAE) + gew) +E )6 G~ ) - %Ogogg

<0 if agp from Equa;iz)n 3.27 is substituted

(3.36)

Now, choosing the control law ay as

oy - Oagp - dagp Vs
+ + — —k — , 3.37
€, &1 &, S B &3 D&, g3 4(54 0430) ( )

gy =
where k4 is positive will result in

1
V4 V3 - §k4(f4 - 0430)27

<0, (3.38)

which makes (§; = 0,& = 0,& = 0,& = 0) in Equation 3.33 globally asymptotically
stable. The control law that will stabilize the entire compressor model in Equation

3.5 can finally be derived as

1 [ Oasg : Oasg - Oassg - oV-
0 = — ( 3051 + 30&2 + 3053 — 85393
3

23} 06 0&s — ka(&s — as0) — fu(&s, 54)) . (3.39)
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3.3 Simulation Results

The model in Equation 3.5 was simulated in MATLAB and Simulink both with and
without the controller engaged. The behavior of the model was analyzed for both the
linear and nonlinear tip clearance effects. The simulation results presented are for the
nonlinear effects of the impeller tip clearance. The linearized model was only used for
controller derivation.

The simulations demonstrated that surge begins when the throttle valve opening
is at 18.1% opening. That observed, in one of the simulations, the throttle valve was
varied from 20% down to 16.5% and then up again to 20% opening in a period of
20 seconds, it then stayed at 20% for another 10 seconds. In the second simulation
the throttle valve was closed from 20% to 16.5% in 10 seconds and then stayed at
16.5% for a further 20 seconds. It was observed that decreasing the rate at which the
throttle valve opening changes, improved the controller performance.

For the first simulation in Figure 3.1, the plot in (a) shows the throttle valve
closing to 16.5% and then opening again. The plot in (b) demonstrates the surge
limit cycle. It becomes a limit cycle because as the oscillations happen, the plenum
is emptied and filled again with air hence the fluctuations in pressure rise ¥, shown
in (c). Similar fluctuations are also observed in the mass flow rate ®.. Plot (d) is
always at zero because the controller is not engaged. These surge plots do not differ
significantly for both linear and nonlinear impeller tip clearance effects.

When the surge controller is engaged, the rapid fluctuations that were observed in
the pressure rise ¥, are completely stabilized. Figure 3.2 plot (a) shows the throttle
valve closing to 16.5% and then opening again back to 20%. The surge limit cycle is
eliminated in (b) and the fluctuation observed in Figure 3.1 have been stabilized. The
plot in (c) clearly illustrates that as the compressor goes deep into surge, the pressure
rise ¥, begins to drop. Operating a compressor deep into surge is not necessary as it

requires more control effort yet not yielding higher pressure rises. The best operating
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Figure 3.1: Demonstration of a surge interval with controller turned off
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Figure 3.2: Controller engaged and surge interval stabilized

point would be at the surge limit line, where the maximum possible pressure rises can
be harvested without the need to worry about surge. The controller is shown in plot
(d).

The second simulation in Figure 3.3 shows the throttle valve closing from 20%
to 16.5% and staying there throughout. The successful control of continued surge is

shown in Figure 3.4.
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controller stabilizes surge

A closer look at what happens to the operation of the compressor on the charac-

teristic curve is captured in Figure 3.5. The 20% arrow points at the operating point

when the throttle valve is at 20%. This operating point is in the stable region. As the

throttle valve is closed beyond 18.1%, it enters the unstable region. The 16.5% arrow

points at the operating point when the throttle valve is at 16.5% and the operating

point deep into surge. Once again, it is clear that the best operating point would be
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The stahilization of surge as thrattle valve is closed
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Figure 3.5: Demonstration of surge control on the compressor characteristic curve

somewhere around 18.1% throttle valve opening. The backstepping controller derived
was able to stabilize surge and peaked at 19% of the nominal impeller tip clearance.
The throttle valve opening could be closed as low as 14.7% and still stabilization was
achieved. Closing the throttle valve below 14.7% resulted in the physical constraint

on the available impeller clearance being violated.



Chapter 4

Conclusions and Future Work

4.1 Conclusions

The design and simulation of an active surge controller was discussed in this thesis.
The surge controller was designed for a centrifugal compressor that employed radial
AMBEs for rotor levitation and an axial AMB for modulation of the impeller tip
clearance. The ability to modulate the impeller tip clearance was utilized to stabilize
surge in compression systems. The backstepping control method was applied to the
compressor model to derive a control law that stabilized surge.

Chapter 1 presented the basic concepts on types of compressors and how they
operate. A centrifugal compressor was used for work related to this thesis. This
chapter introduced surge and discussed ways to control it. The chapter also discussed
the previous work done on the centrifugal compressor.

