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ABSTRACT

ABSTRACT

Surge control in the centrifugal compressor recycle system is our main focus in this project.

Surge is a term that is used for instability or oscillation through a compressor and is
highly unwanted. The recycle system feeds compressed gas back to the intake via the

recycle valve to ensure the safety of the system.

A mathematical model of the recycle system which contains the compressor
characteristic is extended and simulated in SIMULINK. The recycle system is proven to
be stable as long as the slope of the compressor characteristic is negative.

Two control techniques were used: The first is Surge Avoidance in which a PID
controller keeps the operating point far from the unstable region and ensure the total safety
of the system. The second method is Active Surge Control in which feedback linearization
method is used to linearize the system then linear controllers were used to stabilize the

system near the unstable region where efficiency is high.
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NOMENCLATURE

NOMENCLATURE

Symbol

Meaning

a, ora
J
Po1
Pp
b1
D2
pupstream
U
p
4}

V,

A

L

Mass Flow (kg/s)
Angular Speed (rad/s)
Throttle Flow (kg/s)
Feed Flow (kg/s)
Recycle Flow (kg/s)
Driving Torque (N.m)
Compressor Torque (N.m)
Compressor Characteristics
Speed Of Sound(m/s)
The Moment Of Inertia (kg.m?)
Ambient Pressure(Pa)
Pressure In The Plenum(Pa)
Pressure In Plenum 1(Pa)
Pressure In Plenum 2(Pa)
Up Stream Pressure(Pa)
Flow Coefficient
Density Of The Fluid(kg/m?)
Volume Of Plenum 1(m3)
Volume Of Plenum 2(m3)
Cross Sectional Area Of Duct(m?)
Length Of The Duct(m)




General Introduction

General Introduction

Centrifugal compressor is a mechanical device that increases the pressure of a gas by
reducing its volume. Compressors are used in a wide variety of applications. These includes
turbojet engines used in aerospace propulsion, power generation using industrial gas
turbines, turbocharging of internal combustion engines, pressurization of gas and fluids in

the process industry, transport of fluids in pipelines and many other applications.

The safe and efficient operation of centrifugal compressor is very important in every
process. Unfortunately centrifugal compressor are subjected to a very dangerous instability
called: surge. This phenomenon is characterized by oscillations in system states such as
pressure and mass flow, and is undesirable since it introduces the possibility of severe
damage to the machine due to vibrations and high thermal loading resulting from lowered

efficiency.

In this project our major goal is to deal with surge instability in centrifugal
compressors and try to control and eliminate its negative effects while increasing the
efficiency of its output. There are many methods to cope with such problem, the two

common and most used are Surge avoidance and Active surge control.

Traditionally, surge has been avoided using surge avoidance schemes. Such schemes
use various means in order to keep the operating point of the compressor away from the
region where surge occurs. This method restricts the operating range of the machine to the
region in which the system is open loop stable, and efficiently limited. Usually a recycle
valve around the compressor is used for actuation which will be the main controlled
actuator in this project. Active surge control is fundamentally different from surge
avoidance. In an active surge control scheme, the open loop unstable region of the
compressor map is sought stabilized with feedback rather than avoided. Thus, the operating

regime of the machine is enlarged and the efficiency is increased.
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In order to introduce more about the centrifugal compressor, the surge phenomenon,
and the different schemes to deal with this instability; this thesis is divided into four main

chapters:

In the first chapter: a background about centrifugal compressor will be presented ,
this will include : Definitions , The main components, The working principle and a deep
explanation of the main instabilities that occurs in centrifugal compressor : surge and

rotating stall .

In the second chapter: a mathematical model for centrifugal compressor will be
developed. At the beginning a broad literature of modelling will be discussed, then a model
for both open loop and recycle compressor system will be constructed, tested and validated
using MATLAB and SIMULINK simulation results.

In the third chapter: The surge avoidance method will be discussed in order to deal
with surge phenomenon and a PID control technique will be used to implement the
controller.

In the fourth chapter: Active surge control is used to increase the efficiency of the
compressor by allowing the operating point to work near the unstable region of the
compressor performance map. And in order to ease that, a mathematical technique called
feedback linearization will be employed to linearize the system, then common linear

control techniques will be applied and tested.

Xi
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CHAPTER I: Generalities on compressor and instability
phenomenon

1.1 Introduction:

Compressors are used in a wide variety of applications. They are considered as vital
tool which insures the efficient production and work of every process.

Commonly we find two types of compressors in use today:
- The dynamic compressors

- Positive displacement compressors

The most common positive displacement compressor is the reciprocating
compressor, while the most common dynamic compressor is the centrifugal compressor

which will be our major interest in this project.

In this chapter we will be covering centrifugal compressor principles and its major
parts, then we will introduce the two common instability phenomena in compressors

operation: surge and rotating stall.

1.2 Centrifugal Compressor:

A centrifugal compressor is a type of dynamic compressor, or called also turbo
compressor, with a radial design. Unlike displacement compressors that work at a constant
flow, dynamic compressors work at a constant pressure and the performance is affected by

external conditions such as changes in inlet temperatures. [1]

The physical size (diameter) of a centrifugal compressor is determined by the
volumetric flow rate at the inlet. The compression ratio (or head) determines the number
of stages (length). The rotating speed of a centrifugal compressor is an inverse function of
diameter to maintain a desired peripheral speed at the outer diameters of the impellers
regardless of the physical size of the compressor. Very large flow compressors may operate
at speeds as low as 3,000 rpm. Conversely, low-volume flow compressors may operate at

speeds up to 30,000 rpm. Power requirement is related to mass flow, head, and efficiency.
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Depending on the particular application, centrifugal compressor powers can range from as
low as 500 hp (400 kW) to more than 50,000 hp (40 MW) [2].

Remark: The centrifugal compressor that we will be working on in this project is called
(Vortech S-Trim turbocharger .figurel-1). The data are found in Appendix A

Figure 1-1: Centrifugal Compressor ( VORTESH s trim)

1.3 Main components:
The main components of a simple centrifugal compressor are [3]:
1- Inlet or suction port : which is a simple pipeline , it may include additional
features such as : valve , stationary vanes and both pressure and temperature sensors
.these additional devices have an important uses in the control of the centrifugal
compressor
2- Impeller: the centrifugal compressor’s name came from the centrifugal impeller
which contain a set of rotating blades that gradually rises the velocity hence the
energy of the working gas. In many modern high-efficiency centrifugal
compressors the gas exiting the impeller is travelling near the speed of sound.
There are many types of impellers including: open (visible blades), “covered
shrouded”, “with splitters” and “w/o splitters “.
3- Diffuser: the key role of the diffuser is to convert the kinetic energy of the gas into

pressure by gradually slowing the gas velocity.
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4- Collector or Discharge: as the name implies, the collector purpose is to gather the
flow from the diffuser discharge annulus and deliver this flow to a downstream
pipe. The collector of the centrifugal compressor can take many shapes and forms.
When the diffuser discharges into a large empty chamber; the collector in this case
called the plenum. The collector may also contain valves such as the throttle valve
and instrumentation to control the compressor.

Discharge

4"'57@5

;— Diffuser Plates

Diffuser Passage

TN\ Drive Shat

— ‘ b
Packing Gland
Packing

Impeller

Suction Port —

Figure 1-2 The main components of a simple Centrifugal compressor

1.4 Working principle:

When the gas enters the compressor, several forces are acting on the moving gas:
The Aerodynamic force which helps moving gas from low pressure at the inlet of impellers
to higher pressure at the outer edge. Another force is the centrifugal force which lifts and
moves the gas away from the center of the impeller as well as creating a suction at its
center. Another thing is as the gas leaves the outside edge of the impeller it enters the
diffuser which is designed so that the flow area increases gradually which allows the gas
to decrease in velocity, as the gas slows down the motion energy is converted into increase
pressure. Finally when the gas leaves the compressor, the combination of these forces:
centrifugal force, aerodynamic force and change in velocity will help produce the gas

discharge pressure that is several times higher than the suction pressure.
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1.5 Compressor instabilities:

In compressors as the mass flow is reduced the pressure rise increases up to a given
point at which further reduction of mass flow leads to more or less severe instabilities. The
conventional terminology for this point is the ‘surge point’ even if different types of
instabilities may occur, depending on the compressor and the system in which it is
operating. The instabilities are typically classified into two main classes: rotating stall and

surge.

