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ABSTRACT

Automatic Voltage Regulator (AVR) is necessary for all power stations producing
electricity using synchronous generators (SGs) to ensure constant voltage for the grid
connection. This final year report aims to design and implement an AVR based PI-
characteristics using Programmable Logic Controller (PLC) for the laboratory 1.5kVA
salient pole Lab-volt SG.

Primarily, a mathematical model for the SG is developed. Open circuit, short circuit
and three-phase sudden short-circuit tests were realized for several tries in order to
accurately identify the different parameters (Xg, X'a, X4, Xq, T'q and Tg, etc.) of the SG.
Secondly, static self-excitation system is used where a part of the generated voltage is fed-
back to the exciter via a semi-controlled rectifier consisting of thyristors and diods. The
PLC outputs a control signal to the implemented ramp-comparator strategy firing circuit in
order to generate firing pulses to the thyristors. Particle Swarm Optimization (PSO)
technique is developed in Matlab to tune the PI-gains.

Lastly, the functionality of the AVR is tested for three different cases where small-
and high-valued loads are connected at the SG terminals. The complete system response is
shown in terms of voltage and current. Results are discussed validating the use of the AVR

implemented.
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GENERAL INTRODUCTION

Power plants have huge importance in electricity generation stations, both in term of
production and stability. It is essential that the electricity produced by power plants is stable and
of good quality. Most power plants rely on Synchronous generators (SGs) to provide power to the
grid. The SGs used are usually of big size and weight, the inertia provided by the rotating mass is
significantly huge preventing a lot of disturbances from the grid to affect the rotational speed.
Furthermore, the grid connected SGs must be able to maintain a constant level of terminal voltage
despite of the disturbances that may cause the deviation of the terminal voltage from its desired
value.

The terminal voltage of SGs is monitored and maintained constant by regulating the field
current, the automatic voltage regulator (AVR) handles the regulation of that current. The AVR is
a device designed to automatically maintain a constant terminal voltage by taking a proper action
adjusting the filed current, combined together the AVR and the exciter construct the excitation
system.

A typical power conditioner device is an AVR combined with one or more of the
following: Surge suppression, short-circuit protection, line noise reduction, phase-to-phase
voltage balancing, harmonic filtering, etc. The AVR is mainly used for financial reasons. The
deviation from the desired output value may cause malfunction or permanent failure to the
supplied electrical equipment that will result in extra costs and downtime. Thus, the AVR is used
to primarily maintain voltage within a range of 5% error for safety purposes of the equipment.

The report is structured into five main chapters. Chapter 1 introduces the SG and the
development of its mathematical model. For that reason, SG parameters are accurately identified
through different identification tests. The tests are then briefly explained and illustrated. Chapter 2
discusses the used excitation system with the AVR based PID- and Pl-characteristics. The PID-
gains are tuned using the classical Zero/Pole cancelation method in which a simplified model for
the SG is developed. The Pl-gains on the other hand are tuned using the Particle Swarm
Optimization algorithm (PSO). In the 3™ chapter, the complete system is constructed in
Matlab/Simulink where simulation is performed. Validation of the developed SG-model and the
results of the closed-loop dynamic performance of the controlled system are provided and
discussed. The hardware setup of this project is discussed in the 4™ chapter. The firing circuit
implemented as well as the PLC code developed are explained. Lastly the report is ended up with

general conclusion.



CHAPTER 1 : Modelling and Identification of Synch. Generator

1.1 Introduction

A complete synchronous generator (SG) model consists of a combination of a model
structure and a set of parameter values. This definition can be broken into two parts. The first part
is the construction of the model structure which is the basic form for machine representation. The
second part is the evaluation of the model parameters. [1]

The model structure can be formed as lumped-parameter equivalent circuit, transfer
function, differential equation representation, etc. On the other hand, the model parameters can be
evaluated either based on the manufacturers’ data, experimental test results, or some other
techniques. [1]

This chapter presents the SG model which is currently used for system studies and

analysis. It also represents the tests used in determination of the model parameters and the

experimental results of these tests.

1.2 Conventional Model Structure
The schematic of three-phase SG is illustrated in Figure 1.1. SGs consist of two essential
elements: field and armature. The field winding carries direct current and produces a magnetic

field which induces alternating voltage in the armature windings. [2]

“‘ ¢ 4 Sink (motor) Source
S _a . (generator)
AT e [en e[S e
. \,‘ O -— T 47[» | E
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Figure 1-1 Schematic diagram of three-phase synchronous generator.

The three-phase windings of the armature (a, b and c¢) are distributed 120° electrical
degrees apart. The rotor structure has an excitation or field winding and one or more equivalent
rotor body windings. The magnetic axis of the machine is defined as the direct-axis (d-axis), and

an orthogonal quadratic-axis (g-axis) is located 90° electrical degrees ahead of the d-axis. [2]



Before proceeding in developing model for SG some assumptions are made: [2]

e Magnetic saturation effect, temperature effect and magnetic hysteresis are neglected.

e Stator winding currents are assumed to set up a magneto-motive force (mmf) sinusoidal
distributed in space around the air gap. Therefore, the effect of space harmonics in the

field distribution is neglected.

e The mmf acting along the d-axis produces a sinusoidal distributed flux wave along that

axis. The same for the g- component of the mmf.

1.3 Mathematical Formulation and dg-Model

The model structure is to be formed as a set of equations that are suitable for system

studies and analysis. These equation must completely describe the behavior of the SG.