Chapter 2 presented how the Greitzer model was used to develop a model for the
centrifugal compressor that was used in this thesis. The effects of impeller tip clearance
were modeled and linearized in this chapter. The inclusion of the piping model and
how it was experimentally validated was also discussed. The chapter concluded with

the assembling of the overall model.

37
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The controller derivation was presented in Chapter 3. An introduction to integrator
backstepping was first introduced in Chapter 3 before it was applied recursively to
stabilize the full assembled compressor model. The simulations showed that the control
law derived was able to stabilize surge. The throttle valve opening was closed from
20% to 16.5% passing through the surge point at 18.1% in the process. The controller
peaked at 19% of nominal impeller tip clearance. The simulation results looked very
promising.

Finally, this chapter, Chapter 4, provides a closing conclusion and discusses the
potential experimental implementation of the surge controller derived. A discussion on
how the work presented in this thesis can be advanced in the future is also presented.
Lastly, from a business perspective, this chapter looks at the economic viability of
active surge control for compressors using AMBs and what the future holds for the

technology.

4.2 Future Experimental Work

The simulation results demonstrated the potential of the backstepping control law in
the stabilization of surge. However, for practical implementation, the effects of AMBs
dynamics would need to be incorporated into the controller derivation. An attempt
to include the AMBs dynamics as a low pass Butterworth filter of order three with
a cutoff frequency of 75Hz showed unstable behavior. Once the control law can be
shown to work with AMBs dynamics included, the experimental implementation of
the controller can involve porting the MATLAB and Simulink programs that run the
controller into the C programming language . Once the C code is generated, it can
then be run on the control computer.

The backstepping controller has the theoretical ability to stabilize surge on the

entire compressor characteristic curve when there are disturbances downstream the
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compressor. An introduction of disturbances in the throttle valve opening should be
practically employed to evaluate the robustness of the controller. As this experimental
work is carried out, attention should be paid to the physical constraint on the available
impeller tip clearance. The control effort required as the compressor goes deep into

surge is limited by the nominal impeller tip clearance.

4.3 Future Research Work

The backstepping controller that was derived in this thesis has the capability of
stabilizing surge using the knowledge of the throttle valve opening and the compressor
characteristic curve. Whilst the knowledge of the throttle valve opening is necessary
for correct controller operation, full knowledge of the compressor characteristic curve
might be done away with. Adaptive parameter estimation methods can be explored
in cases where the form of the characteristic curve is known but the coefficients are
not. This is one area of potential future research work.

Another area of future research is the adaptive engagement of the surge controller.
When there is no surge, the controller should be off and only to engage when surge
starts to initiate. This automatic turning on and off of the controller can be made
possible through monitoring changes in pressure rises and mass flow rates in the

compressor.

4.4 Economic Viability of Active Magnetic Bear-
ings

Over the past years, the costs of incorporating magnetic bearings in rotating machinery
have been exorbitant. However, through standardization, integration and manufac-

turing advances these costs have been declining [23]. Despite the still high initial
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investment costs for AMBs, there are numerous benefits that make the technology
economically viable.

According to SKF, a magnetic bearings manufacturer, AMBs provide the highest
energy efficiency in comparison to other types of drives when used in electric motors.
When used in compressors and other rotating machinery, efficiency is improved because
the mechanical bearings related energy losses are completely eliminated. In addition,
the absence of mechanical bearings also improves the service life because there will
be no component wear. This guarantees an increase in production. Another benefit
associated with the absence of mechanical bearings is the reduced long term cost
of maintenance and spare parts. The final benefit in this regard is the absence of
minimum speed requirements. The only concern will be designing the rotor for critical
speeds and not incorporating bearings in the design process.

The other benefit that AMBs provide is increased reliability. The mean time
between failure of the electronics involved in AMBSs is very high and this ensures that
machinery is highly reliable and has increased availability. Because of the electronics
involved, advanced condition monitoring is made easier and the monitoring and
control of operation can be achieved remotely. The monitoring and control ensures a
significantly low possibility of damage to the machinery as a result of surge and other
undesirable operations.

In this age where most engineering solutions are required to meet strict envi-
ronmental constraints, solutions that use AMBs are well posed for success. Since
there are no mechanical parts that rub against each other, AMBs are oil-free. This
makes them contamination-free. Machinery that employs AMBs can handle sub-sea
operation where harsh pressure conditions present a challenge for machinery that
requires oil in their mechanical bearings. The minimized housing vibrations associated
with AMBs also eliminate the concern for excessive noise pollution and reduce the

costs of investing in machine foundations.



4.4 | Economic Viability of Active Magnetic Bearings 41

As the manufacturing of AMBs continue to advance, a reduction in costs is expected.
This reduction in costs coupled with the numerous benefits discussed in this section

pave way for a bright future in AMB solutions.
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