1.5.1 Compressor Surge:
Surge is defined as the operating point at which centrifugal compressor peak head

capability and minimum flow limits are reached [4].

When the plenum pressure behind the compressor is higher than the compressor inlet
pressure, the fluid tends to reverse or even flow back in the compressor. As a consequence,
the plenum pressure will decrease, inlet pressure will increase and the flow reverses again.
This phenomenon, called surge, repeats and occurs in cycles with frequencies varying from
1to 6 Hz. So, the compressor loses the ability to maintain the peak head when surge occurs
and the entire system becomes unstable. A collection of surge points during varying
compressor speed is fitted as surge line [4]. To understand more about the development of
surge cycle let us consider the figure 1.3

Pressure Surge gline
B Ratio |

-

Surge cycle

D

Flow reversal

Flow

Figure 1-3 Suge cycle in the compressor map

Assume that the system is operating at steady state at Point D. If the demand for gas

is reduced, the operating point will move toward Point A, the surge point. If the load is
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reduced enough, the compressor operating point will cross Point A. Beyond Point A, the
compressor loses the ability to increase the discharge pressure which will become less than
Plenum pressure (or receiver). The flow will be reversed and the operating point will then

jump to Point B.

Point B is not a stable operating point. \When the flow reversal occurs, the discharge
pressure drops. This forces the operating point to move from Point B to Point C. At Point
C, the flow rate is insufficient to build the necessary pressure to return to Point A. Thus,
the operating point moves to Point D where the flow rate is in excess the load demanded
and the pressure builds until Point A is finally reached. This completes a single surge
cycle. The next cycle begins again with another flow reversal and the process repeats until

an external force breaks the surge cycle.

1.5.2 Consequences of surge:

Surging can cause the compressor to overheat to the point at which the maximum
allowable temperature of the unit is exceeded. Also, surging can cause damage to the
thrust bearing due to the rotor shifting back and forth from the active to the inactive side.

1.5.3 Rotating stall:

Stall is another instability that occurs in turbo-compressors. This should not be

confused with surge. In stall, the flow oscillates in localized regions around the rotor [5].

Angle of attac

Relative fluid

velocity
Increased /

Angle of attack

S
Y

Relative fluid
velocity

Chordline

Figure 1-4: Rotating stall phenomenon
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Stall is characterized by a distortion of circumferential flow patterns. One or more
regions of stagnant flow (“stall cells) travel around the circumference of the compressor
at 10% to 90% of the shaft speed. The stall cells can reduce or completely block the flow,
resulting in large vibratory stresses and thermal loads on the compressor rotating
components. Stall introduces a gradual or abrupt drop of the pressure rise. Moreover, stall
can introduce hysteresis into the system, implying that the flow-rate has to be increased
beyond the stall initiation point in order to bring the compression system out of its stalled
operating mode [5].

Although rotating stall can bring serious damage to the all types of dynamic compressors,
its effect is less common in centrifugal compressors .For this reason, this project will be
more concerned about surge phenomena and its effects.

1.6 Conclusion:

In this chapter we have seen a small introduction to compressors, then we
specifically talked about centrifugal compressor, how it works, its main components and
the major instabilities that occur during its operation. In the next chapter we will try to
develop a mathematical model for centrifugal compressor then test and check the validity
from simulation results.
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CHAPTER II: Modelling of centrifugal compressor

2.1 Introduction:

A mathematical model that is able to predict the onset of limit cycle and the dynamics
of the compression system while the compressor is operating, is necessary to design an
effective and robust controller.

Modeling of compression systems can be divided into two categories : those that
capture the phenomenon of surge which are usually one dimensional, and those that
captures the phenomena of both surge and rotating stall which are two dimensional since
rotating stall is a two dimensional phenomena . As discussed in Chapter 1, surge is an
instability resulting in all system states entering a limit cycle. So a model for this
phenomenon can in general be described by a set of ordinary differential equations of
various system states, where it is required to reproduce both steady and transient behavior
for states, such as pressure and flow, in accordance with that of the experimentally

observed.

2.2 Previous work on Modelling:

The first extensive work in the area of modeling compressor instabilities was done
by Greitzer [6] whose model was originally developed for low speed axial compressors.
Hansen et al [7]. Then successfully adapted Greitzer’s model to a small centrifugal
compressor. After that Fink et al [8] showed that Greitzer s model can be applied to predict
surge in a turbocharger and also included the effects of rotor speed variations in the
Greitzer’s model. Others have done similar work to produce more complicated models that
would also include the compressibility effects. Table 2.1 [9] provides an overview of the

previous work on modelling compressors.
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Table 1: Previous work on Modelling of compressor

Model Year | Flow description | Speed Machine | Instability
variation

Greitzer 1976 1D incompressible Not Included | Axial Surge
Hansen et al 1981 1D incompressible Not Included | Centrifugal | Surge
Maedougal and Elder | 1983 1D incompressible Not Included | Both Surge

Elder and Gill 1985 1D incompressible Not Included | Centrifugal | Surge

Fink et al 1992 1D incompressible Included Centrifugal | Surge
Botros 1994 1D incompressible Included Both Surge
Badmus et al 1995 1D incompressible Not Included | Both Surge
Gravdahl and 1997 1D incompressible Included Centrifugal | Surge
Egeland

Moore and Greitzer 1986 2D incompressible Not Included | Axial Surge & R.S
Feulner et al 1996 1D 2D compressible | Not Included | Axial Surge &R.S
Islur and Kashwabara | 1996 2D compressible Not Included | Axial Surge & R.S
Gravdahl and 1997 2D incompressible Included Centrifugal | Surge & R.S
Egeland

R.S = rotating stall 1D =1 dimension .

2.3 Centrifugal compressor modelling :

2.3.1 Open loop model :

Axial and centrifugal compressors have similar flow instabilities according to
Gravdahl and Egeland (1999) [10]. In this section a multispeed model for centrifugal
compressors is presented. If the speed is assumed constant, the model reduces to the
dimensional model of (Greitzer, 1976) .The compressor system modeled by Hansen et al.
(1981) in Figure 2.2 was developed firstly for axial compressors than it was shown that it
is also valid for centrifugal compressor, with a duct of length L, a plenum of volume Vp, a
throttle, and a drive unit imparting a torque on the compressor.

The expression for the pressure is found from the mass balance applied on the

plenum. The expression for the mass flow is found from the momentum balance applied
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on the duct, and the expression for the shaft dynamics is found from the angular momentum

relation. The model is [6]:

\
Where:

Pp

A
VW=7 @cw,0)pu—pp)

aj
= Vp (w— wy)

(2.1)

w = Y(Td_Tc)

pp Is the pressure in the plenum w: is the mass flow

w : Is the angular speed of the impeller  a,: is the speed of sound of the gas in the plenum

Vy: Is the volume of the plenum w;: is the mass flow through the throttle
A: cross sectional area of the duct L: the length of the duct
Do1:1s the ambient pressure J: is the moment of inertia of the drive unit

T4 Is the driving torque

7.: the torque on the shaft from impeller blades

Y, Is the compressor characteristics

o
Pulg Pa AW |
3 w(p )
Plenum
;::"\ | L |
T \
C
W
a4k
Td
Drive

Figure 2-1 Compressor Model by Hansen and al



CHAPTER I1: Modelling of centrifugal compressor

2.3.2 Torque Model:
The expression of the compressor torque 7. , was shown in Gravdahl and Egland model

as:
T = [wirfuw (2.2)

Where:

u: is the flow coefficient r2 . is the radius of the impeller exit

w: is the mass flow w: is the angular velocity

2.3.3 Throttle Valve model:
The flow through the throttle w; (p,) is modeled in [10] as a flow through a valve which

can be modeled as flow through an orifice that is:

wy = C A /20 (p1 — P2) (2.3)

Where
w, : Is the mass flow through the orifice C: is the flow coefficient
Ay s the area of the orifice opening p : is the density of the fluid

p1 — p» Is the pressure drop through the orifice

In general this equation is only valid for incompressible flow. Gas is indeed compressible,
which is in our case, but since a comparison between an incompressible and compressible
flow through a valve will show a small difference we can assume incompressible flow in a
small area around the orifice.