1.3.1 SG in Natural-Reference Frame

By applying Maxwell’s equation to the configuration shown in Figure 1.1, the generator

phase voltage equations, in natural-reference frame are simply: [2] [3]

d(//A
I R +V =—2*~
As a dt
dy
I R +v =—B
Bs b dt
dy
ICRS+VC:d_tC
1.1
iy, (L.1)
IfRf —Vf :_T
_ dl//D
DD dt
dy
| R =——9
QQ dt

The flux linkage to current relationship in phase (a) winding at any instant is given by:
Wa="Laala—Lasls —Laclc +Lals + Laolo + Laglo (1.2)

Similarly, one can write the flux linkage to current relationships in phases (b) and (c). The
flux linking the three-phases of the stator winding is a function of é. i.e., the angular displacement
of the d-axis from phase (a). [2]

Equations (1.1) completely describe the electrical behavior of a SG. However, these
equations contain inductance terms which vary with angle 6 — rotor position — which in turn varies
with time. For that, the machine model was further developed by Park who mathematically
transformed the three-phase time-varying stator quantities (voltages, currents and flux linkages)

into time-invariant d- and g-axes quantities under steady-state conditions. [1]



The dg-model should express both stator and rotor equations in rotor coordinates, aligned
to rotor d- and g-axes because, at least in the absence of magnetic saturation, there is no coupling
between the two orthogonal axes. The rotor windings f, D and Q are already aligned along the d-
and g-axes. It is only stator equations that have to be transformed to rotor orthogonal coordinates.

The transformation from abc- to dg-variables can be written in the following matrix form: [3]

2 2
P(g)zg cos(6) COS(Q—EH') cos(€+§7r) (1.3)
—sin(9) —sin(ﬁ—%;r) —Sin(@—%;r)
Therefore:
ol
= P(H) VB
Vq_ v
LVe
I, ] K
{“ =PI, (1.4)
IEL I
v A _‘//A
{ “|=PO)|ve
Val Ve

The analysis of SG equations in terms of dg-variables is considerably simpler than in

terms of phase quantities, for the following reasons: [2]

The dynamic performance equations have constant inductances.
For balanced conditions, zero sequence quantities disappear.

For balanced steady-state operations, the stator quantities have constant values.

e The parameters associated with d- and g-axes may be directly measured from terminal
tests.

The inverse transformation is: [3]

P(O) = P(O) (15)
The phase currents |4, Ig and Ic are recovered from Iy and Iq by:
IA
H: P(e)‘{ﬂ (L.6)
I ¢
do
E :(l)r (17)

Note:

An alternative Park transformation uses \E instead of % for direct and inverse transform.

[3][2]



The dg-transformation can be seen as representing a SG with orthogonal stator axes fixed

magnetically to the rotor d- and g-axes (Figure 1.2). [3]
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Figure 1-2 The dg-model of synchronous generators.

By applying the dg-transformation the following expressions in terms of transformed

components of voltages, flux linkages and currents result: [3]

dy
IR +Vy = dtd oY,

dy

IR +V, = dt“Jrco,l,//d

r r r dwr
IfRf _Vf = dtf (18)

ror _ dyg

I5R, =——

d r

[ —

dt
Where:

Wy =—Lylg + M 1T+ Mgl
vy =—Ll,+Mqlg

r r r 3 3 r 19
V/f:(LﬂJrLfm)If*EMfIdJFEMfDID ( . )

3 3
WE) :(LrDI+LDm)IE) _EMDId +EMfD|;

r r r 3
v = (LatLan)lo _EMQIq

1.3.2 Rotor- to Stator-Reference Frame

Reducing the rotor variable to stator variable is common in order to reduce the number of
inductances (Figure 1.3). [3] [5]



IdRs +Vd = d:j/;d —a’rV’q

dy,
IR +V, :d—tq-ra)rt//d

dt
dy

R, =——220
° dt
__dvo
Q dt

Flux-current relations with rotor variables reduced to stator would be:

wg=—Lglg +Lgn(=lg + 15 +1¢)
Wy =Lyl + L (=1, +15)
v =Ll + L (1l +15+1;)
wo=Lplp + L (=lg+1p+14)
Yo =Lalg + Lyn(=1,+1g)

Figure 1-3 The dg-model inductances of synchronous generators.

(1.10)

(1.11)

Comparing equations (1.9) and (1.11), the following definitions of current reduction

coefficients are considered valid: [3]

=K, I, =10K, 1 =15K,
Where:

Mf

K, =
Ldm

KD:MD
Ldm
M

Ko =—2
Lo

Using coefficients in equation (1.9) gives:

2, 221
Vi ‘//f-?,Kf VYo ‘//D-BKD Vo V/Q-3KQ

(1.12)

(1.13)

(1.14)



From equation (1.12) it follows that:

21 21
L, =L,.2 Ly =L 52—
fl fl DI DI 3Ké

L 21
2L -ty (1.15)

Reducing rotor circuit resistances and field winding voltage to stator quantities results in:

21 21 21
R, =R[.=—= R,=RL.Z— R,=R}.=— 1.16
f f 3K$ D D 3 Ké Q 3 Ké ( )
21
Vf :Vf'gK_ (1.17)
f

Note:

When \E is used in Park transformation matrix, the reduction coefficients of equation

(1.12) must be multiplied by\/g. However, the factor % disappears completely from equations

(1.14) through (1.17). [3]

1.4 SG Parameters Determination

Till now, two representations of the SG have been developed. The first representation is
given by equations (1.8) and (1.9), it requires the determination of the basic parameters (M, Mp,
Mg, Mip ...). The second representation is obtained by reducing rotor-variables to stator-variables

and is given by equations (1.10) and (1.11).

1.4.1 Experimental Determination of the Laboratory SG Parameters
In order to perform a valid control on the laboratory 1.5kVA salient-pole Lab-Volt SG,
parameters of the machine need to be accurately identified. For this purpose, identification tests

held in power-lab are performed. Figure 1.4 shows the test bench of the experiment.

| oy e

Figure 1-4 Test-bench of the experiment.
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1.4.1.1 Open-Circuit Test

The test is performed on the SG at no-load to obtain the no-load saturation curve, or
simply the open-circuit characteristic (OCC). This last is used graphically to determine the
synchronous reactance. During the test, the SG is first run at rated speed of 1500 rpm with no
excitation being applied. The filed current is supplied gradually while measuring both terminal
voltage and current being supplied to obtain I-V curve. The supplied current is increased until the
terminal output voltage reaches the saturation condition. [4]

The obtained curve (Figure 1.5) is a straight line before the saturation zone. The extension

of this line for higher values of excitation current gives the air gap line.

480 & T T T T T T T =
s
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Field current (A)

Figure 1-5 Open-circuit characteristics, Lab-Volt SG.

