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ABSTRACT

ABSTRACT

Centrifugal compressors are the most satisfactory and the widely used in oil and gas
companies, however, stable operation of this type of compressors is limited towards low mass
flows by the occurrence of an aerodynamic compressor flow instability called the surge. This
instability can lead to severe damage of the machine due to large mechanical and thermal loads
in the blading, and restrict its performance and efficiency. In this thesis, a method of controlling
the stability of a compression system and optimising its efficiency was presented and
developed.

Before going through the controlling and the optimising parts of the work, elementary
definitions of compressors and surge have been presented. A mathematical model of Greitzer
has been used to model our compression system and, using Matlab Simulink, the compressor’s
model has been built up. As most industries nowadays are using the PID controller to ensure
the stability of compression systems, the classical solution (the use of the PID controller) to
eliminate surge has been explored. To increase the output discharge pressure of the compressor,
thus increase the compressor’s efficiency, the particle swarm-optimising algorithm (PSO) is
introduced along with the PID controller to the Simulink model.

The PID did stabilise the system in a short time. However, when using it, the
compressor’s pressure ratio was quite low. This was overcame once using the PSO, where an

acceptable pressure ratio was obtained.
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INTRODUCTION

INTRODUCTION

This work presents results from an investigation on compression system control. The
useful range of centrifugal compressor (turbo compressor) is limited by “choking” (stonewall)
at high rate flows and by the onset of an instability known as “surge” at low rate flows.
Traditionally, this last instability has been avoided by using control systems that prevent the
operating point of the compressor from entering the unstable region, which is at the left side of
the surge line that is the stability boundary.

This work is motivated by the fact that the compressors are used in a wide variety of
applications such as: power generation, industrial gas turbines, pressurisation of gas and fluids
in the process industry and transport of fluids in pipelines in one hand; and the fundamental
instability problem known as the surge in the other hand, which is facing centrifugal
compressors limiting their range of operation at low mass flows. This instability problem has
been studied and solution based on surge avoidance is established. This solution is based on
keeping the operating point at the right side of the surge line using a surge margin. There is a
potential for increasing the efficiency of compressor by allowing the operating point closer to
the surge line, which is the case in this project system. The increase in efficiency range is
possible with compressor designs where the design is done with such controllers and optimising
techniques.

In this project, we will first address the basic operating principles and characteristics of
centrifugal compressors. Next, we will develop the classical solution of the surge phenomena
using only the classical controller (PID) as a first step. Then, a meta-heuristic technique of
optimisation known as Particle Swarm Optimization (PSO) integrated to the system with the
PID controller is going to be used as a controlling method with optimisation. Simulation results
show promising results the second technique compared to the results obtained using the PID

controller alone.



Chapter One

GENERALITIES ON COMPRESSORS AND SURGE PHENOMENON
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1.1. Introduction

A compressor can be defined as a machine used to compress compressible fluids, thus
increasing their pressure. The fluid can simply air but it can also be natural gas, oxygen,
nitrogen, and other industrial gases.

Compressors are widely used in turbocharging of internal combustion engines, air
compression in gas turbines used in power plants and for aircraft and marine propulsion.
Another main application is pressurization and transportation of gas in pipelines and in the
process and chemical industries. [1]

Based on the technique used in increasing the pressure of the compressible fluid,
compressors can be classified into many types, the following figure gives the exact

classification of compressors.

Trunk Piston

Reciprocating Sliding Crosshead Piston
— Positive Diaphragm
Displacement
— Screw
— Lobe
L—— Rotary |
Compressors — .
L Sliding Vane
— Liguid Ring
—— Centrifugal
——— Dynamic —
L Axial

Figure 1.1: Classification Of compressors [2]

From Figure 1.1 two main families of compressors can be distinguished: Positive

Displacement compressors and Dynamic compressors.
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SISO CENERALITIES ON COMPRESSORS AND SURGE PHENOMENON

e Positive displacement compressors increase pressure by reducing the volume occupied
by the gas. This type of compressors will not be covered in this final year thesis [3].
e Dynamic compressors functions by first accelerating the gas to a high velocity and then
hindering its movement so that the gas kinetic energy is converted into static pressure.
[3]
Dynamic compressors can be further classified into two types of compressors based on
the direction of flow through the machine. The two types are:
1. Axial compressors;
2. Centrifugal compressors.
Axial and Centrifugal compressors are also known as turbo compressors or continuous flow
compressors. Centrifugal compressors are among the most widely used compressors in
industry. Therefore, this thesis will focus on centrifugal compressors. The following figure

shows the axial and the centrifugal compressors.

Tepel ler i Vanedd
dilluser

(a) axial compresor (b) centrifugal compressor

Figure 1.2: Sketch of a Compressor [4]

1.2. Centrifugal Compressors
1.2.1. Definition

Centrifugal compressors were first invented in the 19th century by a French
professor named Auguste Rateau. [5] They are dynamic compressors in which a fluid
achieves a pressure rise by adding kinetic energy/velocity to its continuous flow through
the impeller. A simple centrifugal compressor has four components: inlet, impeller/rotor,

diffuser, and collector. [6]


https://en.wikipedia.org/wiki/Kinetic_energy
https://en.wikipedia.org/wiki/Velocity
https://en.wikipedia.org/wiki/Impeller

GENERALITIES ON COMPRESSORS AND SURGE PHENOMENON

Centrifugal compressor can be Single-stage or Multi-stage. A Single-stage centrifugal
compressor has an individual impeller and diffuser pairs while a Multi-stage compressor
Is a cascade of a single-stage ones. Figure 1.3 shows the internal view of a five stages
centrifugal compressor.

Inlet nozzle----~ L. e Outlet nozzle
B Return bend ----- ) X

Diffuser channel

----- Casing
Plenum inlet ----~ 2
— — — — =1 Balance Piston

Impeller - = |- |- - =
Sioft o ] ] ] ] ]
| - ] il ]

- ] E £ |
- | || L) [ | il
|| || [ | o |
|| || [ | ] |
_ . | u- |

= = = £ m |
| ] || | [ |

T E‘ N E i W‘E E 1; """ Collector volute
. 1 Labyrinth Seals
Return inlet -+ :
Figure 1.3: Centrifugal Compressor with five stages. [7]
Casing ,_f Inlet Guide
— #‘ Yane
Impeller 4 '
Bearings Seals
e <

s - 1t

\x/ Diffuser

Gears “anes

A Single Stage Centrifugal Compressor [7] B: Multi-Stage Centrifugal Compressor [8]
Figure 1.4: Real Single and Multi-Stage Centrifugal Compressors.
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1.2.2.  Principle of operation of a centrifugal compressor

The low pressure fluid enters the compressor through the eye of the impeller,
then it enters the flow passages formed by the impeller blades which are connected to the
drive shaft. This latter will rotate the impeller at a high speed. As the fluid flows through
the passages towards the tip of the rotating impeller, its velocity and static pressure will
increase. The fluid will then enter to the diffuser where it is decelerated and as a result
the velocity pressure drop is converted into static pressure rise. When the fluid exits the
diffuser it is collected by the volute where further conversion of velocity into static
pressure takes place due to the divergent shape of the volute. Finally the pressurized fluid
leaves the compressor from the volute casing. In some compressors the volute is also used

as a diffuser.

In a multistage compressor, different sets of impellers and diffusers are used to
increase the pressure of the gas in stages. Labyrinths are installed between the impellers
to prevent gas leakage between the stages, each stage has its own casing drain to insure

that no liquid is in the compressor before starting.

1.3. Centrifugal Compressors’ Performance

The steady performance characteristic of a centrifugal compressor is graphically
presented in the form of a family of curves that relate the rotational speed, the pressure rise
across the compressor and the mass flow through the compressor (Cumpsty, 1989; De Sa
and Maalouf, 1996). That collectively are known as a performance map. [9] (Figure 1.5)

The inlet volume flow is plotted along the x -axis and the head or pressure ratio is plotted
along the y —axis of the performance map. The pressure ratio is no more than the Absolute outlet
pressure divided by the Absolute inlet pressure.

As the flow rate decreases for a given shaft speed, the compressor eventually
reaches the critical surge operating point. The Surge point is the lower limit for stable
compressor performance. For many given shaft speed values, many surge points are
obtained resulting in a line in the map called the “surge line”. The higher limit in terms
of flow rate on compressor performance curves is set by the stonewall point. Stonewall is
another term for choking and occurs when no further increase in flow rate is possible as

the fluid reaches the speed of sound at a given shaft speed. Again, for many given shaft

5
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speed values, many stonewall points are obtained resulting in a line in the map called

the “stone line” or "choking line™. [3]

1.5 v r v -
surge line
1-4 3 A X x e =
AN x
ﬁ&ﬂ x
a&*‘
g 1.3f DGODD &x 4
= % A"
E H***'ﬁ © »
= 1.2} ¥ O A .
n * 0
0 * A o
E * o - "'KF
= # 18000 [rpm] _%¥--"" stone wall
111 o 20000 [rpm] .
A 22000 [rpm]
x 23000 [rpm]

0 0.1 0.2 0.3 04 0.5
mass flow [kg/s]

Figurel.5: Compressor's performance map [4]

The stability of the compression system is also limited by another phenomenon
which is called the chocked (stonewall) phenomenon. In this thesis, the only
phenomenon that will be covered is the surge phenomenon.