For simplicity we will be using a flow coefficient of C =0.65 which is a good approximation

to some loss of energy, and for air then we assume C,/2p = 1 and equation 2.3 becomes:
we = Ar+/ (1 — P2) (2.4)

And in order to control the flow through the valve, A; will be adjusted from 0% to 100%

and equation 2.4 becomes:

Wy = Ao, v (01 — D2) (2.5)

10
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To be able to account for the special case where p; < p, the equation 2.4 can be modified

as follow:

wy = sgn(ps — p2) v Ip1 — p2l (2.6)

The sign function is not continuous, and it can be approximated as :
sgn(x) = S;im tanh(éx) 2.7)
And the absolute value can be written:

|x| = x.sgn(x) =x gh_{?o tanh(éx) (2.8)

The flow through the throttle is finally given as

we = tanh (£(p, — Po1) ) Awg J (pp — por) tanh (§(p, — por))  (29)

2.3.4 The Compressor characteristics:

The compressor characteristics or also known as performance map of compressor

shows how the pressure developed by the compressor varies with mass flow for a given

compressor speed. It is very important to have a mathematical model of the performance

map in order to get an accurate model of our compressor.

Vortech S-trim Compressor Map

e e EE R
23 T—F
22 -
21
20
4
E 1.9
o
E 1.8
= 1.7
&=
% 1.5
&£ 1.5
1.4
1.2
1.2
-1
4.0
L Min.
100 =i ] fcla 40 50 50 Ty E:si] E=la}
COARECTED MASS FLOW = W' T 1545 f (P1c/28.4)
cEm | | 1 | I | E | 1 1 [ 1 1

| | 1 | I ] I I ] 1 1
100 200 [00 A0G S0 DD TOD O BDD 900 400 1100 1200 1300

CORARECTED AR FLOW = O T1c/Sa5
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Figure 2-2 : Vortech S-trim Compressor Map
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CHAPTER I1: Modelling of centrifugal compressor

A simple cubic approximation of the characteristics curve is proposed by Moore
and Greitzer (1986) , which has found a wide acceptance in numerous paper regarding
surge and stall phenomena . This equation is only valid for a constant speed [11].

3(¢ I AN
_ sl SR [ . S 2.10
Ye(®) = Yoo+ H [1+2(W 1)-3 (55 1)] (2.10)
Where :

¢ : is the mass flow (¢ instead of w is used here to not be confused with w)

Y. , H and W : Are parameters derived from performance curve figure 2.3

Figure 2-3: Notation used in definition of cubic compressor characteristic

The equation — could be viewed as a third order fit witch captures much of the general
performance properties of the compressor.
Now, let us consider some measurements that was taken from the Vortech S-trim

supercharger figure 2.2(www.vortechsupercharger.com),The measurements represent

points of pressure ratio for different mass flows and speed. To make the characteristic
continuous in both mass flow and speed, a MATLAB function “Polyfit™ which is based on
polynomial curve fitting technique is used where each speed line is approximated by :

Y.(w,N) =Co(N)w3 + C;(N)w? + C,(N)w + C5(N) (2.11)
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Where:
N : is the rotational speed w : is the flow
[Cy C1C,C5] : Coefficients corresponding to a given speed.

The results of the approximation is shown in the figure 2.4 :

2.5
I 1 B B — ?\
2 [~ ;; ””””””””””””””””””””””””””””””””” t ””””””””””” ]
o ¥
g | I N T
() - - - +
5 s e B
) N
1] AN
o B I P ~
[a 1 e - = 7 ms
1.5~ - - R N R -
— 1 i ™ L
-10 0 10 20 30 40 50 60 70 80 90

Corrected mass flow Ih/min

Figure 2-4:Polyfit approximation of compressor map (Vortech S-trim supercharger)

Remark :The polyfit function is found in the “approximation_polyfitm” file in the
simulation files

2.3.5 Stability of the model:

By assuming a constant speed the model of compressor system is reduced to :
.9
Pp = 7 (w—wy)

Y (2.12)

A
kw = Z (IIJC(W)p()l —DPp )

The equilibrium points can be clearly defined as:
w' = w(p*)

p; = lpc(W* ) Po1

That is: the mass flow is equal to the throttle flow and the plenum pressure is equal to the

pressure developed by the compressor.

13
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In order to study the stability, first let us linearize the system around the equilibrium point

.Using the Jacobian evaluated at the equilibrium points we get:

[0fi 6f1 1 [ ap owe, a;
lop, ow!| | A
Ao |0 0w | V,0p, " (2.13)
[% 0fzJ A A oy
opp 1 T Po1 ow |
By defining:
a a? aw * Y. *
kl:v_: kzzv_z a = Po1 alzﬁpp Z_Wl
Then A becomes:
_ [~ki01 kl]
A - _kz kzaaz (214)
The characteristic polynomial is given by det(A1I - A) = 0 hence we get:
A%+ (k0 — kpad, )A+ kiky,(1—ad,d,) =0 (2.15)

The eigenvalues are the solution of the second order equations and given by:

— (ky0; — kpad,) + /(k10y — kpa0, )2 — 4kik,(1 — ad,0;) (2.16)
2

1=

It can be seen from the equation that if either (k,0; — k,ad, ) or (1 — ad,0d,) is negative

we will have an unstable system. So we have from the second term:

1 aWt ad}c % alpt * 6% *
w V2 P < G

(2.17)
Po1 app

p)<

That means that if the slope of the compressor characteristic ( ) becomes bigger than

the slope of the throttle characteristic ( ) the system is in this case statically unstable (

tends to happen a distance to the left of the compressor characteristic ).
And from the first term we have:
0P, ki ow;
d | k,a dp,
w

%aa 37, Pp (2.18)
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In this case the system is termed dynamically unstable and the instability tends to happen
just to the left of the peak of the compressor characteristics.
Particularly if we write equation 2.18 in the form:

0 0 | ky

P > [
aw W Fw, Pp kya

(2.19)

Where the expression to the right is very small, and we know that the flow through the

throttle % pp Isincreasing (d; > 0), so for higher mass flow and pressures, the point
t

of instability moves towards the compressor characteristic maximum (the peak).
Conclusion: if the slope of compressor characteristic is negative or zero. That is
k0, — k,ad, >0 and (k,;0, — kyad, )* — 4kk,(1 —ad,0,) < k0, — kyad,

then the eigenvalues are strictly negative and the system is asymptotically stable.

2.3.6 Simulation of the open loop model:

SIMULINK program is used to simulate VVortech s-trim compressor model. Simulation
files can be found in the folder under the name ( Open_loop_model ) .

amega — W > P

To i orksp ace To i o s pace2 To i otz pace

3 »
X tamque
v omega omega

[ riwe torque [N m]

Froducts ™Y ] bl
Diri gl Ly t (B
Thve w1
Compressor and duct p2 flow » it

Step percant_opening
Vale To il oks paced

G—

Clock To Wi orks paced

Ramp £ aturation

Figure 2-5:0pen loop model using SIMULINK
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2.3.7 Simulation results:
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Mass flow 2
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Figure 2-6:Simulation results of open loop model . (a) mass flow , (b)plenum pressure, (c)
compressor speed, (d) throttle flow, (e) limit cycle

16



CHAPTER I1: Modelling of centrifugal compressor

Discu
1_

2.4

ssion
The throttle valve is initially 100 % open (figure 2.6, d). At time t= 2 seconds, it
starts closing and when it reaches a point (not completely closed) the system enters
the surge phenomenon (limit cycle).
At t=2s the throttle flow (figure 2.6, d) and mass flow (figure 2.6, a) starts
decreasing while the plenum pressure (figure 2.6, b) and compressor speed (figure
2.6, c) increase gradually, at t=5.8 s the oscillations happen which prove the effects
of surge phenomenon on the system.
The speed at which the system enters a limit cycle is approximately 3153 rad/s
(about 30000 rpm) (figure 2.6,b)
The mass flow at which the system enters a limit cycle is approximately 2.25
ka/s(figure 2.6,a)
The surge cycle has a frequency of approximately 6 Hz. (figure 2.6,e)
Closing the throttle valve will obviously lead to the previous results hence our

model is correct and acceptable.