1.4.1.2 Sustained Short-Circuit Test

The objective of this test is to obtain the short-circuit saturation curve or simply the short-
circuit characteristic (SCC) for the SG. This last is used with the previously obtained curve for the
same purpose. It is important to keep track of the excitation current value not to exceed the rated
value. The field current might exceed the rated value by only a small tolerance to prevent stator
windings damage. [4]

The SG terminals are permanently shorted. The machine is rotating under rated speed of
1500 rpm. The excitation current is injected and increased gradually while measuring the short

circuit current flowing in the stator winding. The short-circuit current is plotted versus the



excitation current to obtain the SCC. It is convenient to draw both graphs — open- and short-circuit

characteristics — on the same figure (see Figure 1.6).

T T T T T T T T T T T T T T

reuit L-L terminal voltage (V)
) ha w w

T
Short circuit armature current (A)

1 1 L 1 1 1 1 1 1 L 1 1 1 I 1
o 005 0.1 0.15 0.2 025 03 0.35 04 045 0.5 0.55 06 065 0.7 0.75 08 085 09
Field current (A)

Figure 1-6 Open- and Short-circuit characteristics, Lab-Volt SG.

The d-axis unsaturated impedance Zg wnsary Can be obtained as a quotient of voltage on the
OCC taken at a point and the short-current armature current on the SCC corresponding to the field
current at that very same point [4]. That is:

— V(L*L)
Zd(unsat) _ﬁlsc (1.18)

The direct-axis unsaturated synchronous reactance Xq wunsa iS therefore: [4]

xd(unsat) = Zj(unsat) - R82 (1'19)

Where: R; is the stator resistance.

1.4.1.3 Slip Test

The aim of the test is to obtain the saliency ratio (Xq/Xq). Using this ratio and the value of
Xq obtained from OCC and SCC, X, is then determined.

The generator during the test is driven at a speed slightly different from the rated speed,
about 1% in order to achieve a very small slip. No excitation current is used. A balanced three
phase voltage is applied across the SG terminals (about 25% of the rated voltage of the generator)
[4]. An oscillogram of the stator voltage and current is recorded (Figure 1.7). Stator current is in
grey and is shifted up by 1volt. Whereas, stator voltage is in bleu.
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Figure 1-7 Slip test, Lab-Volt SG.

It can be noticed from the figure, at the moment the stator current has its maximum the
stator voltage has its minimum and vice-versa. Using the graph, and after calibrating the current

as well as the voltage transducers, the following calculations can be made: [4]

X :Vt(L—L)max
e \ﬁl min (1 20)
X o :Vt(L—L)min .
q(slip) \/§|max
The saliency ratio is: [4]
Xq | _ Xyein)
{X_} o (1.21)
d slip d(slip)
Finally, X, is obtained: [4]
X
X, X, {X_} (1.22)
slip

1.4.1.4 Sudden Three-Phase Short Circuit Test
The goal of the test is to visualize the behavior of the SG during dynamic and electric
transients when a sudden three phase short circuit is applied. Many of the transient and sub-
transient parameters can be computed from a suitable oscillogram recorded during the three phase
short circuit. The test aim to calculate direct-axis transient Xy’ and sub-transient reactance Xy .
The SG is driven at the rated speed with no load, and is excited so that the terminal voltage
is at the rated value. The next step is to apply a sudden three phase short-circuit. The current at

each phase is recorded with time [4]. A typical current waveform is shown below (Figure 1.8).
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The rms amplitude of the total ac component of the short circuit current in one phase can

be expressed as: [4]

—t —t

L (t)=(1"=1)e" +(1'=1,)e"™ +1, (1.23)

N VG O O IR IS
(0= EDMX;—XJe +(x;, ; je . XJ (1.24)
Where E, is the rms line-to-neutral open circuit pre-fault terminal voltage.
By extrapolating the sub-transient and transient current envelope back to zero-time or the

time of the short-circuit occurrence, the sub-transient and transient current components can be

evaluated. The value of Xy and X4~ can now be calculated: [4]
X, :E—f’
: (1.25)
. E
X;=—2
[
The time constants T4” and T4 as well as the transient and sub-transient short-circuit
currents 7’ and I respectively can now be determined (Figure 1.9).

Results of the identification tests performed are finally summarized (Table 1.1).
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Nominal power Sn 1.5 kVA

Nominal rms line-to-neutral voltage Un 220 v

Frequency fn 50 Hz

Stator resistance Rs 22Q

Rotor resistance Rs 127 Q
Direct-axis synchronous reactance (unsaturated) X4 75.443 Q
Quadrature-axis synchronous reactance (unsaturated) | Xq 46.556 Q
Direct-axis open-circuit time constant Tao’ 0.235s
Direct-axis transient reactance X4’ 10.309 Q
Direct-axis transient time constant Ty’ 0.0776 s
Direct-axis sub-transient reactance Xq” 8.5298 Q
Quadrature-axis sub-transient reactance Xq” 5.2637 Q
Direct-axis sub-transient time constant Tg” 0.0147 s

In order to simulate the model obtained, leakage inductances must be determined. The
parameters of the SG used in this work are obtained in terms of reactances and time constants

(Table 1.1). For that, mathematical relations between these parameters and leakage inductances

need to be found.

Table 1-1 1.5kVA salient-pole Lab-Volt SG parameters.

Mathematical relations can be written in the following forms (Table 1.2): [2] [5]

X =Lw, . XgmX ‘ 1 X X o X+ X
Xq=Xg+ e Ty = (xﬂ+ S ) uu:M
de + Xﬂ Cl)er xsl + de a)er
X, =X,+X . XX . X X . XX
d sl dm X, =X, + 177Dl T = 1 (X + st/ ) T, = 1 (X + 1/ dm
X+ Xp o.R, Xq+ Xy R, X+ Xim
X =X,+X . X X . X X Lo X+ X
e R Lt T (gt | Ty =Tl
Xon + Xai o.R, Xg+ Xgm o.R,

Table 1-2 Mathematical relations between time constants and reactances.