1.4. Surge phenomenon

1.4.1. Description of surge phenomenon

Surge is defined as the operating point at which the compressor peak head
capability and minimum flow limit are reached. When compressor discharge pressure
increases because system resistance increases, the operating point will climb on the
curve until it reaches the surge line. At this low flow point, the compressor is not able
to develop sufficient head.

The compressor loses the ability to maintain the peak head when surge occurs
and the entire system becomes unstable. Under normal conditions, the compressor
operates to the right of the surge line. However, as fluctuations in flow rate occur, or
under start-up / emergency shutdown, the operating point will move towards the surge
line because flow is reduced. If conditions are such that the operating point approaches

the surge line, the impeller and diffuser begin to operate in stall and flow recirculation

6
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occurs. The flow separation will eventually cause a decrease in the discharge pressure
and flow from suction to discharge will resume. This is defined as the surge cycle of the
compressor.

Based on the amplitude of mass flow and pressure fluctuations, four categories
of surge can be distinguished (De Jager, 1995): mild surge, classic surge, modified

surge, and deep surge. [9]

1.4.2.  Surge cycle

Due to flow reversal, pressure in compressor increases and discharge pressure falls
and the compressor regains its normal stable operation (let at point B) delivering the air at
higher flow rate at B. But the throttle valve still corresponds to the flow rate at D. Due to
this compressor’s operating conditions will again return to D through points C and S. And
due to lower compressor pressure, the pressure falls further to PE and the entire
phenomenon from point E to B repeats again and again and this cycle E-B-C-S-D-E known
as the “surge cycle”. [10] (Figure 1.6)

Surge cycle

\ Surge control

\ & line

D _____ /6 :

V A \\\ Constantefficiency
9 E s — B / =
T / lines
o
o
o S . .
a Chokingline
Q
a

N,

me My Mg My
Non dimensional flow rate

Figure 1.6: Surge cycle [10]
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1.5. Surge suppression techniques

It has been seen that surge can lead to failure of the system due to large mechanical
loads in the blading. Furthermore, these instabilities restrict the machine’s performance and
efficiency. As these phenomena are unacceptable, they have to be avoided. Avoidance

control and active control are two strategies for compressor’s anti-surge control.

1.5.1.  Surge avoidance and detection

Stable operation can be guaranteed by operating the compressor at a safe distance from
the unstable region. Control systems currently used in industry are based on this control strategy
(Botros and Henderson, 1994; CCC, 1997; Gravdahl and Egeland, 1998). In this strategy, a
control line is defined at some distance from the surge line, as shown in Fig. 1.7. About 10%
to the right of the surge line defined by the compressor characteristics. This safety margin is set
by (i) sensor and actuator limitations, (ii) uncertainty in the location of the stall line, and (iii)
disturbances including load variations, inlet distortions, and combustion noise. If the
compressor’s operating point tends to cross the control line, it is stuck to the control line by, for
example, opening a recycle valve (see, e.g., Botros et al. (1991) or Staroselsky and Nadin
(1979)) or decreasing the shaft speed.

However, Surge avoidance limits the performance of the compressor, since the maximal
pressure is obtained close to the stall line (Gu et al., 1996). Clearly, the recycle of the
compressed fluid is not useful and reduces the overall efficiency. [9]

A Operating
P2 d point

< - Surge control line
X

Surge line

-
Q

Figure 1.7: Surge line and surge control line [11]
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1.5.2.  Anti-surge Active Control

Another surge solution is to stabilize the surge phenomenon by using an active control
system. This method is known as active surge control system (ASCS) and was proposed by
Epstein et al. in 1989.

In this approach, controllers are used which stabilize unstable operating points by
feeding back perturbations into the flow field. Based on information from sensors, which detect
fluid fluctuations, the controller computes the desired perturbations to stabilize the system.
These perturbations can be introduced, for instance, by a control valve or a loudspeaker. By
feedback control, the compression system dynamics are modified such that the stable operating

region is enlarged beyond the “natural” stall line. [9]

1.5.3. Difference between surge avoidance and Anti-surge Active

Control

It is very important to understand the fundamental difference between prevention control,
and avoidance control. Both systems are designed to extend the operating range of the compressor,
but the technique and the results are different. Avoidance control is achieved by unloading the
compressor thus achieving operation at reduced flow rate, but also at reduced pressure rise.
Active, or preventive, control on the other hand aims to damp out the disturbances which cause
stall thereby allowing the compressor to operate normally, without an abrupt change in pressure

rise, at a flow rate less than is usually possible. [12]

1.6. Conclusion

In this chapter, basic definitions and concepts of compressors were presented. A brief
definition of a compressor was given at first, then its different uses were discussed. A detailed
classification of compressors was also given at the end of the chapter’s introduction.

The next point discussed was the centrifugal compressors and their principle of
operation. Compressors’ performance was covered after that. It is impossible to speak about
compressors’ performance without dealing with the surge phenomenon which is one of the
compressor’s instabilities. Thus, a complete explanation of the cyclic surge phenomenon was
given.

Since surge is cyclic, a technique for avoiding and suppressing it is needed so that the
compressor operates properly. Therefore, it was considered necessary to present the two main

techniques of anti-surge control and finally give the difference between them.
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2.1. Introduction

Surge in centrifugal compressors is characterized by large amplitude fluctuations of the
pressure and by unsteady, but circumferentially uniform mass flow. This essentially one-
dimensional instability results in a limit cycle oscillation in the compressor map. [13] These
oscillations can cause severe damage to the machine due to vibrations and high thermal loading.

Hence anti-surge control systems must be designed to avoid such phenomenon.

But before designing any control system, a simple mathematical model describing its

behaviour must be found.

In this chapter, a model describing the behaviour of compression systems in both open
loop and closed loop (controlled) configurations is going to be discussed and explored.

2.2. Literature on compression system modelling [14]

Many attempts by different researchers to model the instabilities in both axial and
centrifugal compressors have been stated in the literature.

One of the first models reported in the literature was developed by Emmons et al.
(1955). However, it is the model proposed by Greitzer (1976a) who developed a nonlinear
lumped-parameter model for basic compression systems that had a significant step forward
in further studies of surge control. The model was first introduced for axial compressors but
it has been used on centrifugal compressors successfully by Hansen et al., (1981) and
Pinsley et al., (1991). This was followed by more studies that focused on the analysis and
modelling of centrifugal compression system dynamics.

A relevant progress was made by Fink et al. (1992) who included simple rotor
dynamics in a Greitzer model to account for the effect of speed variations on system
transients.

Based on the work of Moore (1984b), the Moore-Greitzer model was derived in
Moore and Greitzer (1986). In developing this model, some of the assumptions made were:
Large hub/tip ratio, irrotational and inviscid flow in the inlet duct, incompressible
compressor mass flow, short throttle duct, and small pressure rise compared to ambient
conditions and constant rotor speed. The model is described by three states. This three state
model is capable of describing both surge and rotating stall, the third state being the stall

amplitude.

10
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A different modelling approach for centrifugal compressors was followed by Botros
et al. (1991) while Badmus et al. (1995a) focused on axial compressors. They developed
component models from the principles of mass, momentum, and energy conservation. The
modular structure makes them, without serious modifications, suitable for describing surge
dynamics of a variety of both axial and centrifugal compression systems.

Botros (1994b) modified his earlier model by including rotor dynamics in order to account
for speed variations.

Rotor dynamics were included in the original Moore-Greitzer model by Gravdahl
and Egeland (1997). The issue of compressible flow was also addressed by Feulner et al.
(1996) who developed a linear compressible flow model for a high speed, multi-stage axial
compressor. He used a mixture of 1D and 2D flow descriptions for the blade passages and
inter-blade row gaps, respectively. A complete two-dimensional, compressible flow model
for a high speed, multi-stage axial compressor was developed by Ishii and Kashiwabara
(1996) which is Similar to the Moore-Greitzer model.

Markopoulos et al. (1999) used Fourier series expansions to derive a quantitative
model for the unstable dynamics in axial compressors. Although similar to the model of
Moore and Greitzer (1986), in this model, finite intake and exit duct lengths were taken into
account. A sophisticated two-dimensional, compressible flow model for centrifugal and
axial compressors was developed by Spakovszky (2000).

In the Greitzer model, the pressure rise characteristics of the compressor and throttle
are described by quasi-static maps that are lumped onto actuator disks. Oliva and Nett
(1991) presented a nonlinear dynamic analysis of a reduced Greitzer model in which the
pressure rise and throttle characteristics, assumed fixed by Greitzer (1976a), can vary.

Common practice in the literature was and still is to use an approximation of the
pressure rise characteristics, for example the cubic polynomial suggested by Greitzer and
Moore (1986). Gravdahl and Egeland (1999a) derived an analytical expression for the

compressor map, based on compressor geometry and energy considerations.