Recycle Model:

As previously mentioned, surge is a highly unwanted phenomena in continuous flow

compressor system.

.In this section a recycle valve will be added to the previous model and manual

control will be done to prove its effect in stabilizing the system.

24.1

Recycle valve model:

Applying the mass balance equation (Equation 3.20 in White (2008)[22]) on
plenum1.figure 2.- Yields:

()0 & ([ o) fLomms

d
T (V1) = we+w, —w (2.21)

where w, is the flow through the recycle valve and it is given by

W = Ap\p2— D1 (2.22)
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Plenum

Drive

Figure 2-7: Recycle valve model

Now if we assume that the gas is ideal and isentropic. That means ignoring the
molecular size of the gas along with intermolecular forces. So there is no energy losses due
to viscosity or heat conduction. The following relation can be deduced from (Equation
9.15, White (2008) [22])

dp = a?dp (2.23)
Where
a: is the speed of sound in gas .

from equation 2.21 and equation 2.23 We get the equation of pressure in plenum 1:
2

d
() = 3 Wy Wy = w) (224)

The same thing is done for plenum 2:

d a?
at (p2) = V2 W — wy —w;) (2.25)

The final model is:

18



CHAPTER I1: Modelling of centrifugal compressor

(. a?
D1 71(Wf+wr—W)

a2
pZ V_Z(W_Wt_wr)

) A
w = Z Wcw,w)p1—p2)

1

w =

(Td - Tc)

\ J

(2.26)

But a problem has appeared when trying to simulate this model. The cause of this

problem is a raise of pressure in volume 1 due to a constant supply of the feed flow. In

reality the feed flow should not be constant, instead it should be dependent on the

compressor flow somehow. This is why the feed flow should be modeled as a flow through

an orifice hence a feed flow valve and it is modeled as before:

E

Clock ToWorkspace?

p 01

omega 1

Constant!

Cuongtant

Throttle valve (two-way)

Wr = Af\/pupstream —P1 (2.27)
K e I o BT e -
. W pl 12 wr
0t
2 flowy P g f a

percent_opening W 4] als Tl —9

Feed flow vahe w percent_opening

Plerurm1 / j& Recycls valve
Ramp1 Saturation
tarque
omega P omega
Lppt w P
Drive {e2 Lt pl
Compressor and duct s P12 flow
Plenuri2 W percent_opening

Figure 2-8: SIMULINK model of the recycle model
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2.4.2 Simulation results:
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Figure 2-9: Simulation results of the recycle valve model. (a) mass flow , (b)plenum
pressure, (c) compressor speed, (d) throttle flow, (e) limit cycle
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2.4.3 Discussions:

1- Initially, the pressures in the two volumes are set to ambient pressure, the
compressor speed and the mass flow are set to zero while the throttle and feed flows
are taken at their initial states.

2- After starting simulation we see that the system will stabilize at t=1 s.(start-up
stabilization)

3- The feed flow valve is initially open, at t= 2.0 second it start closing. It can be
clearly seen from figure 2.9 that :

- discharge pressure decreases from 10.8 x 10*Pa to 10.1 x 10* Pa and the
suction pressure decreases from 9.15 x 10* Pa to 6.5 x 10* Pa (Fig.2.9.c)

- the mass flow enters in damping (oscillation) at time t = 3.5 s (Fig.2.9.a)

- rotating speed increases from 2200 rad/s to 4250 rad/s with an overshoot
of 48% (Fig.2.9.d)

- The feed flow here act as a disturbance for our system.

4- At t= 3.5 the system enters a surge phenomenon and starts oscillating (Fig.2.9.e).

5- during surge phenomena the operating point oscillates between positive and
negative values as it is shown in (Fig.2.9.a)and (Fig.2.9.b)

6- In order to stabilize the system the recycle flow is used. At t = 6 second it start

opening. And the oscillations start decreasing where it can be seen that :
- The compressor speed decreases due to the higher mass flow load applied
on the impellers and stabilizes at 3200 rad/s.
- The mass flow stabilizes at 0.29 kg/s.
- The suction and the discharge pressures stabilize at 7.05 x 10*Pa and 10.2

X 10* Pa respectively.

As conclusion: the recycle valve has done a remarkable effect on stabilizing the system,

hence it can be used as an actuator for an automatic control of compression system.

“The simulation files of the recycle model can be found on the folder under the name

“Recycle_model”
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2.5 Conclusion:

In this chapter, we presented a broad literature of modeling centrifugal compressors
and various approaches. We started with the model presented by Greitzer 1976 and we
ended up with the model of Gravdah and Egeland 1997 .

The model of the centrifugal compressor was implemented with Simulink and the

results proved the validity of the model.

The simulation results have shown also that surge phenomena could happen
whenever the flow is below certain value where the operating point oscillates between
positive and negative values .One way to prevent this is by using some actuators like
recycle valve and throttle valve, since we could stabilize the system when a perturbation

occurs.

In the next chapter, Recycle valve will be used along with surge avoidance method

and further work on controlling the surge will be discussed.
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CHAPTER III: Surge Avoidance

3.1 Introduction:

One of the common methods used nowadays to prevent centrifugal compressor from
surge phenomena is called surge avoidance ( also called Anti-surge control ) .it consists
of a recycle loop that can be activated by a fast-acting valve ( recycle valve or anti-surge
valve) when the control system detects that the compressor approaches its surge limit .

In the previous chapter a model with recycle valve proved that surge phenomena can
be prevented by manual opening of the recycle valve .In this chapter surge avoidance
method will be discussed and a PID control will be applied to prevent compressor system

from surge .

3.2 Surge avoidance method:

In the surge avoidance method, the compressor is prevented from operating beyond
surge line or some area close to it .This is achieved by recirculation of flow back to the
intake using recycle valve .The surge avoidance line or called also surge control line is
often chosen with considerable margin which is called “surge margin” and it is defined as
the distance between the surge line and the surge avoidance line. (Flow control safety

margin in figure 3.1)

Surge at

speed N1 - = Flow control safety MMargin

Pr

Pressure control safety VMlargin

Surge at

Ppesa Operating

points
Surge at

speed N3 |

Flow

Figure 3-1: Surge avoidance using control safety margin
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There are many ways to calculate the surge margin, one way is :
Fsl - Fsa

Fro 3.1

Surge Margin =
Where Fg; : is the mass flow corresponding to the surge line for a given speed.

F;,: 1s the mass flow corresponding to surge avoidance line .
So the working principle of the surge avoidance scheme is as follow:

When the operating point of the compressor system is located right to the surge
avoidance line, nothing is done. As the working point slides over the avoidance line the
controller is activated and the valve will react in order to bring the operating point back to
the right.

Remark: The selection of the surge margin will directly affect the efficiency of the
compressor system .The shorter the surge margin the closer will be the operating point to
the surge line where the efficiency is high, but the risks of entering surge will be high also.

So there is a trade-off between security and efficiency. (Figure 3-2)

Minimum allowable surge margin - /
T~
.
.
v,

Maximum efficiency surge margin ~ /

S o N

,

Maximum efficiency
operating point

Pressure rise

Safe operating point

Mass Flow

Figure 3-2 : relation between efficiency margin and safe region
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3.3 Recycle valve PID controller:

A proportional — integral — derivative (PID controller) is a control loop feedback
mechanism, commonly used in industrial control systems. A PID controller continuously
calculates an error value as the difference between a desired set-point and a
measured process variable (mass flow in our study). The controller attempts to minimize
the error over time by adjustment of a control variable, such as the position of a control
valve in our case, to a new value determined by a weighted sum [12]:
de(t)

u(t) = kye(t) + k; fte(r) dt + ky (3.2)
0

Where : k, k; k4 are coefficient to be chosen according to the user specifications .