Based on the expressions above, the following result: [5]

= X X, — X)X 1 X 4 X X'
Xam iRy (Xg = X,) DI :(dil)"- R, = T (Xpp + X d+)2 ) Too _Xic‘j‘Td
Xy =Xg =X X+ Xy =X, Dr 4o am tAq d
Xon = Xq = Xg
Xy =TWR, — Xq (X X)Xy Yo+ Xa X
8 X+ Xg = X, C T, ©UX

Table 1-3 Parameters of the mathematical model.




1.5 Determination of Reduction Coefficients K¢, Kp and Kq

The coefficients Ky, Kp and Kq used in the reduction of rotor-variables to the stator may be
calculated through analytical or numerical methods, but they may be also measured. [3] [5]

The reduction factor of the excitation K; can be obtained directly from steady-state short-

circuit test by taking the average value of the reduction factors obtained at different values of field
current. (see figures 1.10 — 1.11). [5]

I

K, = 1.26
"= e (1.26)
0.14
0.12
] T S S pE— P T 0
L PR— Qe b b
O e
-.‘.E uuaa,A-"
'«% 007
E 0.06
0.02
0.05 0.1 0.15 02 ol Ct:iﬁem (A) 03 0.35 04 0.45
Figure 1-10 Short-circuit characteristics, Lab- Figure 1-11 Excitation reduction coef. K¢
Volt SG. versus field current.

The dampers reduction coefficients Kp and Kq on the other hand are essentially needed to
measure damper currents Ip and lg. However, these current are not measured practically and since
it is possible to see the machine behavior without using these coefficient there is an infinite
solution to them.
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CHAPTER 2 : Excitation System with Automatic Voltage Regulator

2.1 Introduction

Synchronous Generators (SGs) with field windings require DC-supplies to excite them,
and as they are constant speedy machines for constant frequency supply, the output voltage
depends radically on the excitation current. The control of excitation current to maintain constant
voltage at the SG output terminals starts with the control of the exciter (Figure 2.1).

[———————————— S

Step-down
transformer

Auxiliary

services

E

Synchronous
generator

Turbine

Exciter AVR -—

Figure 2-1 Structure of excitation system with AVR.

The performance requirements of the excitation system are determined by considering the
SG. Along supplying and automatically adjusting the field current, the excitation system plays an
important role in protection and stability of the machine, it must respond rapidly to disturbances
to enhance system robustness.

In this chapter, the structure and the working principle of the excitation system used in this
work are presented. The functionality of each part of the excitation system along with the
automatic voltage regulator (AVR) are discussed. The controller gains are tuned using the
zero/pole cancelation and the particle swarm optimization (PSO) methods.

2.2 Excitation System

Excitation systems are in fact the power supply that deliver power to the SG field winding.
They have taken many forms over the years and can be classified into three types: DC-, AC- and
Static-Exciters. The design and types of exciters have been developed through time to meet
requirements. The DC- and AC-exciters contain an electric generator coupled on the main shaft
and have low power electronics control of their excitation current. The static exciters however
take energy from an AC source and convert it into a DC-controlled power which is fed to the field
winding of the SG through slip rings and brushes. [3]



Modern electric power plants gave way to static exciters (power electronics) where
controlled rectifiers supply directly the excitation of the SG. This is due to its fast and good
response in voltage and power control and due to its satisfactory steady state stability condition.

Among the Static exciter configurations, consider the configuration used in this work

(Figure 2.2) where the AC source is the SG output terminals. [3]

Slip rings and
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Veon(AVR)
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|
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|

|

|
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: ':\ Turbine
|

| - |+
|

|

|

|

|

|

|

|

|

Figure 2-2 Structure of static excitation system.

2.2.1 Working Principle of the Excitation System Used

Excitation power is supplied through a transformer from the main generator terminals.
Commonly known as Transformer-fed excitation system (Figure 2.3). Power electronics is used to
supply the excitation current to the field winding of the machine. The generator terminal voltage
is measured and fed to the programmable logic controller (PLC). The PLC regulates the generator
output voltage by controlling the firing pulses of the thyristors.

step-up
trafo

generator

Rectifier
stator o4 & | TGBS{UFOHWOM
Programmable measurements Filter ransformers

Logic Controller

| Excitation |
transformer |

AVR
Automatic Voltage
Regulator

stator

voltage > V > fimiters , fiing
setpoint PID card
stator Power Part

voltage

Figure 2-3 Scheme of the excitation system used.
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2.2.2 Functionality and System Components
The complete (global) system components and their functionalities can be summarized in

the following four points:

e Excitation Power and Excitation Transformer
The excitation power is derived from the machine terminals and is conducted via power-
electronics into the field winding of the SG. The purpose of the excitation transformer is to adapt
the power supply to the converter and to isolate the field winding from the power supply.
The secondary voltage is dimensioned according to the required ceiling voltage, whereas,
the current rating of the transformer is determined by the maximum field current of the SG.
e Power Circuit
A semi-controlled rectifier consisting of thyristors and diodes is to provide power to the
field winding and is controlled by the PLC via the firing circuit that converts the output control
DC voltage signal from the PLC to firing pulses (details can be seen in section 4.1).
The power circuit is provided with protection against voltage transients. This is achieved
by RC snubber circuits.
e Measurement System

Measurement of stator voltage is done by means of measurement transformer followed by

a full wave rectifier and a precision peak detector. (See Appendix I)

e Automatic Voltage Regulator
The AVR control algorithm is to provide closed-loop control of the SG output voltage by
keeping it constant. Also, the AVR is required to maintain the stability of the generator in steady-
state, as well as during transient disturbances and shall cover all control functions needed for the

excitation system.

2.3 AVR based PID-Characteristics

The AVR senses the error in SG terminals voltage with respect to the voltage set-point,
and causes corrective action — proportional, integral and derivative — to take place. The output is
then a control voltage Veon (avr). [6]

The transfer function of a PID-controller is:

1+5sT, +s°T,T,

1
GPID(S): Kp(l“'sT"'STD): Kp( ST

) (2.1)

With: Kp — proportional gain, T, — integral constant time, Tp — derivative constant time.