11
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Figure 2.1: Overview of literature on compression system modelling [14]

2.3. Compressor Open loop modelling

Greitzer (Greitzer, 1976) considered that the speed of the shaft is constant in his model
which is a dynamic compressor model capable of representing the characteristics of surge.
Whereas Gravdahl and Egeland did not consider the speed constant; they included the speed
state in the compressor dynamics. They used the model of Greitzer which is a basic compression
system consisting of a compressor, a plenum volume, a throttle valve and in-between ducting.
[15] (Figure 2.2)
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Figure 2.2: The Compressor, Plenum, Throttle System of Open Loop Model [16]

Thus, the compressor open loop model is expressed by three state equations including
the mass flow, pressure and the rotational speed. The expression for the pressure is found from
the mass balance applied on the plenum. Whereas, the expression for the mass flow is found
from the momentum balance applied on the duct, and the expression for the shaft dynamics is
gotten from the angular momentum relation. [17]

The model is written as:

p =S (m—m) @1
i = T (e(m, )por — p) 2.2)
& =7 (=10 (2.3)

- p is the plenum pressure;

- m is the compressor mass flow;

- o is the rotational velocity of the shaft;

- ¥¢ (m, o) is the compressor characteristic;
- m¢ is the throttle flow;

- A1 is the throughflow area;

- Lc is the duct length;

- Vp is the plenum volume;

13
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- po1 is the ambient pressure;

- ao1 Is the sonic velocity at ambient conditions;

- J is the inertia of all rotating parts and

- 74 and 1¢ is the drive torque and compressor load torque, respectively:

Where 1. = |m|rfow (2.4)

7. Is obtained by applying the energy conservation theory, for turbo-machines, applied

torgque equals the change in angular momentum of the fluid. [17]

7o = m(r,Co — 11Cp1) (2.5)

1. is the radius at the inducer exit.
ry: IS the radius at the impeller exit.
Cg1: 1s the tangential velocity of the gas at the inducer exit.

Cg,: 1s the tangential velocity of the gas at the impeller exit.

B P

\ ); ‘ due to.sI;

Figure 2.3: Velocity triangle at the impeller exit.
The power delivered to the fluid is:
W, = wte = @ m(1,Co — 11Co1) = m(U,Copz — U;Co1) (2.6)
The velocity at the impeller inlet (or at the inducer exit) Cy, is considered zero.

For an ideal radially vanned impeller, the whirl or tangential component Cy, of the gas
velocity leaving the impeller tip should be equal to U,. However, due to the inertia of the gas

14
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between the impeller blades, the tangential gas velocity tends to be less than U,. This effect is
known as slip. The flow is deflected away from the direction of rotation of the impeller, which

leaves at an angle smaller than the vane angle. The slip factor is defined as:

0O =—" (27)

It’s now easy to compute the compressor’s torque 7. needed in the model described by the

previous equations. Using the assumption of no prewhirl and Eq2.7, the compressor torque is:
T, = mry,Co, = mryoU,, m>0 (2.8)

However, the compressor may enter deep surge, that is reversal of flow, and there is need

for an expression for the compressor torque at negative mass flow. [17]

T, = —mnryal,, m<20 (2.9)
Combing the two equations, we get the following:

T, = |m|roU, (2.10)

2.3.1. The Compressor Characteristic [18]
The compressor characteristic is known also as a compressor’s performance
characteristic. Gravdahl and Egeland in 1999, derived a new expression of the compressor
characteristic by modelling the compression process as an isentropic compression from Py,

to Py, by an isobaric entropy increase.

Generally speaking, the compressor characteristic is defined by: ¥.(m, w) = ?, Po2 being the
01

discharge (output) pressure and Po1 being the ambient pressure.

And using the standard isentropic relations given in [18], the following equation is obtained:

k

1l)c(m,w)=(@)&=(1+%)E 2.11)

To1 CpTo1

And after substituting some parameters, the final compressor characteristic is defined as

follows:

k.
k-1

ﬁ(w—am)z—kfmz .
With k#1 (2.12)

2 2
lpc(m,w)=<1+li7"zw 2
CpTo1
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— 1 is the impeller radius, r, is the rotor diameter, kis the fluid friction constant, T, is the
inlet stagnation temperature, x :z—” ,Cp Is the specific heat at constant pressure, c, is the

specific heat at constant volume. The constant o determines the point of zero incidence loss,

which occurs for ®—am=0.

__cotB1p __ Wsurge_line (2 13)

P1A111 Msurge_line

Where B;,the inlet blade outlet is angle and p; is the density.

- Explanation of how Eqgs 2.12 is obtained from Eqs 2.11 is explained in Appendix A.
- The equation (2.12) can also be considered valid in the unstable area to the left of the

surge line.

e There exist another method for modelling the compressor characteristic which is the
polynomial approximation which is first used by Moore Greitzer 1986 to replace the old
compressor characteristic model. This approximation approximates equation (2.12) with a

cubic polynomial whose expression is given as:
3
Ye(@) = oo + H (1 +15(2-1)-05(2-1) ) (2.14)

The parameters of the previous equation are described in the next figure.

. ¢

Figure 2.4: Definition of the parameter of the approximated cubic polynomial.

However, Egs (2.14) is non-dimensional and it represents the pressure rise not the pressure

ratio. Moreover, it’s only valid for one single speed.

Thus, Egeland and Gravdahl in 2002 approximated each speed line on the compressor’s

performance map with a third order polynomial of the following form: (m is the mass flow)
Y. (m) = com? + c;m? + c,m! + ¢4 (2.15)
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After that, the coefficients were approximated in accordance with the rotational speeds to

have a continuous relationship between the pressure ration and the flow as:

Ci((l)) = CiOwS + Cil(l)z + Ciza)l + Ci3 (216)
Where w is the rotational speed, the final equation will be:
Y.(m, w) = cy(w)m3 + ¢;(w)m? + c,(w)m! + c3(w) (2.17)

e Using data of a real compressor from the compressor map of Vortech S-trim superchargers

(www.vortechsuperchargers.com), a work has been done by Bjorn Ove Barstad to

approximate the nonlinear data with a 3" order polynomial having the form of Egs 2.17

using identification. To approximate the parameters of Eqs (2.17), the scientist used

MATLAB Polyfit function while plot function is used to plot the approximation.

The data used and the polynomial approximation’s representation are shown below:

i i i + + i
: : : [
+ s s s s
S o o A +
I T A A
SRR Bemmeeeeeee- [RRRERREEEE e TR
i s s s +
2 : : | :
® 1.861---- FRREEEEEEEEE Lenees Fo--- + ----- e S
H H H H +
5 T | | |
= S booons +oC . S A
216 : T : ¥
H : : -
T + 4+ :
oo oo oo e
H + + H
. + o+
__________________ e
T i
1 1 1 1 1 1
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Corrected mass flow Ib/min

a

[
P B
t T t
4

2]
T

=
=
-
+
4

Pressure ratio
il P
I B

]

f | | |
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b

Figure 2.5: a) Measurements of a real compressor performance map. b) Polynomial approximation of

the compressor characteristic.

Remarks

- The model polynomial approximation data is taken from Bjgrn Ove Barstad (2010).

- The Matlab files used for the polynomial approximation are given in the Appendix B.
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2.3.2. The valve model

The flow through the valves used in our model (either throttle valve flow my, feed flow
valve ms or recycle valve my can be modelled as flow through a restriction or an orifice. That

is: for instant, the flow through the throttle valve is:

my = CAz\/2p(P1 — P2) = keyJDP1 — P2 (2.18)
Where m is the mass flow through the opening, C is the flow coefficient, Az is the area of the
orifice opening, p is the density of the fluid, and Ap = p; — p, is the pressure drop across the
orifice.( p, is fluid upstream pressure; p, is fluid downstream pressure).
To control the flow through the valve, the orifice area A, can be adjusted from 0 to 100%.