So in order to define the error, the controller should know about the current operating
point at a specific speed line than compare it with the surge line. To do that, the surge line
must be well defined on the compressor characteristic map. this can be easily achieved by
choosing the maximum value on each speed line as a surge point using maximum algorithm

, then fit all the points into a single linear line using “Polyfit” MATLAB function .

Pressure ratio

-10 0 10 20 30 40 a0 B0 70 80 90
Corrected mass flow [bfmin

Figure 3-3: Surge Line using Polyfit equation in MATLAB
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Next, let us define a surge avoidance line which is also linear:
SA(w)=a.w+b (3.3)

Where a and b are the coefficient of the fitted 1% order polynomial(linear line ) after adding
the surge margin and they are given in the MATLAB function as coef_avoid(1)and

coef_avoid(2) respectively .

Remark: we have added an option of manual selection of the surge margin , hence the

user has the choice to work either with maximum or minimum efficiency line .

Now defining the horizontal distance between the operating point and the surge avoidance
as:

d = Wop — Wss (3.4)
Where : W, : the operating point flow .

Wi, + the surge line flow .

Remark : The surge avoidance flow can be calculated from the equation 3.3 and given by

SA(w)—b»b
Wsa = ————— &9
a
T 4 13 E 3
= =
= surge line P - &
Y R surge awidance max ::
: surge awoidance min / o
/ B
— .
2 S§ — /
...
) — i
% 18 = ST
@ g h
=} N // o
PTI —r e
£ — /
\\\ 1 p 0 | .
1.2 N _— K ] = ™

-10 0 10 20 30 40 50 60 70 80 90
Corrected mass flow Ib/min

Figure 3-4: Defining surge avoidance lines with maximum and minimum efficiency
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So when the operating point is to the right of surge avoidance line, the distance d is
positive and nothing should be done. When the distance d is negative the operating point
has passed the surge avoidance line and its positive value will be used as the error for the
controller.

Hence the error is given as:

_ (0 when d >0
error = {—d whend < 0 (3.6)
The PID controller is given as:
t de
u=kye+ k; f e(r)dt + de (3.7)
0

The control signal u will control the percentage opening of the recycle valve and its value
varies between 0 and 1 (0% to 100 % opening):

Wy = U.Ap\/P2-P1 (3.8)

Remark: The PID controller is implemented as MATLAB code function and used with

the previous recycle system.

3.4 Tuning the PID parameters:

The gains of a PID controller can be obtained by trial and error method [12]. In this
method, the | and D terms are set to zero first and the proportional gain is increased until
the output of the loop oscillates. As we increase the proportional gain, the system becomes
faster, but care must be taken not make the system unstable. Once P has been set to obtain
a desired fast response, the integral term is increased to stop the oscillations. The integral
term reduces the steady state error, but increases overshoot. Some amount of overshoot is
always necessary for a fast system so that it could respond to changes immediately. The
integral term is tweaked to achieve a minimal steady state error. Once the P and | have
been set to get the desired fast control system with minimal steady state error, the derivative
term is increased until the loop is acceptably quick to its set point. Increasing derivative

term decreases overshoot and yields higher gain with stability but would cause the system
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to be highly sensitive to noise. So in our case, we did not need the derivative term since we

got acceptable results from setting the P and | parameters and the final values are:
Kp=355 Ki=85 Kd=0

Remark : The PID controller was implemented using a MATLAB code , it can be found

in the folder under the name “Surge avoidance”.

Upstream pressure s To 0 oesp ave
. we_throttle > it
Ambient pressure W _throttle
we_recycle To il otksp aceZ
- w_recle
Drrive torgue
e v
g Feed flow setting Rl pem To W otksp aced
Ramp Saturation Plenum! pressure v » wf
Throttle setting presar [
Plenum?2 pressure To Wi otkzp aced
W2 pressure
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Recycle setting PSl_c— 9
To Wi okisp aces
Campressor systernwith recycle o
To Wi oisp ace
FID Contraller
> p2
AL
i To Wi oksp ace7
=14 PSl_c | M psie
_—
Switch? To Wi osp aced
Clask To 'l okspace
Corstants Stepl

Figure 3-5: Simulink Block diagram of the PID controller
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3.5 Simulation results:
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Figure 3-6 Simulation results : (a) pressure in V1 and V2 (b) Throttle flow (c) Feed flow
and recycle flow (d) Mass flow (e) operating point (f) compressor speed.
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Remarks :

1

Initially , the pressure in the two volumes are set to ambient , the compressor speed
is set to zero , and the flows are set to zero .

At time t=1 second the disturbance is applied to the feed-flow , we remark drop in
V1 and V2 pressure (figure3-6 .a) , and drop also in the mass flow and throttle
flow (figure3-6 .d,b)

At t= 2.5 second the operating point is located to the left of the avoidance line , so
the controller detects the drop in the mass flow and start opening the recycle valve
(figure3-6 .c)

At t = 3 second and After stabilization , The mass flow is set to 0.28 kg/s , the
pressure in V2 is 10.3 x 10* Pa and the pressure in V1 is: 70.9 x 103 Pa
while the compressor speed is set to 3100 rad/s .

We clearly notice that when the controller detected that the operating point is going
beyond surge avoidance line, it behaved rapidly to keep the error as small as

possible. (figure3-6 .e)

3.6 Discussion:

1

The controller has successfully detected the drop in the mass flow and start acting
to stabilize the compressor and prevent it from reaching the surge line.

The well-tuned PID parameters made the controller set the position of the operating
point exactly at the surge avoidance line which means that the error is zero.

The response of the compressor was remarkable .so after detecting drop in mass
flow beyond the avoidance line at t = 2.5 second, it could successfully stabilize it
after just 0.5 s. (figure3-6 .d)

The surge avoidance methods showed that the compressor can be prevented from
entering the surge phenomena by proper choice of both surge line & PID controller
parameters.

Although the controller prevented the compressor from reaching the surge line, the
recycle flow showed some oscillations. (figure3-6 .c) which may damage the valve

by quick opening and closing and negatively affect the whole system.
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3.7 Conclusion:

We have seen in this chapter one of the traditional approaches in dealing with surge
phenomenon: Surge avoidance, which successfully proved that surge can be prevented by
using surge avoidance line and setting the recycle valve as a controller actuator. However,
this method has many disadvantages, the most common one is that the system will always

work at low efficiency operating point which cannot always supply the desired output.

The goal of the next chapter is to eliminate this problem by using another common
approach in controlling centrifugal compressors which is called active surge control that
has the ability to stabilize the unstable regime near the surge line where the efficiency is
high. To do that, the feedback linearization approach will be used and further work on

controlling the system will be presented.
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CHAPTER 1V: Active surge Control Using Feedback
Linearization.

4.1 Introduction

One of the challenging problems in dealing with nonlinear systems is that there is
few control theories compared to that of linear systems .but the problem is that all the real
systems around us are actually nonlinear which is the case in the compressor system .

One way to deal with this problem is to linearize the system. In fact there are many
approaches to do that, the famous and the most acceptable one is called feedback
linearization.

In this chapter we are going to use the feedback linearization method to linearize the
compressor recycle system, then Active surge control will be applied using a linear

controller to control the actuators and get the desired outputs.

4.2 Feedback linearization method

4.2.1 What is feedback linearization?

Feedback linearization is a common approach used in controlling nonlinear systems. It
involves coming up with a transformation of the nonlinear system into an equivalent linear
system through a change of variables and a suitable control input. This is achieved by exact
state transformations and feedback, which differs entirely from the conventional Jacobi-

linearization[13].

Linear Plant

R=0 v(t) u(t) x(2) X z(t)

Control State
. > Nonlinear Plant .
transformation transformation

(new states)

g

Feedback
Control Gain

Figure 4-1:Feedback Linearization Overview

There are two types of feedback linearization which are: input-state linearization and

input-output linearization .Depending on full or partial linearization of the system, input-
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state linearization aims at finding states transformation and linearizing input that linearizes
the whole system, whereas input-output linearization aims at finding a relationship between

the concerned output of the system and the input and then linearizes just this map.