For fast and good response in voltage control and rejecting disturbances, the PID-
controller need to be tuned. Selecting PID-parameters is called controller tuning, two methods are
to be applied in this work: The conventional Zero/Pole cancelation method and the Particle
Swarm Optimization (PSO) method.

Although the AVR is to be implemented digitally, the design of the PID-controller may be
done as if it were continuous, because the sampling frequency is more than 20 times the damped

frequency of the closed-loop system. [3]

2.3.1 Zero/Pole Cancelation in Tuning the PID-Controller

The AVR output depends only on the output voltage of the generator. The linearized
model of an AVR system with PID-controller is described below (Figure 2.4). The excitation
system is of the type IEEE-ST1A. [2]

PID Gy Pl . B E Bl % | sy
1+7,s 1+T58 | 14748
Regulator Ampification Excitation : Generator
SKig '
1+s f < :
|

Compensation Excitation System

- - - - - - - - - - - - — - - - - - -

Sensor

Figure 2-4 Regulation principle of SG terminal voltage.

Simplifying the global system above results in:

1 b - )
lc | 1\',— | I'F[‘ K I';;
PID — L —_— 2 L
| 1+7 S | 1+7 cS
Regulator | : Generator
|
I |
| EXxcitation System |
B | _E
1+Ts

Sensor

Figure 2-5 Simplified model of the voltage regulation principle.

The control signal is given by:

_ 1 de(®)
V, =K, e(t)+TI e(t)dt + T, S } (2.2)

Where: e(t) is the error voltage.
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The transfer function of (excitation system + generator) is then obtained:

Kok Kee 2.3)

G (s) = =
e (9) (+5sT,)A+ST,) 1+5(T, +T,)+sT,T,

After applying Zero/Pole cancelation eliminating the poles of equation (2.3) by the zeros
of equation (2.1):

T, =T, +T,
T (2.4)
ST +T,

D

The forward-path transfer function is then reduced to:

KFP
Gep(5) = o, (2.5)
Ker = KpK(Kg
Let H(s) be the sensor transfer function:
KI’
HO = 26)

The closed-loop transfer function of a negative feedback system is given by:

_ G (S)H(S) (2 7)
! 1+ G (9)H(s) '

Replacing equation (2.5) and (2.6) into equation (2.7) yields to the global system transfer

function:

(2.8)

1+s T +¢? e
KeeK, KeeK,

Given the transfer function of a second order system:

1
G(s) = (2.9)
1+ S(Zéj +s° (ij
a)n a)n

From equations (2.8) and (2.9) and by identification:

L2

KK, @,
1 (2.10)

Kep K, - o;
2K, 2.11)

" T,



— TITrwr?

Kep = K

Replacing equation (2.11) into equation (2.12) yields:

— Tl
4'TrKr§2

FP

Finally, from equations (2.4), (2.5) and (2.13) we deduce the gains:

(T, +Te)T. @}
P U o v
K K, K
b 1 T
or K, = & Ky=
T, +Ts T, +T,
_ (T, +To)
T AKKTKE

2.3.1.1 Calculation of Different TFs Parameters
e The Simplified SG TF

The simplified transfer function describing the SG is of the form:

KG

()= (L+sT,)

Finding K and Tg can be done as follows:

14T,

With:

CX
deL Xf _)TG:TdéLT
f

Twa and T o are neglected. [7]
e The Amplifier TF

(2.12)

(2.13)

(2.14)

(2.15)

(2.16)

The relationship between the generator output voltage and the AC-DC converter output

voltage is given by: [7]

V,

Soc

=0.9v;, _ cos(a)

V, =0.9V, cos(ar) = 0.9K V, cos(ax)
V, =V, cos(a) = KV, cos(a)

Where:
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- Z\V’f (2.19)
Vs is the voltage applied to the field winding.
V5 is the rms value of the secondary winding of the excitation transformer.
Vip: is the maximum generator output voltage.
The amplifier gain can be calculated then:
V, =0.9KV, i =K,V (2.20)
K, =0.9 E (2.21)
Finally, the time constant T is given by:
T, :TE (2.22)

2.3.1.2 Disadvantages of Conventional Tuning Methods
The disadvantages of classical tuning methods are:
e Difficulty to deal with non-linear process.
e Inadequate dynamics of closed loop response.

e Excessive number of rules to set the gains.

It is difficult to find suitable PID-parameters using classical mathematical approaches. For
that, alternative and modern heuristics optimization techniques such as Particle Swarm
Optimization PSO, Genetic Algorithm GA, Bat algorithm and others have been given much

attention due to their ability to find global solution in PID tuning.

2.3.2 Particle Swarm Optimization Technique

PSO is an evolutionary computation algorithm which is founded upon the principles of
biological evolution and is inspired by the study and investigation of swarm patterns occurring in
nature. [9]

PSO was first introduced by Eberhart and Kennedy in 1995 [10] [11], many researchers
have expanded on the original idea with alterations ranging from minor parameter adjustments to
complete reworking of the algorithm.

PSO is used to explore the search space of a given problem to find the settings or

parameters required to maximize or minimize an objective function. It is found to be robust in



solving problems featuring nonlinearity and non-differentiability, multiple optima, and high

dimensionality problems. [9]

2.3.2.1 PSO Concept

PSO uses a number of particles (or agents) flying in the multidimensional space in order to
locate a good optimum. Through the flight, each particle which is a candidate solution adjusts it
flying based on two reasoning capabilities: its memory of its own best local position visited so far
(Pbest), and knowledge of the global best (Gbest). At first, the particles are distributed along the
search space randomly, then each particle velocity and position is updated each iteration. Using an
objective function to calculate the fitness, the algorithm decides which particle is closer to the
solution and saves the best local position and the global best position for each particle. [9]

PSO algorithm can be summarized by the following steps:

e Randomly initialize the particles positions.

For each iteration, the following steps are repeated:
e Calculate the fitness for each particle.
e Evaluate the local best for each particle.
e Evaluate the global best.

e Update velocity and Update position.