The final model for the flow through the throttle is:

My = kigpy/P1 — P2 = ker/DP (2.19)
To be able to account for the special case p; < p, in Eq2.19, the following modification is
done: my = sgn(py — P2k [P1 — P2l (2.20)
The sgn function is not continuous, but can be approximated as:
sgn(x) = glg?o tanh(ex) (2.21)
And the absolute value is approximated by:

|x| = x.sgn(x) = x.lim tanh(ex) (2.22)
E—0C0

Thus the flow rate through the throttle valve is given as:

me = tanh(e(p; — P2)) ke (P1 — P2)tanh(e(py — py))

2.3.3. Model simulation
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Figure 2.6: Simulink Circuit for the Gravdahl and Egeland Model in Open Loop

The following graphs are obtained after running the previous Simulink file:
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Figure 2.7: Simulation Results of the Open Loop System

2.3.4. Discussion of the results

The Figure 2.7 shows the behaviour of a centrifugal compressor described by the
modified Greitzer model. We let the throttle valve 100% open. Initially the compressor is stable
and the design mass flow rate for the compressor is 0.361 kg/sec. To disturb our system or in
other words make it enter the surge region, we had to reduce the feed flow. To do so, we forced
the feed flow valve to close starting from t = 3 sec, then the mas flow starts to decrease towards
lower mass flow rates. The compressor remains stable until approximately t=4.3sec where the
feed flow valve is completely closed. This transition between the stable and the unstable state
of the compressor is due to the decrease of the charge on the compressor blades until the
operating point reaches the surge point (t=4.3sec). It can be found from the simulation results
that the surge cycle has a frequency of approximately 6 Hz. The suction pressure and the
discharge pressure decrease; the discharge pressure decreases from 11 x 10+ Pa to 10.45 x 10¢
Pa then enters to a cyclic behaviour, and the suction pressure decreases from 10.15 x 10+Pa to
7 x 10+ Pa (Fig.2.7.C) to enter a cyclic behaviour. Whereas, rotating speed of the compressor
and the pressure ratio increase to a higher value. The rotating speed increases from 2400 rad/s
to approximately 5800 rad/s. This increase of speed and pressure ratio is due to the small load
applied on the impellers. The operating point of the compressor enters surge once the feed valve
is completely closed (Fig.2.7.E).
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2.4. Compressor closed loop modelling (recycle mode)

In the closed loop configuration, a throttle flow is fed back to the compressor via the recycle

valve. (Figure below)

)

LA

Recycle line

mp m

V1, p1, T4 — V2.p2.T2

L 4

Drive \| ) —
/ e

m

Figure 2.8: A Centrifugal Compressor with Recycle Loop and Motor [19].

Applying the mass balance principle to the downstream volume shown in Figure 2.8:
Vipr =my —m+m, (2.23)

Where V;is the downstream volume, m, is mass flow into the downstream volume and m

is the mass flow through the compressor. m,. is the recycle mass flow given as :

m, = k,/Ap, (2.24)

k. is a gain proportional to the opening of the valve in the recycle loop and Ap, is the
pressure drop across the recycle valve.
Assuming that the gas is ideal and isentropic it can be shown that:

P1 = a§1p1 (2.25)
Combining the Eqgs 2.23 and Egs 2.25, the final equation for the mass balance of the

2
downstream volume is: Py = % (ms —m +m,) (2.26)
1

We assume the same sonic velocity of the gas in the upstream volume, the mass balance

can now here be described by: p, = av—gl (m— m,—m,;) (2.27)
2
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The expression for mass flow in the duct from the outlet of the compressor to the upstream

volume in Fig2.8 is developed based on the momentum balance. [19]

This expression is defined as follows:
i =2 (Pe(m, @)ps — p2) (2.28)

The resulting compressor model with a recycle line driven by a shaft can be summarized

2

as: P1 =aV—°11(mf—m+mr)
. ad,

Py =7, (m— m,—m)

= 7 (We(m, )py — p2)

w:}(rd—rc) (2.29)

2.4.1. Model simulation and results
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Figure 2.9: Simulink Circuit of the Closed Loop Model

The following graphs are obtained after running the above Simulink file:

Mass flow (kg/sec)
Mass flow (Kg/sec)

Time (sec) Time (sec)

A. Mass flow B. Throttle flow
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Figure 2.10: Simulink Results of the Closed Loop

2.4.2. Discussion

The recycle mode is used to eliminate the surge manually. This is done by inserting
a recycle valve that feedback the throttle flow to the compressor (plenum 1) and opening it
whenever the compressor is likely to enter the surge. The simulation results shown in Figure
2.10 show the results of opening the recycle valve at time t=6sec on the different parameters of
our compressor. Before t=6sec, Figure 2.10 shows that the obtained simulation results are the

same as the ones of open loop mode, that is:

At t=3sec, the feed flow valve begins to close causing the operating point to move
towards the surge region, the compressor and throttle flows begin to decrease, the discharge
and the suction pressures as well while the speed starts to increase due to the small load applied
on the impellers. This remains until t=4.10sec where the compressor enters the surge.

From t=4.10sec to t=6sec:

23



SAAMESARALCE CENTRIFUGAL COMPRESSOR MODELLING

» Discharge pressure decreases from 11x 10+ Pa to 10.15 x 104 Pa, the suction pressure
decreases also from 9.35 x 10+Pa to around 4 x 10¢Pa (Fig.2.10.D).
» Rotating speed increases from 2400 rad/s to around 6000rad/s. (Fig.2.10.E).
At t=6sec, the manual control of our compressor via the recycle valve starts. Once the
valve starts to open, more mass flow through the system is allowed by compensation of the
flow in the suction plenum. The higher mass flow leads the operating point to shift to the right

and the surge begins to disappear making the compressor stable.
* When the recycle valve is opened:

» The compressor speed decreases due to the higher mass flow load applied on the
impellers and stabilizes at 1650rad/s.

» The mass flow stabilizes at 0.35 kg/s.

» The suction and the discharge pressures stabilise at 9.15 x 104 Pa and 10.15 x 104 Pa

respectively.

2.5. Conclusion

In this chapter, a detailed literature of the modelling of compressors has been presented.
The models stated include the linear and the nonlinear ones. We used the developed Greitzer
nonlinear model to describe the internal dynamics of our compressor in both open loop and
closed loop configurations. A simulation using Matlab-Simulink was done to the two model
configurations.

From the results of this simulation, we can conclude that when the flow rate is under
certain small value, the compressor enters the surge region thereby becomes unstable unless a
recycle valve, located between the suction and discharge tanks, is used. It is clearly seen from
the simulation results that when the recycle valve is opened, the flow is upheld in the safe region
where the compressor behaves stably.

Since the valve should always be opened manually, this latter must be controlled. In the

next chapter, a method of controlling the recycle valve is going to be used.
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3.1. Introduction

When a compressor reaches its surge condition, the entire system becomes unstable.
This will cause severe damages to the compression system. Preventing the surge phenomena
becomes then an obligation. Various preventing techniques and anti-surge control techniques
were developed and used through literature but the most common way is to recycle a portion of
the flow and the discharge to keep the compressor away from its surge limit. To do so, a recycle
valve is inserted between the discharge plenum and the suction one. Thus, preventing the surge
is controlling the percentage opening of this valve; this limits the operation of the compressor
to flow rates. The control action consists to open the valve by a certain amount when the
operating point of the system approaches a certain line called the surge-control (SCL) defined
based on the surge margin for a particular compressor. A PID controller may be very efficient
as anti-surge control technique. To confirm that, it will be used in this chapter as a control

technique.

3.2. PID controller

Proportional-Integral-Derivative (PID) control is the most common control algorithm
used in industry and has been universally accepted in industrial control. The popularity of PID
controllers can be attributed partly to their robust performance in a wide range of operating
conditions and partly to their functional simplicity, which allows engineers to operate them in
a simple, straightforward manner. As the name suggests, PID algorithm consists of three basic

coefficients; proportional, integral and derivative which are varied to get optimal response. [20]
3.2.1. PID structure

PID controller is a control loop feedback controller according to Figure 3.1.

o P K (1)

+ e() : . ¥ u® - ¥(©
—Setpoint Error —» K, | e(v)dr *@)ﬁ Output —»
I

A

D K, dz(:)

Figure 3.1: A block diagram of a PID controller in a feedback loop. [21]
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e(t) is the tracking error and y(t) is controlled (output) variable.
¢ Kp is the proportional gain;

e Ki is the integral time;

e Kad is the derivative time.

The control input is given as:

de(t)

u(t) = Kpe(t)+ Kifot e(t)dt + KdT

(3.1)
Equivalently, the transfer function in the Laplace Domain of the PID controller is

L(s) = Kp+ =+ Kd (3.2)

Figure 3.2: PID Controlled System. [20]

3.2.2. Effect of a PID Controller parameters on a system

characteristics:

The P, I and D parameters of a PID controller affect the system dynamic. Four main

characteristics of the closed-loop step response are evaluated:

> Rising time: The time it takes for the control system output to rise beyond 90% of the

desired level for the first time.

» Overshoot: How much the peak level is higher than the steady state, normalized

against the steady state.

» Settling time: The time it takes for the system to converge to its steady state.

» Static error: The difference between the steady-state output and the desired output.

The following figure gives a more clear idea about the four characteristic of a closed loop step

response.
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Figure 3.3: Step response of a PID. [20]

Proportional term effect: The proportional gain (K,) determines the ratio of output
response to the error signal. In general, increasing the proportional gain will increase the speed
of the control system response. However, if the proportional gain is too large, the process
variable will begin to oscillate. If K, is increased further, the oscillations will become larger

and the system will become unstable and may even oscillate out of control.

Integral term effect: The integral component sums the error term over time. The result
is that even a small error term will cause the integral component to increase slowly. The integral
response will continually increase over time unless the error is zero, so the effect is to drive the
Steady-State error to zero. Steady-State error is the final difference between the process variable
and set point. However, since the integral term responds to accumulated errors from the past, it
can cause the present value to overshoot the set-point value.