4.2.2 Mathematical tools and basic theorems:
The basic mathematical tools that we should know in order to further work with feedback
linearization approach are listed below [14], [15] ,[16] ,[17] ,[18], [19]:
v’ Lie derivative
Lie brackets
Diffeomorphism
Distribution
Brunovsky Form
Controllability

AN N N N N

Relative degree

Definitions and theorems are well explained and provided in Appendix B .

4.2.3 Input-state feedback linearization:
Consider a system of the form:

i = f(x) + g(x)u(t),u € R (4.1)

With f and g being smooth vector fields.
The objective is to transform this system into one that is linear time-invariant by using a

state feedback control law plus a coordinate transformation.

General case:
A system of the form (4.1) is said to be linearizable if there exist:
- Aregion D in R™,
- Adiffeomorphism T: D — R™.
- Non-linear feedback control law u = a(x) + f(x)v.
The new state variable z = T'(x) and the new input v satisfy a linear time invariant relation:
z=Az+ Bv

Where A and b are in Brunovsky form.
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So, to perform input state linearization we follow the coming steps:
< Construct the victor fields g, adsg, ...., ad}l‘lg for the given system.
%+ Check whether the controllability and involutivity conditions are satisfied.
¢+ Find the first state z; that satisfy:
Vzyadbg(x) = L adlg(x) = 0 i=0,.,n—2

Vzyad; ' g(x) # 0

Where V is the gradient vector:
< Compute the state transformation: T(x) = [z, Lz, ... ?‘121]T

And the input transformation:

Lozt
f41
alx) = ———
) LgU;_lzl
B) = —
xX)=———
LgU;_lzl

4.2.4 Input-output feedback linearization:
Let’s take the system of the form:

x = f(x) + g(x)u(t)
y =h(x)
The objective of 1/0 feedback linearization is to generate a linear differential relation

between the output y and a new input v.
Depending on the relative degree of the system, there are two cases:
- Well defined relative degree.

- Undefined relative degree.

Case 1: Undefined relative degree:
The relative degree is undefined when LgL}‘lh(x,,) = 0, but nonzero at some points x

close to x,. . In some particular cases, this problem may be solved by a simple change in
the choice of the output. In general, however, 1/O linearization at a point x, cannot be

straightforwardly achieved for undefined relative degree.
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Case 2: Well defined relative degree

The output derivative which explicitly depends on the input control u is:

y® = LEh(x) + Lyl th(x)u(t) (a)

Where r is the relative degree of the system. The relative degree is said to be well defined

if LgL;‘lh(xo) # 0, where x, is the operating point. If we take:
1

U = ——— (v — Lfh(x)) (b)
LgL} h(x)
Plugging (b) in (a) yields the desired linear differential relation between the output y and
the new input v.

y(r) ot v

Remark: when r = n the input output linearization and the input/state linearization
coincides.
When r < n the transformed description of the system is divided to two parts:

- A subsystem describing the external dynamics of the system.

- Assubsystem describing the internal dynamics of the system.

The states of the external dynamics subsystem are given by:
. _ T
z=[z12;.. 2" =y y.. y V]

Then the normal form of the system can be written as:

[ %2 1
o : |
7z =
ZT
a(z,?) + b(z,P)u(t)
¥ =w(z,¥)
With the output defined as:

) o y() =2z, )
Where: - Z gives the description of the external dynamics.

- ¥ gives the description of the internal dynamics.
Y can be found by solving the following n — r partial differential equations:

V#ig(x) =0 forl<j<n-r

The system can be transformed to this normal form if the transformation

35



CHAPTER IV: Active surge Control Using Feedback Linearization.

ox) =z, .. z. ¥, ... ¥,_,]" is a diffeomorphism.

The expressions of a(z, %) and b(z, ¥) are given by:

a(z,¥) = Lth(x) = Lth(9 7' (2, W)
b(z,¥) = Lyl "h(x) = Lyl h(@ ™ (2, P))

4.2.5 Zero dynamics:
The 1/0O feedback linearized system is now decomposed to an external (input-output) part
and an internal (unobservable) part. Since the external part consists of a linear relation
between y andv, it is easy to design an input v so that the output behaves as desired [20] .
Since the input v has no effect on the internal dynamics, the behavior of these last must be
taken into consideration. To study the behavior of the internal dynamics, we take the input
u that maintains the output y at zero (hence the name zero dynamics). Doing so will make
the internal dynamics the only dynamics acting on the system.
The input that satisfies this condition is:

"h(x) a(0, %)
LgLy ™ Vh(x) T b0

up(x) = —

Applying u,(x) the normal form becomes:
z=0
¥ =w(0,¥)
¥ = w(0, %) Is the zero dynamics of the nonlinear system. For the linearization to be

practically acceptable the zero dynamics should be stable.

4.3 Application of feedback linearization to recycle system:
As mentioned before there are two ways to linearize the system, hence it is always
preferable to choose the simplest which leads to the desired characteristics easily and
rapidly. The choice of the approach to be used would also depend on the relative degree r
of the system:

o Casel: (r=n)
When the relative degree of the system is equal to the order of the system, we can use either

1/0 or 1I/S feedback linearization.
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o Case2:(r<n)
When the relative degree of the system is less than the order of the system, 1/O linearization

is used.

In our case, we have chosen to work with input —output for two reasons:
1- The relative degree of the system is (r < n)
2- It does not incorporates a lot of difficulties like solving the partial differential

equations and checking the rank conditions.

To further simplify the linearization of the compressor system , we have chosen to work
with a constant speed , that means working just on one line among the speed lines in the
performance map and which led to eliminating the state equation of the angular velocity ,
hence the first thing to do next is to control the speed of the compressor .

4.3.1 Speed control of the compressor:

One easy way to control the speed of the system is using the PID control method,
since this approach has proved its efficiency in the previous chapter. In order to do that we
have to control the torque of the drive motor z,; :

Tg=1u (4.2)

Where u is the control signal and it is equal to:

t de
u=kye+ k; f e(t) dT+de (4.3)
0
Here e is the error and it is defined as:

e = desiredg,.e.q — Omega (4.4)

Omega is the angular velocity.
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K » 'K >+ -
Speed set . — Pl I
normalizer K p torque
Add
1
7l s
Integrator K_i
omega
»{du/dt —»I%
Derivative K_d

Figure 4-2: PID Control diagram of the speed of the compressor using SIMULINK

As said in the previous chapter there are many method to tune the PID parameters
.In our case we found that the Trial and error do the work and give an excellent results
although it take some time to get the desired output . The PID parameter that has been used
are:
Kp=2 Ki=10 Kd=0

Compressor speed
3500

3000 /
2500

2000 /

rad/s

]
|

1000

500

t [sec]

Figure 4-3: Compressor speed output after control

Remarks : The desired speed is set to 30000 rpm which corresponds to 3140 rad/s , we
notice from figure 4.3 that both transient and steady state performance are acceptable .(0%

overshoot , 1s settling time ) .
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4.3.2 Feedback linearization of the recycle system:
Since our goal is to control the flow by controlling the percentage opening of the
recycle flow, the control signal u will be applied to the recycle valve. So the recycle

system is now written as:

(. a®
Pr= o Wy uxw, —w)
4
a2
1P2= 5 W—w;—ux*w,) (4.5)
Va
. A
\W= Z (d’c(W,w)Ih—Pz)

The system then can be written in the form:

x = f(x) + g()u(t)
{ e (4.6)
Where:
x=[x; x; x3]" =[p; p, w]” h(x)=w U=Ayy,
ki(wp —w) kyw,
f(x) = ky (W —wy) ;g = [—kzwr]
k3 (c.(w,)p1—Dp2) 0
Where:ky =2 k=2 k3=1

After working on the mathematical calculations we found:
e therank of [g(x) adsg ad}g] is 3 for all x in D where :
D =R" — {p2 = pl,pl = p01}
e [g(x) adsg ]isinvolutive in D.