2.3.2.2 PSO Parameters
The parameters used in the algorithm affect its performance differently. Some parameters
have small effects while other have significant effects. Each set of parameters might be valid for a
problem but not for another. The choice of parameters depends on the problem in hand and the
time the user wants to spend solving it. [12]
The main parameters that should be considered are:
e Swarm Size
Swarm size or the number of agents (n) in the swarm. A large number generates larger
parts covered in the search space, this means less iterations are needed, but also more computation
by iteration is needed. Most implementations use n € [20, 60].
e [teration Number
The number the algorithm updates the position of particles (number of steps). A large
number may cause additional needless computations while a low number may stop the algorithm

before hitting its target.
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e Personal-best and Global-best
The algorithm uses a memory to save for each particle its best position visited so far. For
each iteration, the actual position is compared with the personal best, if the cost function is
decreasing, the actual position is a better fit and the personal best is updated to be the actual. If
not, the particle keeps the previous personal best. The global best on the other hand is updated
each iteration by taking the minimum of Pbest.

Poestt if  f(x/™) > fhest’
xbest™ if  fbest! > f(x\"!) (2.23)
Gbest' = Min(Pbest;, Pbest;, Pbest;,..., Pbest!)

Pbest/ ™ = {

e Velocity and Its Updating Methods
The velocity is the rate of change in the particle’s position. Represented as a vector and
calculated over each iteration as follow:
Vit =V 4 g R, * (Pbest! — x') +c,r, * (Gbest' — x') (2.24)

C1, Co: are two positive constants.

r1, rp: are two positive randomly generated numbers less than 1.
- Inertia Weight Method:

Shi and Eberhart introduced the damping factor ® to further control the velocity by the

following equation:

vi™ = @'V} +¢r, * (Pbest; — x') +c,r, * (Gbest' — x/)

. ) (2.25)

max — @,

min t

Usually, o takes a maximum value of 0.9 at the first iteration and decreases to a minimum
value of 0.4 in the last one which causes the decrease of velocity of particles going from an
exploratory search to exploitative search. [13]

- Constriction Factor Method:

Clerc and kenedy introduced a new parameter X constriction factor, this last controls the
exploration and exploitation tradeoff to ensure convergence behavior. [14]

The velocity updated using this method is:

Vit = X {V} +¢r, * (Pbest! — ') +C,r, * (Gbest' — x{)}

2
o2 (2.26)
2-\¢* —4p —(/"

@=C, +C,

Studies shows that: to guarantee quick convergence, ¢ must be greater than 4, otherwise

the system will be slow and might diverge. [14]



e Position Update
After the particles being randomly initiated, each iteration the position of each particle is
updated according to the equation:
e Vs (2.27)

X;

e Stopping Rule
The algorithm is terminated after a specified number of iteration, or once the fitness of
particles are small enough, which means close enough to the solution.

2.3.2.3 PSO in Tuning the PI-Controller

The flowchart of the code implemented in this work is shown next. The velocity update is
set to be inertia weight based. The performance criteria used in designing the Pl-controller is the
Integrated of Time weight Square Error (ITSE).

ITSE = [te(t)® (2.28)

The advantage of ITSE over other integral performance criteria, say Integrated Square
Error (ISE) and Integrated Absolute Error (IAE) is that ITSE can overcome the disadvantage
these last two may face. ISE and IAE minimizations can result in response with small overshoot

but a long settling time because they weight all error equally independent of time.

| Start )
Generate initial Population

{ =
Run the SG-model for
each set of Parameters

l

Calculate the fitness function

'

Calculate the Pbest of each particle and gbest of
population

I

Update the velocity, position,
gbest and pbest of particles

Maximum iteration
number reached?

< Stop )

Figure 2-6 Flowchart for the PSO based PI-controller.
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2.4 Thyristor Firing Circuit

A common arrangement of a firing circuit scheme is shown below (Figure 2.7). Gating
pulses from the triggering circuit for each thyristor should be applied at specific instant of time to
make the control possible. Hence, synchronization is required. In other words, the firing angle a is
to be measured from the instant V, of the SG is zero and going positive for T1. Similarly for T2, a
IS to be measured from the instant V, of the SG is zero and going negative. It is noted that each

thyristor is conducting for 180° only. [8]

SCR
JUL -—
Transformer
U SCR
AC ~
. Pulse ~ Pul:se > Pulse
synch.input Generator Amplifier Transformer
F SCR
F
DC _ Pulse
Supply - Transformer
{ X X )
Control Driver Power

Figure 2-7 General layout of the firing circuit scheme for thyristors.

The expression for the output voltage is then a function of parameter a as it is described by
equation (2.17).

2.4.1 Ramp-Comparator Strategy Control

One method of firing angle control is the ramp-comparator strategy where a ramp signal is
generated in synchronism with the SG terminal phase voltage Va. The control voltage Vcon (avr) IS
compared to the synchronized ramp generated giving out voltage pulses (figure 2.8). However,
these pulses might not be able to turn-on the thyristors. Therefore, a driver circuit involving pulse
amplifier for amplification and pulse transformer for isolating the low voltage circuit from the

high voltage circuit is needed. [8]



i

Sync.

Lero-
CIOss0ver
detector

— | Ramp

aemn.

transformer

L
i eaHIF

Logic

block

Pulse ir.
TR,

Figure 2-8 Firing circuit scheme for the thyristors.
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CHAPTER 3 : Simulation and Results

3.1 Introduction

Before proceeding into implementing this project, simulation of the complete system
behavior is needed. Using Matlab/Simulink and with the help of SimPowerSystem library
provided, the previously explained system is then implemented. (See Appendix II)

Validation of the SG-model and of the automatic voltage regulator is presented in this

chapter.