Derivative term effect: The derivative component causes the output to decrease if the
process variable is increasing rapidly. The derivative response is proportional to the rate of
change of the process variable. Increasing the derivative time (Tq ) parameter will cause the
control system to react more strongly to changes in the error term and will increase the speed

of the overall control system response. [20]

The following table summarises the effects of P, | and D parameters on the system

performance.
Parameter Rise Time Overshoot Settling Time  Static Error
P Decrease Increase Small Change Decrease
| Decrease Increase Increase Eliminate
D Small Change Decrease Decrease Small Change

Table 3.1: Effect of increasing the PID parameters independently.
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Playing with the values of the three parameters (independently) of a PID as shown above
in the table is one method of tuning a PID controller.

Another manual method is the Ziegler—Nichols method (open loop and closed loop)
which is a trial and error tuning method based on sustained oscillations that was first proposed
by Ziegler and Nichols (1942). This method that is probably the most known and the most
widely used method for tuning of PID controllers. K: and Ka gains are first set to zero. The
proportional gain is increased until it reaches the ultimate gain, K., at which the output of the
loop starts oscillating. £« and the oscillation period T. are used to set the gains as shown in the
following table. [22]

Control Type Kp Ki Kd
P 0.50Ky - -
PI 0.45K, 1.2Kp/Ty -
PID 0.60Ky 2Kp/Ty KpTu/8

Table 3.2: Ziegler-Nichols method. [22]

Most modern industrial facilities no longer tune loops using the manual calculation
methods. Instead, PID tuning and loop optimization software are used to ensure consistent
results. These software packages will gather the data, develop process models, and suggest

optimal tuning.

Mathematical PID loop tuning induces an impulse in the system, and then uses the
controlled system's frequency response to design the PID loop values. In loops with response
times of several minutes, mathematical loop tuning is recommended, because trial and error can
take days just to find a stable set of loop values. Optimal values are harder to find. Some digital
loop controllers offer a self-tuning feature in which very small set-point changes are sent to the

process, allowing the controller itself to calculate optimal tuning values.

Other formulas are available to tune the loop according to different performance criteria.
Many patented formulas are now embedded within PID tuning software and hardware modules.
[23]

3.3. Control of the recycle compression system using PID controller
Surge in turbo compressor systems is a very fast phenomenon, even too fast to be
detected by conventional instruments. Therefore surge must be prevented rather than controlled.
These systems, although they prevent surge rather than control surge, are commonly called

“surge control systems”.
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To control or more conveniently to prevent the surge, generally the opening of the
recycle valve, which is considered as an actuator, is controlled using different control

techniques or algorithms:

- Standard PID type algorithm;

- Genetic anti-surge controller;

- Intelligent regulator (Fuzzy Logic)
- Advanced controller;

- Predictive controller

In this chapter, we will use the PID controller to prevent the operation of the compressor

in the unstable region.

The surge in a compressor occurs when the system is operating at small flow rates. In a
compressor map, the surge is described with a surge line (SL) in the compressor map. This line
lies points which are near the maximum of different compressor characteristic curves
corresponding to different shaft speeds. To avoid any entrance to instability region, a surge
control line (SCL) is drawn parallel (in the right) to the SL. Depending on the operating point
of the compressor (whether it is, on the left or on the right of the SCL), the PID controller should
send a signal to the recycle valve to either open or close.

When the operating point is right to the surge control line, the controller is off. When
the operating point is left to the surge control line, a PID-controller is used to bring the operating
point back to the right.

3.3.1. Principle of PID controller in Recycle Compression

systems

We now define a new constant “d” which represents the horizontal difference distance
between the current operating (P1) point of the compressor and the surge control line (SCL) in

the compressor map. (Figure 3.4)
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WscL

m(Kg/sec)

d<0 d>0

Figure 3.4: Outline of a Recycle Controller.
Where:

d=m; —mgc (3.3)

And m;is the mass flow of the operating point Pi and m;s;, is its corresponding surge control

line mass flow.

The SCL is estimated to be linear having the following form:
YscL = a*Mge, + b (3.4)

Then mSCL = M (35)

a

Where:

a: The slope of protection line;
- b: The horizontal surge margin to the surge line;
Yscr: The pressure ratio of the surge control line (SCL) &

- mgcr: The flow of the surge control line (SCL).
Remark

- The coefficients “a” and “b” are approximated from the data given by the s-trim

supercharger’s manufacturer (using Least Square Estimator).

30



SIS S PID CONTROL OF THE RECYCLE VALVE

When the distance “d” is positive, the operating point is located to the right of the control

line, then nothing should be done. In other words: the controller must be off.

When the distance is negative, i.e. the operating point is located to left of the control line,

in this case, its positive value is used as input to the controller to turn it on.

The error then can be defined as:

~ { 0 d>0 (3.6)
®T1-d Otherwise (3.7)

Thus, the output of PID controller is given by:

de(t)
dt

v(t) = Kye(t) + K; f e(t) + Kp (3.8)

This output signal controls the percentage opening, or the flow percentage of the recycle valve.
So the recycle valve equation will be:

my = ul,/ (P2 — P1) (3.9)

The three parameters used of the PID are found by trial and error method. They are
found to be as follows; P=5, 1=0.005 and D=0.15.

The following Simulink block is constructed to calculate the distance difference “d” then check
its sign. If it’s negative, the value “—d” will be used as an input reference of the PID controller.

This latter computes the signal “u”.

FID Controller

Subtract

Subsystem2

psi_c
Imerse of the SCL

Figure 3.5: Controller structure.

3.4. Simulation and Results:

3.4.1. Simulation results with opening and then closing feed flow

valve once:
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The following Simulink model describes the whole controlled compression system
which contains the sub-block represented in figure 3.5. The results after running are depicted

also.
B ante pressure Totl mass fow L!l—.lil
L= ]
Throthe fiow > —
* P cle fiow -t ] :
= i : —} g
Fead Niow t3
St Fead flow vahe % opsning mf&mr e
/ Ex ol = i
Ramp Saturation = L
A o ]
; N Pl g2
I, =
‘Compressor sy stem with recycle
t
2
* psi
t
Recycle controller
Figure3.6: The Simulated System.
The results after running the Simulink block shown below:
T 1 I 1
i wr
s
i —
- Feed mass fow
# 1 —Reryemasson |

Mass flow (Kg/sec)

Tineles)

Mass flow (Kg/sec)

Time (sec)

A. Compressor mass flow
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introduced to the system at time ti=3sec by closing the feed flow valve gradually. We can see
clearly from figure 3.7.B that the recycle valve starts to open. This is manifested by the gradual
increase of the recycle flow until it stabilises at 0.16kg/sec. This means that starting from ts, the
tuned PID control is activated opening gradually the recycle valve to compensate the
compressor flow at the suction and preventing the operating point form being at the left of the
surge control line, thus stabilizing the system; This is can be seen from figure 3.7.E where the

operating point of the studied compressor is always at the right of the surge control line (in the

Pressure (Pascal)

! [ !

— Sucton pressre

— Dischaige pessure

Speed (rad/sec)

C. Discharge & suction pressures

Pressure ratio

11

| Time set) ( Tmelsec
D. Impeller speed

— Approximated SCL

—— Compressor operating point 04313

Y:1.105

[ [ [ [ [ [ [ [

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

Mass flow (Kg/sec)

E. Compressor operating point

Figure 3.7: Results of the Simulation.

3.4.1.1. Discussion of the simulation results:

To check whether the tuned PID controller prevents the surge, a perturbation is
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stable region) except at the lower flows (so it is better to start the compression system
manually) but the controller brings it quickly to the right.
- Figure 3.7.A represents the total flow through the compressor where we can see that
just after ty, the flow decreases slightly form 0.47 Kg/s to 0.43Kg/s and then increases
a bit to 0.44Kg/sec and stabilizes there.
- The evolution of the speed can be noticed from Figure 3.7.D where it’s to be noticed
that the speed of compressor increases from zero to 1750 rad/sec before t; and once the
feed valve closes, the speed increases slightly further to reach and stabilize at 1930
rad/sec.
- Figure 3.7.C represents the discharge and the suction pressures. The discharge
decreases when the feed valve starts to close from 10.8*10* PA to 10.14*10* PA and
stabilizes there, whereas the suction decreases from 09.7*10* Pa to 09.15*103 Pa and

remains there also.

3.4.2. Simulation and Results with Alternating Feed Flow
Valve:

Changing the position of the manual switch to the alternating signal (sine wave
with saturation) will open the feed flow valve then close it for several times periodically, this
allows to see how the system is robust and able to reject the disturbances that may happen. The

system is represented in the following figure:

= S i s
o o [ = 1_.‘%,

* D torqus m_t 1
Ta Recycle flow rI

Product > mr
Fead flow I L‘. 5
Stepd -
Sine Mave - = Feadfiow vahe % opening mf&mr » s |
| Switch1  Saturation e ’—E. (3

- Suction pressurs

e T-

Fampi  Sawrationd Manual Switch - 7
n g~
Constant psi

‘Compressor system with recycle e -
t
Clock
u

=

Recycle controller

Figure 3.8: The simulated system.