Since these two necessary conditions are hold, the system is feedback linearizable.
Then the relative degree of the system was calculated and we found:
Lgh(x) =0 (4.7)

LoLi  h(x) = LyLF " h(x) =ky ks.w # O for w; # 0 (4.8)
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So we conclude that the relative degree r=2.
Remark : since we got the relative degree equal to 2 , that means (r< n) .another

problem arises which is the stability of the internal dynamics .So let us check them.

Internal dynamics analyses:

In order to find the normal form, let us take:
H1=X3 (4.9)

Wp=x3=ks (YW ) x; —x; ) (4.10)

The third function ¥ (x) required to complete the transformation should satisfy:
v o

L, V=ki——k,—= 4.11
9 k1 axl 2 axz 0 ( )
One solution of this equation is:
ka
kq

Consider now the associated state transformation Z = [p; p, ¥ ]7 , its Jacobian matrix

should be non-singular:

0 0 1
Pe(xs )
9zZ_ ks (Pc(x3) —ks x1ks3 1/)67:3 (4.13)
X Q " 0
kq

Which is non-singular for any x.
So from equation 4.10 and 4.12 we get:
( ki uytks¥
X1 =7 )
ks “ky + ki (uq)

4.14
o = ks ¥ ¥ (u)ky — szz) ( )
L 2 ks (ko + kq ()
Derivation of equation 4.12 gives:
Y =2y 4+, (4.15)
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Using the state space description equation 4.6:
¥ = ko (W (1) — we(x2)) (4.16)

Stability analysis of such a system can performed around the equilibrium point:

X'3 =W+ uw’, (4.17)
X3 =w'+uw, (4.18)
From Equation 4.17 and 4.18 we have throttle flow equals the feed flow .so equation (4.16)
becomes:
=0 (4.19)
Remarks:

- The internal dynamics of the system are found to be marginal stable.

- Marginal stability means that the system can go either stable or unstable. But since
the output is the mass flow, So physically we can conclude that the system will go
stable if we could stabilize the mass flow since all other states depend on it , hence
the compressor system given in equation 4.6 is said to be stable.(later In this chapter

we will prove this assumption)

Linearized model:

The linear model derived from nonlinear coordinate transformation is given as:
_ Z1 _ h(X) _[w
2= [,]= [th(x) = 3] (4.20)

The system can be written as:

z=Az+ Bv
{ ps (4.21)
Where:
001 0 B .
A=y o B—|1| C=11 o v=w

Up to this point we have dealt with feedback linearization and nonlinear system. Now we

have a linear model, so linear control approaches can be applied directly.
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System analysis and Controllability:
It is clear that the system is unstable since we have two eigenvalues equals to zero
.S0 before we move into design a controller to the linear system lets first check its

controllability:

Ratrix = [B AB] (4.22)
0 1
Rinatrix = [1 0 (4.23)

from the reachability matrix the system is full rank, so the system is controllable .

4.3.3 Controller design:
In this section state feedback linearization will be presented in order to control the
linearized model.
First let us define the control v as:
v= —k=*xz

So the new system will be written as:

o= 0 Yol a2 +f2) was

Where: k; & k, are the feedback gains
r: is the reference or the desired value .
In order to select k; & k, we should first design the desired transient response for our
system.
Transient response:
Let us suppose that the desired transient response would be:
Po = 0% overshoot and Ts 1s settling time.
So from the control theory courses we have:

£
Podh — o1 (4.25)
4
Ts= 5o (4.26)
n

So applying the desired performance to the equation 4.25 and 4.26 we got:
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§=1 & w, =4
So the desired characteristic polynomial is :
s?+8s+16 (4.27)

Hence the desired poles are the same and equal to -0.5 and they will be used as the
desired eigenvalues in equation 4.24. we got the feedback gains k1 & k2 as:

k, =16 & k,=38
Next we derive the equation of the control signal u with respect to the linear control

signal v. From system described in 4.6 we have
W= k3x (Y(w)p,—p2) (4.28)

w=v=k3* (YwW)ps+ . W)p, — ;) (4.29)

From 4.29 we derive the equation of the control u:

_v- ks [Yc(w) py + kyhe(w )(Wf - W) — k(W —wy)

(kllpc(W) + kZ)k3Wr (430)

u

1 Linearization \
‘ control Law — = === p \
|

X = f(x)+ G(x).u(t)
¥ = h(x)

()

Linearized

model

Figure 4-4: input-output feedback linearization

43



CHAPTER IV: Active surge Control Using Feedback Linearization.

Steady state performance:
The steady state error is calculated using the flowing equation:
error =1+ C(A— Bk)™'B (4.31)

1
=1-——=10.975
error 16

In order to ensure a zero steady state error, steady state error design via integrator [21]
will be used .where a new state will be added to the system as:
Znew = —Cz+ 1 (4.32)

And the new control v will be written as:

z1
v= —kz—keZpew = [kl —k2 —ke] [ z2 ] (4.33)

Znerw

This leads to an augmented state system .The new linear system will be written as

z1_[A 0] % B 0
[Z‘new] B [—c o] [Znew] + [0]” [1]r (4.34)
So substituting v into equation 4.34 we got:
0 1 0 0
z= |-kl —k2 ke|lz+ |0|r (435)
-1 0 0 1

Since the system has no zeros, we assume no zeros for the closed loop system and augment
equation 4.27 by a third pole (s + 50) which has a real part much greater than five times
than the dominant second order poles to ensure that the transient performance will not be

affected . So the desired closed loop characteristic polynomial is given:

s34+ 58s%2 +416s + 800 (4.36)
And the characteristic polynomial of system in equation:
s3+kys? + kys + ke (4.37)

By identification between (4.28) and (4.29) we got:
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Simulink block diagram:

I—Pmass flow

]

30000rpm

Td

speed regulator

at t=4s

p_01

ambient pressure

Saturation1

»

recycle percentage openning

ambient pressure

feedflow percentge

input torque

massflow

p2

pt

AtAT%

AAL%

omega

—

0.38fromt =2
tot=7

0.23 from t=7

recycle compressor system

| o—

recycle valve controller

=]

time

Figure 4-5: SIMULINK diagram of the controlled compressor system
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4.3.4 Simulation results:

Pressures
mass flow 1.15 T
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mass flow
0.6

0.5

\

NZAN
—

(9)

Figure 4-6:Simulation results : (a) mass flow (b) pressuresin V1 & V2 (c) throttle flow(d)
Feed flow and recycle flow (e) operating point (f) compressor speed (g) zoom of the mass

4.3.5

flow

Remarks:

Initially , the pressure in the two volumes are set to ambient , the compressor speed is set
to 3140 rad/s , and the throttle flow and feed-flow and mass flows are set to zero .

At t=2 second the controller is set ON. At t= 4 second the disturbance is applied

At t =2 the desired mass flow value is set to 0.38 kg/s, and at t= 7 it is set to 0.23kg/s.

The first remark is that the speed (figure 4-6.1) is constant during all the simulation and its
value is 3140 rad/s (30000 rpm)

The mass flow (figure 4-6.a) has decreased to 0.38 kg/s at t=2s when the controller is
activated, we notice a small overshoot of about 0.004 kg/s (figure 4-6.9) .

When the disturbance is applied at t=4s , we notice a small increase in mass flow from
0.38kg/s to 0.3823 kg/s but quickly comes back to 0.38kg/s (figure 4-6.9)

At t=7s the controller set the desired value to 0.23 kg/s, we see that the mass flow drop
quickly and smoothly. (figure 4-6.a)

We notice that the operating point has moved near the surge line when we applied the

desired value to 0.23kg/s (figure 4-6.¢).
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4.3.6
1-

2-

4.3.7

Discussion

From the speed graph we concluded that the PID speed controller is keeping the speed at
(30000rmp) (figure 4-6.1)

The state feedback with integrator controller proved also its high performance , where we
notice at t=2 and at t=7s (figure 4-6.a) that the desired mass flows: 0.38kg/s and 0.23kg/s
respectively, have been achieved with minimum rise and settling time and a small or
negligible overshoot and zero steady state error .