3.2 SG Simulation Model

The simulation of the model obtained in the 2" chapter is performed using
Matlab/Simulink. The system of equations (1.10) and (1.11) can be written as:

di dl dl
Vd :_Rsld + (le+ Lqm)wrlq - LqmerQ - (le+ Ldm)T;+ Lde+ Ldm T:
di, i
Vo =Rly = (Lt L) Ty + Lol + Lig 1o = (Lt L) 2+ Ly~
_ g odly 3.1
Vi =Rl +(Ly+ Ly 1y — Ly, + Lim ( . )
dt dt
di dl dl
0=Ryl, +(Ly+ Ldm)Tf+ Lme;_ Lme:
d,  d,
0=Ryl + (Lot L) 2~ Ly "
In matrix form:
Vd Id Id
Vq Iq Iq
v, |=2]1, 4 I (3.2)
dt
0 Iy Iy
0 Iy Iy
With:
_Rs (le+ Lqm)wr 0 0 _Lqm 2
_(le+ Ldm)wr _Rs Ldm 2 Ldm o, 0
z=/0 0 R, 0 0 (3.3)
0 0 0 R, O
0 0 0 0 Ro
_(L5I+Ldm) 0 Ldm Ldm 0
0 ~(Ly+Ly) O 0 Ly
L= _Ldm 0 (l-fl+ Ldm) Ldm 0 (34)
_Ldm O Ldm (LDI+ Ldm) O
0 —Lgm 0 0 (LQI +Lyy)

It is possible then to write the system in state-space (SS) representation:



X
G = AX+BU (3.5)

Y =CX
With:
A=-L"Z,B=L", U=[V,V,V,.00]  X=[ll.1.150,] N
In order to create terminals A, B and C and to generate and measure three-phase voltage,
star-connected resistances re 0of 10* Q are put. The implementation scheme of this model in

Matlab-Simulink software is shown below (Figure 3.1). [5]

Vg ia, Etr
I ¥ ; Park="
Vil k' i » X=AX+BU K}’
v, — k;
Generator Model

Figure 3-1 Synchronous generator representation in Simulink.

Note:
o can be considered as a constant parameter in matrix Z since speed variations is

neglected.

3.3 Validation of the SG-Model Obtained
To check the fitness of the model developed, a three-phase short-circuit is applied across

the SG, it represents a high load impact on the machine.
The three-phase short-circuit is applied at 55% rated voltage. The field current as well as

the armature current obtained by experimental tests and those obtained by simulation are plotted

on same graphs (see Figures 3.2 — 3.3).
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Sudden three-phase short-circuit, at 55% rated voltage.
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Figure 3-2 Real and simulation armature current.



Sudden three-phase short-circuit, at 55% rated voltage.
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Figure 3-3 Real and simulation armature current.

As it is shown above, the real and simulation current quantities have approximately the
same waveforms. The calculated quantities have very similar shapes to the real ones. The
difference is due to the approximations made obtaining the model — the neglected effects of

saturation and hysteresis — and due to measurement errors performing the identification tests.

3.4 System Closed-Loop Performance

The purpose of this work is to maintain constant voltage at the Lab-Volt SG terminals
regardless to the variation of loads connected to it. For that reason, the complete system is
implemented in Simulink and is considered the closest possible to the real one (see Appendix-1).
The response of the system to loads variation — resistive loads are modelled as pure resistances in
series with small valued inductances, whereas, inductive loads are modelled as pure inductances
in series to small valued resistances — is to be discussed.

The SG is first run at no load in its rated conditions. At t=1s, a load is connected to the
machine terminals. A controller of unity gain is used first. The phase-to-neutral rms voltage and

three-phase rms currents are shown below.
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Figure 3-4 Phase-to-neutral rms voltage and three-phase rms current.

29



It can be seen that a steady state error voltage is presented before connecting the load.
However, after load connection a decay of voltage is captured, this is due to load current rise (see
figure 3.4).

Note:

The system with unity control is not able to reach the reference voltage and to reject the

effect of connecting loads. That is, loads are considered disturbance to the system.

For the system to give better performance in closed-loop, Pl-controller is introduced.

3.4.1 PSO Tuning Results

The PSO algorithm was coded in Matlab. And by using the Simulink SG-model, the
algorithm simulates the output of the SG for each particle’s position each iteration in order to
calculate the error and the dynamic characteristics of the system. (See Figure 2.6)

The PSO parameters are set to be:

Number of variables (Dimension of the problem) 2
C1 2
C2 2
Velocity updating method Inertia weight
Wmax 0.9
Wmin 0.4
Lower bound (position) [0.10.5]
Upper bound (position) [33]
Fitness function ITSE

Table 3-1 PSO parameters settings.

Running the PSO algorithm for several tries and for different parameters of population
size and number of iterations, the results obtained are displayed and are in terms of best solution

for Kp and K, along with PSO convergence characteristics graphs. (See Figure 3.5)
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Figure 3-5 PSO convergence characteristics and best solutions.
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3.5 Application on the SG

Setting the Pl-parameters obtained above (Table 3.2). The AVR based Pl-controller’s
functionality is tested for different valued loads connecting at different times of operation. The
machine is set to work at its rated values, at t=1s a load is suddenly connected. Table 3.3

summarizes the different types and values of loads to be connected to the SG terminals.

P (Watt) Q (VAR) pf
1% case 270 130.7 0.9
2" case 675 326.92 0.9
3 case 90 286.19 0.3
4™ case 270 then +90 130.7 then +286.19 0.3

Table 3-2 Used loads during disturbance tests.

In order to better see the response of the system, the rms phase-to-neutral voltage is
presented. The system response is to be discussed next.

Before introducing disturbance to the system — load connection — the SG is set working at
rated conditions, that is, the phase-to-neutral rms voltage is regulated to 220 volts.

At t=1s, a 270Watts and 130.7VARs load is suddenly connected (1% case). As it is seen in
figure 3.5 (a) and 3.5 (c) a drop in voltage followed by a rise in current is observed. The AVR
senses this drop causing corrective actions to take place giving rise to field voltage, hence, field
current (Figure 3.5 b). It is also remarkable that the load has small influence on the SG terminal
voltage and that the performance of the Pl-controller before and after applying disturbance is

considered valid.