34



SIS S PID CONTROL OF THE RECYCLE VALVE

Here are the simulation results after running the above block:

— Fegd mass flow

—Recycle mass flow

Mass flow (Kg/sec)

Mass flow (Kg/sec)

[N SO R S S [ P N T DO S S R L1
0 1 1 i 4 § § 1 8 § ] 0 1 2 3 4 5 b 1 8 9 0

Tinelse) Timeu(sec)

A.Compressor mass flow B. Feed and recycle mass flows

I [ [ I

— Sucion pressure

— Discharge pressure

Pressure (Pascal)
Speed (rad/sec)

| | | | | | |

0 ] ] i 5 b 7 § ] 1 0 1 ! i 4 5 § 1 § § 0
Time (56 Time{sec)
C. Discharge & suction pressures D. Impeller speed
115 T T T T T T T T
— Compressor operating point
— Approximated SCL X 0.4308
Y:1.105
g
o
S
)
0
o
E 105 —
1 I I I I I I I I
0 0.05 0.1 0.15 0.2 0.25 03 0.35 0.4 0.45
Mass flow (Kg/sec)

E. Compressor operating point

Figure 3.9: Results of the simulation using periodic input.
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3.4.2.1. Discussion of the simulation results

To evaluate the robustness and the ability of the compressor to reject
disturbances, a periodic open/close signal is applied to the opening of the feed flow valve.

At t=2sec the PID control opens progressively, the recycle valve compensates
the compressor flow at the suction preventing the operating point form being in the left of
the surge control line.

When the sine signal has a positive slope, the feed flow valve closes gradually
leading to the increase of the feed flow. This is logic since there is no need to compensate
the compressor flow at the suction.

Since the disturbance signal is periodic, the system is disturbed again but
stabilized after by the PID controller.

3.5. Conclusion

In this chapter, a classical PID controller was used to avoid and prevent the
surge phenomenon. Before going through the controlling method, a detailed explanation of
the PID controller was given. This controller regulates the percent opening of the recycle
valve based on information on the current operating point of the compression system;
whether it is in the right or in the left of the defined compressor’s surge control line.

Based on the obtained figures describing different internal dynamics of the
compression system, we can see that the PID did stabilise the system (works in the stable
region) and the surge was avoided. The mass flow was stabilised in around (1sec) no
overshoot.

An intelligent regulator, applying the technique of the artificial intelligence
which is PSO is going to be used in the next chapter. This is done to push the operating
point further to the left but never reach the surge line. By doing this, the mass flow should

decrease while the pressure ration of the compressor should increase.
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4.1. Introduction

Metaheuristic algorithms are becoming an important part of modern optimization. A
wide range of metaheuristic algorithms has emerged over the last two decades, and many
metaheuristics such as particle swarm optimization are becoming increasingly popular.

In this chapter, we will be using the particle swarm optimization (PSO) algorithm to
find the maxima of the characteristic curve performance of our compressor which define its
surge line. Working just near the maxima point of the performance insures a high efficiency of
the compressor.

We are going to write a PSO code that suits our problem, the code will be implemented
in Simulink block describing the different dynamics of our compression system. The simulation
of this implementation gives specific results and graphs that will be discussed and compared to

those obtained when using a PID during the previous chapter.

4.2. Optimisation algorithms

The never ending search for productivity has made optimisation a fundamental concern
for engineers. Quick process, low energy consumption, short and economical supply chains are
now key success factors. Optimisation problems are concerned with finding the values for one
or several decision variables that best meet the objective(s) without violating any constraint.
Many of numerical optimisation problems cannot be solved analytically and might even be non-
differentiable. Thus, gradient based methods (calculus) cannot be used. Numerical algorithms

were then proposed to solve these problems.

Several meta-heuristic methods have been developed to solve various optimisation
problems. These can be classified into different groups: deterministic, iterative, stochastic,
population-based, etc. An algorithms that works with a set of solution is called as iterative
algorithm based on population. [24]. Depending on the nature of the phenomenon simulated by
the algorithms, the population-based heuristic algorithms have two important groups:
Evolutionary Algorithms (EA) and swarm intelligence based algorithms. Some of the
recognized evolutionary algorithms are: Genetic Algorithms (GA), Differential Evolution (DE),
Evolution Strategy (ES), Evolution Programming (EP), Artificial Immune Algorithm (AlA),
and Bacteria Foraging Optimisation (BFO) etc. Some of the well-known swarm intelligence
based algorithms are: Particle Swarm Optimization (PSO), Ant Colony Optimisation (ACO),
Shuffled Frog Leaping (SFL), and Artificial Bee Colony (ABC) algorithms, etc. Besides the

evolutionary and swarm intelligence based algorithms, there are some other algorithms which
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work on the principles of different natural phenomena. Some of them are: the Harmony Search
(HS) algorithm, the Gravitational Search Algorithm (GSA). Biogeography-Based Optimisation
(BBO), the Grenade Explosion Method (GEM), the league championship algorithm and the
charged system search. [25]

Many meta-heuristic algorithms have been devised and modified. Scientists now
work on Hybrid global optimization methods to improve the performance of the stated
optimising algorithms. They attempt to combine the beneficial features of two or more
algorithms to come up with an algorithm that can be powerful for solving challenging non
convex optimisation problems. [26].

In this chapter, the particle swarm-optimising algorithm is going to be used to find

maxima’s of the characteristic curves of our compressor for better efficiency.

4.3. Particle Swarm Optimisation (PSO) algorithm for controlling
the recycle valve

4.3.1. Introduction and overview

Particle Swarm Optimisation was first introduced by Dr. Russell C. Eberhart and Dr.
James Kennedy in 1995. The initial ideas on particle swarms of Kennedy who is a social
psychologist and Eberhart who is an electrical engineer were essentially aimed at producing
computational intelligence by exploiting simple analogues of social interaction, rather than
purely individual cognitive abilities. [27]

The PSO algorithm simulates the behaviours of bird flocking. When a group of birds
are randomly searching food in an area. There is only one piece of food in the area being
searched. All the birds do not know where the food is. But they know how far the food is in
each iteration. The best and effective strategy to find the food is to follow the bird that is nearest
to the food.

PSO learned from the scenario and used it to solve the optimisation problems. In PSO,
each single solution is a "bird" in the search space. It is called "particle”. All of particles have
fitness values that are evaluated by the fitness function to be optimized, and have velocities that
direct the flying of the particles. The particles fly through the problem space by following the

current optimum particles until reaching the optimum point (where the food is). [28]
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4.3.2. PSO algorithm for optimisation

In PSO each solution to the problem at hand is called a particle. At each time t, each
particle, i, has a position in the search space.

Xti =< Xti1 Xtz Xtid >
Where d is the dimensionality of the solutions (number of variables of the problem).

A set of particles S = {xf,xg, ,x,tn} is called a swarm. Particles have an
associated velocity value that they use for flying (exploring) through the search space. The
velocity of particle ‘i’ at time t is given by:

Vii =< Vti1,Veiz s Veia >
Where: Uy ;i is the velocity for dimension k of particle i at time t.

Particles adjust their flight trajectories after each iteration by using the following updating

equations:
- Vig1ij = Veij €6 x 1 * (pbeSti,j - Xt,i,j) +Cp xTp * (gbestg’i - Xt,i,j) (4.1)
Xe41,ij = Xij T Vea,ij (4.2)
Where:

pbesti,j is the value in dimension j of the best solution found so far by particle i;

pbest; = < pbest; 1 ,pbest;, ,...,pbest; ; >is called personal best. Where
each element of is personal best at a certain axis which represent a variable.

gbestg,i is the value in dimension j of the best particle found so far (best previous position
among all the particles in t-th iteration) in the swarm (S) .

gbest; = < gbest; 1, gbest;, , ..., gbest; ; > is considered the leader (global

best) particle.

It is to be noted that through pbest and gbest, each particle “i” takes into account
individual (local) and social (global) information for updating its velocity and position. In
that respect, ci, c2 € R are constants weighting the influence of local and global best
solutions, respectively. r1, r ~ U[0,1] are values that introduce randomness into the search

process.
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The swarm is randomly or uniformly initialized, considering restrictions on the

values that each dimension can take. Next, the “goodness” of each particle is evaluated by
the fitness function and gbest and pbest are initialized. Or they can be initialized

randomly also by giving them the values of the position of each particle of the swarm.
Then, the iterative PSO process starts, in each iteration:
1) The velocities and positions of each particle in every dimension are updated
according to Equations (4.1) and (4.2);

i) The goodness of each particle is evaluated using the fitness function;

iii)  gbest and pbest are updated if needed for each particle.

This process is repeated until either a maximum number of iterations is reached or a
minimum fitness value is obtained by a particle in the swarm and an optimal solution is
found.