As we said before, stabilizing the mass flow will automatically make the whole system
stable as we see from pressures in V1 and V2. (figure 4-6.b)

Setting the desired mass-flow to 0.23kg/s has led the operating point (figure 4-6.e) to move
near the surge line where the efficiency is high.

When the disturbance is applied at t=4s, the mass flow deviates by a small amount from
the desired value (0.38kg/s), but the controller quickly stabilized it, and forced it to come
back to the desired value, which proves that the controller has successfully rejected the

disturbance.

Conclusion
In this chapter, Active surge control is applied using feedback linearization to

linearize the recycle system and then state feedback control method is used to control it.

First, a background on feedback linearization was given then input-output method was used

to linearize the system. After that transient and steady state performance was calculated

and applied along with the controller .finally the controller was tested using the Simulink

software.

The obtained results were excellent were:

1- The response of the controller was good as we have expected , and the desired

transient and steady state performance have been achieved .

2- The controller has successfully set the operating point near surge line without

setting the limit cycle on.

3- Working near the surge line led to high efficiency output.
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GENERAL CONCLUSION

Throughout this project, Surge control in centrifugal compressor was our main concern.
First, a third order approximation of the compressor’s performance map was constructed
using a given data and the “Ployfit” MATLAB function. Then a mathematical model for
the open loop compressor was developed and tested which proved that the compressor
could enter the instable region with small disturbance, After that a recycle model was
suggested to control the mass flow and stabilize the system by manual opening of the

recycle valve .Hence the recycle valve was used as the main actuator in the entire project.
In the second part, two proposed schemes to control surge were presented:

- The first one is surge avoidance where a considerable margin from the surge line
was created and set as the limit for the operating point. This method did really
prevent the system from entering the surge but it restricted its efficiency to a
minimum level .a PID controller was successfully implemented to detect and
minimize the error when the operating point tend to go near the surge line. This
method showed also another negative point where we have seen a considerable

oscillations in the recycle flow.

- In the second part an attempt to increase the efficiency was done via Active surge
scheme .starting with linearizing the system using feedback linearization and then
applying state feedback control to set the operating point to the desired value. The
results of this method were promising, where we could set the operating point to

the near the surge line where efficiency is high without going into surge.
So the two main objectives of this project have been achieved:

- Prevent the centrifugal compressor from surge phenomenon and achieve high

efficiency output.
As for further work we suggest this interesting topic:

- Active surge control using positive feedback control.
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Vortech S-Trim turbocharger specifications

Table of performance:

Performance Value
Max speed 50000 RPM
Max boost 20 PSI
Max flow 1000 CFM
Max power 680 HP
Peak efficiency 72 %
Table of Dimensions:
Dimension Value
Discharge OD 2.75”
Inlet OD 3.5”
Discharge ID 2.38”
Inducer Diameter 3.17
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Mathematical tools and Theorems for feedback linearization
approach

Lie Derivatives:
Definition 1: Consider a scalar function:

h:D ¢ R* - R and a vector field: f:D c R" > R"
The Lie derivative of h with respect to f, denoted L¢h, is given by:

oh
Lrh(x) = = f ()

Lie Brackets:
Definition 2: Consider the vector fields

f,g: D c R"> R"
The Lie bracket of f and g, denoted by [f, g], is the vector field defined by:

0 0
1,010 =22 f )~k g0

When computing repeated Bracketing, the following notation is usually used:
adfg(x) = [f,ad; " g(x)] With "ad" stands for adjoint and:
adpg(x) = g(x)
adsg(x) 2 adjg(x) = [f,8](%)

Diffeomorphism:

Definition 3: (Local diffeomorphism): A function f: D < R™ - R" is said to be a

diffeomorphism on D if:
I. itis continuously differentiable on D.
ii. itsinverse f~1 exists and is continuously differentiable.

Definition 4: (Global diffeomorphism): The function f is said to be a global

diffeomorphism if in addition:
i. D=R"

o lim [LFQON = oo
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Lemma 1: Let f: D < R®™ - R" be continuously differentiable field on D. If the

5f (x)

Jacobian matrix Vf(x) = o

is nonsingular at a point xo € D, then f(x) is a

diffeomorphism in a subset 2 < D.

Distribution:
Let f: D ¢ R™ — R". This vector field assigns the n-dimensional vector f (x) to each

point x € D.Now consider “p” vector fields f1, f2, ... fponD c R". Ateach x € D;
A(x) = span{f1(x), f2(2), ... .., fp(X)}
is a subspace of R™.
Definition 5: Given the smooth functions fy,f,,..,fp: D € R® - R", a smooth
distribution is the process of assigning to each x < D a subspace:
A(x) = span{f1(x), f2(x), ..., fp(x)} € R"
The dimension of the distribution is defined as:
dim(A(x)) = rank[f1(x), f2(x), ..., f(2)]
o xis said to be “Regular Point” if dim(A(x)) is constant in a neighborhood of x.
o A issaid to be non-singular distribution in D ¢ R™ if dim(A(x)) is constant in an

open set D c R™, otherwise A is said to be of variable dimension.

Definition 6: (Involutive Distribution): A distribution A is said to be Involutive if for
g1(x) € Aand g,(x) € A then [g4,g2](x) € A.

It then follows that A(x) = span{fi(x), f2(x), ... ... , fp(x)} is involutive if and only if
rank(f1(x), f2(X), ..., fp ()] = rank[f1(x), f2(X), ..., f,(X), [f:(x), f;(x)]], vx and
all i, j.

Theorem (Forbenius): A set of linearly independent vector fields {f;(x),i =1, ...p} is

completely integrable if and only if it is involutive.
It is alternative to say that: nonsingular distribution is completely integrable if and only if
it is involutive. Forbenius theorem is an important tool in feedback linearization since it

gives a necessary and sufficient condition for solvability of partial differential equations.
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Brunovsky Form:
Consider the linear system with the general form:

x(t) = Ax(t) + Bu(t)
with x(t) € R™ and u(t) € R™ (n states and m inputs). Brunovsky form is the canonical
form with:
x(t) = A.X(t) + B.u(t)
Brunovsky theorem states that: Every linear system with n states and m inputs is equivalent
by change of coordinates and feedback to the canonical form
A, = diag{A.1,Acz o - JAcn} and B, = diag{B.1, B¢z, .- - , Bcn}

where A.; and B,; are given by:

[0 1.0 0 .. 0O [0]
|0 0 1 0 Ol |0|
Aci=|: - : :I and B.i=1:
|l0 00 0 .. 1JI lOJ
0 0 00 .. 0 1
Where A.; isn; X n; and B; isn; X 1.
Single-Input Systems:
For single-input systems, m=1, the Brunovsky form is:
[0 0 1 0 .. 0} 0
Ac=: : : : : :|and B, =|:
000 0 ..1 0
0000 .. 0 1

Where A isnxXnand B.isn X 1.

Controllability:

Definition 7: A nonlinear system is controllable if v xo, x; € R™, there exist an admissible
control u(t) on [0, T], T < oo, such that for x(0) = xo, x(T) = xy.

Consider the nonlinear system to have the form: x(t) = f(x) + g(x).u(t) where fand g
are two fields.

Single-Input Systems: A single input system is controllable if:
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Appendix B

rank([g(x),ad;g(x), ...,ad} " g(x)]) =n

Relative Degree:
Consider the system described by the state space equation:

x = f(x) + gu(t)
= h(x)
Where: f, g : D — R", and h are sufficiently smooth in a domain D.

oh
y =30+ g@u(®)] = Lih(x) + Lyh()u(t)

Lyh(x) =0= y = Lsh(x)

(2) a( f ) 2
y [f () + g(u(®)] = L2ph(x) + LyLh(x)u(t)

LyLeh(x) =0 - y@ = £2;h(x)
LoL h(x) =0,i =1,2,..,1 —1; LyL sh(x) # 0

y = L7 h(x) + L L7 ph(x)u(t)
r is called the relative degree of the output .
Definition 8: Let the system described by the state space equation be:

x = f(x) + gu(t)
= h(x)

This system has relative degree r, 1 <r <n,inDy, c D if V x € D,

LyLih(x) =0, i=01,..,7r—2;

LyL7 " h(x) # 0
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