The fitness function is used to evaluate the aptitude (goodness) of candidate
solutions. The definition of a specific fitness function depends on the problem at hand; in
general, it must reflect the proximity of the solutions to the optima. A fitness function  F:
Y — R, where Y is the space of particles positions, should return a scalar f(x;) for each
particle position x;, indicating how far particle i is from the optimal solution to the problem
at hand. [29]

Particle swarm optimization (PSO) has experienced many changes since its
introduction in 1995. As researchers have learned about the technique, they have derived
new versions, developed new applications, and published theoretical studies of the effects
of the various parameters and aspects of the algorithm. [27]

In 1998 Shi and Eberhart came up with what they called PSO with inertia. To control the
velocity, the inertia weight is multiplied by the previous velocity in the standard velocity
equation and is linearly decreased throughout the run.

Another PSO implementation called PSO Constriction Coefficient was developed by
Clerc in 2000. Using a constriction coefficient results in particle convergence over time. That
is the amplitude of the particle’s oscillations decreases as it focuses on the local and
neighbourhood previous best points. Though the particle converges to a point over time, the

constriction coefficient also prevents collapse if the right social conditions are in place. [30]
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4.3.3. Neighbourhood topologies [31]

The PSO algorithms can be classified into two main types according to the topology of
the swarm global PSO and local PSO. In the (standard) global PSO, all the particles are
neighbours of each other (fully connected topology). Therefore the position of the global best
particle is propagated to the whole swarm and affects the velocity update. Generally speaking,

global PSOs usually converge faster and get trapped in local optima more easily.

In local PSO variants, particles are grouped into neighbourhoods according to a certain
strategy. In this variant only the neighbour particles of a given particle can influence its velocity
update. Consequently, local PSOs converge slower than global PSOs but are less likely to be
captured in local minima due to greater population diversity. An overview of the topologies

available is depicted in the picture below:

(1) (2) (3)
‘.o o %, ¢ %,
& e o © o}
o g o & o
." g © g ©

Figure 4.1: Graphical representation (1) Fully connected (2) Ring and (3) Von Neumann topologies.

- The fully connected topology: It is the standard configuration where all the particles
are neighbours of each other

- Ring topology: Every particle is connected with its preceding and its following particle.

- Von Neumann topology: Every particle is connected with 4 other particles, the two
following and the two previous, wrapping around at the beginning and the end of the

population.

4.3.4. Implementation of PSO in Matlab to optimise the ¥.

function

To write the code of the PSO algorithm that finds the maximums of the ¥. function, we
used the ring topology where each particle has a local best. The swarm is then divided into sub-

swarms of three particles each. The local best of each sub-swarm is obtained by comparing the
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fitness value of a particle’s personal best with the fitness value of its two neighbours; the
preceding one on its right and the following one on its left.

Finally, all the local bests are compared to find their maximum, which is our optimum
solution for a specific impeller speed. We also introduced the inertia weight coefficient to

Eqgs(4.1) to control the increase of the velocity. The following figure shows a flowchart of our
PSO algorithm code.

=

Initialise nbr of swarm particles — nbr of iteration — variables bounds
¥
For i =1 to nbr of particles: - Initialise randomly or uniformly the particles’
positions and velocities

- Set (initialise) particle best and local best

}

Set the global best (gbest) as the maximum of the initial local bests

!

For i=1 to nbr of particles: Update particle’s position i’ and velocity 'i’ using
Eqgs (4.1) & (4.2) respectively

For each particle ‘i":

Is F(current position ’i’}>=F(current particle best 'i’)?

Set particle best i’ (pbest) = current position ’i’ | Keep previous pbest

IA
)

For each particle best (pbest) ‘i':

Is F(particle best(i))>=F(current local best(i-1)&
F(particle best(i))>=F(current local best(i+1)?

Set local best 'i’ (Ibest) = Particle best 'i’ l Keep previous Ibest

e

For each local best i":

Is F(local best(i)) >= F(Global best)?
No
y
Set Global best (gbest) = local best ‘i’ l Keep previous gbest
l‘ \
|

No

Is Maximum iteration or
maximum error condition met?

Figure 4.2: Flowchart of the PSO ring-topology algorithm.
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The purpose behind the implementation of the PSO algorithm is to find the maximums
(for each speed) of the characteristic equation . of the compressor seen in the second chapter

Egs (2.12), given as:

K
'r2 k-1
urfw? — % (w —am)? — kym?

k#1
CpT01

Y(mw)=| 1+

The optimisation is done because it is known that the compressor operates at complete
efficiency just near the maxima of its characteristic equation at the limit of the unstable region.

These maximum values define the surge line SL.

Therefore, our fitness function is be the characteristic equation of the compressor ..

This latter is a function of two variables: the mass flow and the speed.
After substituting the different parameters of the 1. equation, this latter will become:

0.0035 * w? — 0.00078013(w — 9197.9 * m)? — 0.0178 * m?
20100

d)c(m, (’)) = ( 1 + )3'5

To test the written code, let the following speed vector:
w(rad/sec) =[800 850 900 9501000 1050 1100 1150 1200 12501300 1350 1400]
We run the written code to obtain the maxima of the fitness function (i) for every speed of the

previous vector. The surge control line SCL can also be found by just adding a safe margin to
the SL.

The points defining the two lines are shown in the following table:
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Speed (rad/sec) msL(Kg/sec) Pgr MscL YseL

800 0.0880 1.4474 0.0968 1.4460
850 0.0920 1.5139 0.1020 1.5128
900 0.0960 1.5868 0.1056 1.5859
950 0.1040 1.6667 0.1140 1.6646
1000 0.1080 1.7538 0.1188 1.7521
1050 0.1160 1.8489 0.12760 1.8457
1100 0.1200 1.9526 0.1320 1.9497
1150 0.1240 2.0665 0.1364 2.0629
1200 0.1320 2.1881 0.1452 2.1838
1250 0.1360 2.3216 0.1496 2.3138
1300 0.1400 2.4665 0.1540 2.4630
1350 0.1480 2.6239 0.1628 2.6180
1400 0.1520 2.7946 0.1672 2.7893

Table 4.1: The extreme values of Wc function obtained from the PSO code.

Using the maximum values and their corresponding pressure ratio in the table above,
the approximated surge and controlled surge lines are easily obtained using the LSE (least

square estimator).
The approximated surge line is found to be equal to: Ys. =20.2964ms. — 0.4115  (4.3)
While the approximated surge control line is obtained as: ¥WscL = 18.3884mscL — 0.4062 (4.4)

The Fig.4.2 below shows a resultant compressor map when the compressor is operating at

certain speed values with the real surge and surge control lines.

= Surge line

Surge control line
—— w = 800 rad/sec =
— w =850 rad/sec
—— w =900 rad/sec
w = 950 rad/sec
w = 1000 rad/sec
—— w = 1050 rad/sec
w = 1110 rad/sec
—— w = 1150 rad/sec
——w=1200rad/sec |7
w = 1250 rad/sec
w = 1300 rad/sec
w = 1350 rad/sec
— w = 1400 rad/sec

:
0.7 0.8 0.9

Pressure ratio

Mass flow (Kg/sec)

Figure 4.3: Compressor map using PSO algorithm.
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4.3.5. Implementation of PSO algorithm in Simulink-Matlab

The written code of PSO Algorithm is used in this part to create a Simulink block that
controls our compression system. Again, the main idea of using PSO is to find the maximum
values of the . function defining the surge. A PID controller is also used to control the
percentage of opening the recycle valve.

As known, the compressor operates at full pressure ratio or 100% efficiency at maxima
of the compressor characteristic (psi function). Therefore, the implemented optimising block
calls the PSO code instantaneously to compute the value of the mass flow (mg,) corresponding
to those maxima (¥s.).

These values of mass flow represent the minimum flow values that allow the compressor
to operate in the safe stable region; if the compressor operates at any smaller values, it enters
the surge. A safe margin of 10% is added to these (mg,) values to get the msc. values.

At each instant, each (mg,) value given by the PSO algorithm is compared with the
actual operating mass flow ‘m’ of the system. Where:

Diff = m — my, (4.5)
Then, if the difference is positive, the tuned PID will be off while if it is negative the tuned
controller will be activated.
The error signal which is the input of our PID controller is given as:

e={0 d>0

—d  Otherwise (4.6)

25

1.5

Fressure ratio

|
]
i
i
05 L | Li | L, |
T

FAF) 6] t

Mass flow (Kg/sec) Df ifﬁz Diff >0

Figure 4.4: The PSO strategy of controlling a recycle valve.
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Remarks
- The tuned PID is used to minimise the harmonics that occur during the simulation. The
values of its parameters used are as follows: P=125, 1=6.5 and D=8.
- In this part, we do not approximate the points defining the surge line as an equation of

a straight line. Each point is taken apart to get larger pressure ratio.

4.3.6. Simulation results
We expect from the simulation results that the pressure ratio to increase to a greater
value than the one obtained using the PID, and the mass flow to decrease, because we want to
push the operating point to the left near the points defining the surge but never reach them. As
the mass flow would decrease, we expect the speed of the impellers to increase due to the small
load applied on the impellers.

The following graphs are the simulation results of the model controlled using PSO:
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Figure 4.5: Simulation Results of the controlling using the PSO algorithm.

4.3.7. Discussion

We can see from the simulation results of Figure 4.5 that the expected results were
obtained. This can be seen for example from Figure 4.5.A, representing the mass flow; after
the feed valve was completely closed, the mass flow stabilises at 0.3256 Kg/sec which is a
value smaller than the stabilised mass flow value of 0.44 Kg/sec obtained using just the PID
controller. This indicates that the operating point of our compressor was pushed a bit to the left
towards the surge control line defined by the PSO algorithm. This can be illustrated by Figure
4.5.E, where one can see that the value of the pressure ratio was increased using the PSO
algorithm to a value of 1.303, which was 1.104 using only the PID. The operating point is
always to the right of the points defining the surge.

Since the stabilised value of the mass flow decreased comparing with the one of the
PID, less load will be applied on the compressor impeller causing the speed to increase. Figure
4.5.D confirms this as the speed stabilised at 2640 rad/sec, which is greater than 2000 rad/sec,

the stabilised value obtained using the PID.
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4.4. Conclusion

To increase the efficiency (pressure ratio) of our compressor system and maintain its
stability, we applied the particle swarm optimisation (PSO) algorithm along with the PID
controller. The PSO is used to find, at each instant, the maxima of the compressor characteristic
equation describing the pressure ratio taking into consideration temperature, entropy, flow rate
etc. The mass flow value corresponding to each maxima is then compared with the actual mass
flow. This difference was fed to the input of the tuned PID controller, which is used to minimise
the harmonics that occur during the simulation. Comparing the results of this chapter with the
previous one in which the points defining the surge were approximated as a straight-line
equation, the pressure ratio did increase from 1.104 when using the approximated surge line
and the PID to 1.303 when the PSO was introduced with the PID. The stabilised total mass flow
value decreased in this chapter i.e. lesser flow was recycled via the recycle valve meaning surge

region was less likely to be entered or reached.

The addition of the PSO algorithm to control the opening of the recycle valve gave great

results that match at a high extent our expectations.
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CONCLUSION

Conclusion

Through this thesis, we have firstly treated the mathematical model describing the
operation of the centrifugal compression systems in its open loop configuration which, in
presence of disturbances, the system is driven to its unstable behaviour (surge). In our case, the
disturbance was to close the feed valve. To overcome this instability, the system is converted
into a closed loop one, by introducing a recycle valve (this change the previous model) that
feedback the output (throttle) flow to the compressor’s input plenum, the valve is opened
whenever the compressor is likely to enter the surge.

To begin with, a manual opening of the recycle valve is proposed but due to its high
time response, the compressor enters surge for a period of time then gets stabilised. This can
lead to severe damages in the centrifugal compressor causing it to work inefficiently, and in
countries that have an economy all based on hydrocarbon resources like ours, this method of
controlling might affect the economic production.

The ineffectiveness of the previous stabilising method and its need to human resources
monitoring the compression system and intervening in case of an eventual instability, obliged
us to automate the opening of the recycle valve by introducing a PID controller to the closed
loop configuration of our system. With a good tuning of the PID, system simulation showed
better results; whenever a disturbance is simulated, its effect can successfully be handled by the
system, preventing surge. Certain dynamics’ behaviour (mass flow, pressures...) decreased
after the disturbance, however, the controller quickly raises and smooth them.

In both previous controlling techniques, the instability was prevented at an extent and
the system functioned properly. Yet, it has been noticed that the compressor did not worked
with high efficiency i.e. the pressure ratio value was not that high. To increase it, the Particle
swarm optimisation (PSO) algorithms is used. Introducing it to the compressor system did
increase its pressure ratio and stabilised the different compressors’ parameters with along the
PID.

The stabilisation of the different compressor’s dynamics and the optimisation of its
pressure ratio were accomplished at the end of this work. As a future work, self-tuning
controllers can be used along with other metaheuristic optimising algorithms (GA, Ant colony

...) to stabilise the compressor and increase its efficiency.
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APPENDICES

Appendix A [18]

The compression process is modelled as an isentropic compression from poz to po2
followed by an isobaric entropy increase. The change in stagnation enthalpy in the isentropic
compression is denoted Ahgs, While according to Ferguson (1963) the entropy increase is due
to the shock loss Ahgi related to incidence loss at the blade inlet and in the diffuser, and the
fluid friction loss Ahor. The total increase AhOt of the stagnation enthalpy of the fluid
contributed by the rotor is

Ahot(®,m) = AhOs(w,m) + AhOi(w,m) + AhOf (m) (A1)

The compressor characteristic is defined by:

Pe(m, w) = =2 (A.2)

i)
Poy1

Then, from the standard isentropic relations we get:

k K
Yelm, w) = (22 ) = ( 1+ %)’H (A3)
Where TOcs is the stagnation temperature that would result at the rotor outlet if the
compression from p01 to WcpO1 had been isentropic, and
Ahos(w,m) = Ahot(w,m) - Ahgi(w,m) -Ahgr (m) (A.4)
Following Ferguson (1963), we assume the following expressions for the changes in

stagnation enthalpy:

Ahot = pr22w? (A.53)
Ahgi = r? [2(w — om)? (A.5b)
Ahor = kem? (A.5c)

It is emphasized that the controller design and stability analysis presented below will still be
valid for more elaborate expressions for the changes in stagnation enthalpy. In fact, the results
that are presented are also valid for numerical approximations of the compressor characteristic
@c (o,m).

Combining the (A.3), (A.4) and (A.5), the following expression is found for the compressor

characteristic:

k_
k-1

2
2,2 "1 2_j . .m?
pro ey ) With k#l (A.6)

CpTor

Ye(m w) = (1 +
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Appendix B [32]

%% COMPRESSOR CHARACTERISTIC APPROXIMATION
%
%% Compressor type: Vortech S-trim

%% AUTHOR: Bjgrn Ove Barstad

erimeter diameter

D2 = 0.119;

tspeedvector
N = [20000 25000 30000 35000 40000 45000 50000]; %RPM (=speesd)

%zero flow pres
2eq. 13.50 (
P5I_czero [1:
for i = 1 : length(N)

PSI czero = [PS5I_czero (1 + (pi~2*% (N({i)/&0)~2 *(D2°2 - D1~2))/(2%c_plenum*T_01))" (kappa/ (kappa - 1))]:

end

% MANULL
% FOR DIF.
x_corrected = {}:
v = ik

Fpoints for the speedlin rom
x_corrected(l) = {[-10 0 10 20 30 40]}:
v(1) = {[1.1% P5I_czero(l) 1.175 1.185 1.18 1.13]};

Fpoints for the speedlin rom
x_corrected(2) = {[-10 0 10 20 30 40 50]}:
vi(2) = {[1.37 P5I_czero(2) 1.275 1.30 1.305 1.285 1.245]};

fpoints for the speedline 3 ) rpm
x_corrected(3) = {[-10 0 20 30 40 50 &0]}:
¥(3) = {[1.45 P5I_czero(3) 1.435 1.45 1.445 1.42 1.365]};

0 rpm

x_corrected(4) = {[-10 0 20 30 40 50 &0 70]};

v(4) = {[1.55 P5I czero(4) 1.58 1.617 1.625 1.617 1.57 1.48]};
Fpoints for the speedline 40000 rpm

x_corrected(s) = {[-10 0 30 40 50 &0 701}:

v(5) = {[1.80 P5I czero(5) 1.81 1.83 1.825 1.8 1.733]1};
Fpoints for the speedline 45000 rpm

x_corrected(6) = {[-10 0 40 50 €0 70 BO]}:

v(8) = {[2.10 P5I czero(&) 2.09% 2.095 2.095 2.06 1.93]}:
3points for the speedline 50000 rpm

% corrected(7) = {[-10 O 50 &0 70 BO]}:

¥(7) = {[2.30 PSI_czero(7) 2.385 2.4 2.335 2.17]};:

X CORBRECTED = []:
¥ =11
for i = 1 : length(x corrected)

for 3 = 1 : length(x corrected{i})

¥ _CORRECTED = [X_CORRECIED x corrected{i}(j)1-

¥ = [¥ wiir(3)1:

end
end

hold on

scrsz = get (0, 'Scree
figure (1)

set (1, "Position’, [ (scrsz (3)/2 - 466/2) (scrsz(4)/2 - 411/2) 466 411]);
plot (X_CORRECTED, Y,'+'),grid,axis([-10 90 1.0 2.41)

Xlabel ('Corrected mass flow 1lby )

¥label ('Pressure ratio')

ize'}:

YNOMIAL APPROXIMATION

%in mass flow

BOLY = []:
for i = 1 : length(x_corrected)
POLY = [POLY: polyfit(x corrected{i},y{il},3)]:
end
% POLYNOMIAL APPROXIMATION OF
%the approximation wil en b
in rotational speed

for i =1 : 4
¢ = [c; polyfit (N, [POLY(1,i) POLY(2,i) POLY(3,i) POLY(4,i) POLY(5,i) POLY(6&,i) POLY(7,i)],3)]1;:

end|
dlmwrite('c matrix', c);
clear all

Figure B.1: Spline approximation of measured data of an S-trim superchargers compressor.