I

Figure 3-6 Phase-to-neutral and phase-to-neutral rms output voltage. 1% case.
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The 2™ case disturbance is done by connecting a higher valued load to the SG terminals. A
load that consumes half of the nominal apparent power with a 0.9 power factor (675Watts and
326.92VARs). The influence of this 2" case is greater comparing to the 1% one. The field current

rises considerably to compensate the drop in voltage (Figure 3.6 b). Also, the system takes longer
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Figure 3-8 Three-phase current and single-phase rms current. 1* case.

time to reach stability again.
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Figure 3-9 Phase-to-neutral rms output voltage. 2" case.
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Figure 3-11 Single-phase rms current. 2" case.

The 3" case disturbance on the other hand deals with a 0.3 power factor load. Even though

the load is of another type (reactive) the AVR tends to reject its effect on the system.
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Figure 3-12 Phase-to-neutral and phase-to-neutral rms output voltage. 3" case.
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Figure 3-13 Field voltage and field current. 3" case.




The response of the system when connecting several loads at different times of operation
is illustrated in Figure 3.8. As it is remarkable, the AVR tends to correct the effect of connecting
the first load, this can be seen in Figure 4.8 (c) where the field current first rises. Not so long, a
second load is connected adding influence on the SG. The AVR takes corrective actions again,

giving rise to field current again.

260

i 3 i
T T

Phaseo-ncutal s volage [V)

g
T
|

Figure 3-14 Phase-to-neutral rms output voltage. 4™ case.

Fick votage (A)

Fiekd curront (A
o 2 2 o«
o ko = B
j
| =
=
I I

ent (&)

phase ms cu
b bk o N s o

Figure 3-16 Single-phase rms current. 4" case.
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CHAPTER 4 : Experimental Hardware Setup

4.1 Firing Circuit Implementation

The previously explained firing circuit was implemented by means of electronic and logic

ICs, shown on figure 4.1.

Figure 4-1 Firing Circuit and Measurement system.

The circuit is tested using synchronization transformer 220/17 volts to provide the
sinusoidal signal of frequency of 50 Hz. A potentiometer is used to provide a control signal of 4
volts. Thus, the firing angle alpha is oo = 1.196 rad.

Results are summarized in figure 4.2.

Sinusoidal input signal to the firing circuit of 17 volts

rms and frequency of 50 Hz.




= 1@l
B = 16l

Ramp signal of 10.5 V peak value is generated and is
synchronized to the input signal.

(Positive cycle)

A dc control voltage signal of 4 V is to be compared to

the synchronized-ramp signal to generate firing pulses.

A pulse is generated at each crossing of the control
signal and the synchronized-ramp signal.

AND logic gate is used to eliminate the second pulse at
each period.
(Only the first pulse is needed)

The SR-latch output is square wave of length 7.
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The SR latch output signal is to be multiplied by a high
frequency signal generated by 555-timer (about 5KHz
and duty cycle of 70%).

The resulting signal is shown in blue.

Both output signals of the firing circuit are shown: The
yellow signal is for positive cycles and the blue signal is

for the negative cycles.

Figure 4-2 Firing circuit test results.

4.2 Programmable Logic Controller

A programmable logic controller (PLC) is a type of digital computer that have an input
and output interface, controlled by a simulated program in computer. In this work, Omron CJ1M-
CPU 11 PLC is used as controller to implement PID-regulation. CX programmer version 9.5 is
used to create the ladder program.

The Omron PLC receives an input signal from the measurement system. Calculations are
made in the CPU unit where PID corrective actions take place to generate a dc voltage control
signal at the output [15]. The dc voltage control signal is then transferred to the firing circuit to
generate firing pulses for the controlled rectifier.

In order to read analog inputs and write analog outputs from-and to- the PLC unit, an
analog 1/0 expansion is needed. For that, the CJIW-MAD42 module was used, the specifications
for this expansion is illustrated (Table 4.1): [16]

Item

Number of analog inputs 4

Input signal range Voltage Current
1to 5V 4 t0 20 mA
0to 5V

0 to 10V




-10to 10 V

Maximum rated input

+15V/+30 mA

Resolution

4000/8000(full scale)

Converted data

16-bit binary data

A/D conversion time

1.0 ms/500 ps

Number of analog outputs

2

Output signal range

Voltage
1to 5V
0to 5V
0to 10V
-10to 10V

Current
4to 20 mA

Table 4-1 Analog I/0 module MADA42 specifications.

Figure 4.3 shows the wiring of the module:

-r—————-—-—---- - - - - --—- - - - - - - . ¥ —  — - ——_— - ————

|

: TS & Ad Voltage output 1 (+)
| Output 2 {-) B2

: Current output 2 (+) B3 A2 Output 1 (-}

: N.C. B4 A3 Current output 1 (+)
: Irput 2 (+) BS Ad M.C.

: Input 2 () BE AS Input 1 (+)

| AG o7 |A6 | Input1 ()

: Input 4 (+) s |AL_| AG

' Input 4 (-) Ba AB Input 3 (+)

: A9 Input 3 (—)
5

After wiring the MAD42 Module, it is necessary to write a ladder program to configure
the unit and the data conversion. A special memory is held for the expansion in order to enable the

use of the different inputs and outputs. The data conversion is made based on a range code loaded

via the ladder program. [16]

In order to implement the PID function, CX-programmer provides a data control

instruction block for the PID function: [15]
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Figure 4-3 Analog I/0 module wiring.




: —| — PiD{190) —| i
: 5 5 Input word |
| C C: First parameter word :
: D D Chutput word :
- __ a

Figure 4-4 PID function block in CX-Programmer.

Where:

S: represents the input word address of the converted analog signal coming from the
measurement system (actual value of the terminal voltage).

C: is the first parameter address holding the PID configuration (Set point, proportional
gain, integral time, derivative time, sampling period, reverse or forward action, output range and
output limitation).

D: represents the output word address holding the manipulated output value, which is then
converted from digital to analog and written to the analog output as control signal.

The configuration of the block is done by setting the parameters as follows:

15 0
c Set value (SV)

C+1 Proportional band (P)

Cs2 Integral constant (Tik)

C+3 Darivative constant (Tdk)

C+4 Sampling period (1)

15 87 4321 0

C+5| 0 | |

Forward/reverse designation
PID constant update timing designation
Manipulated variable output setting

2-PID parameter (o)

15 1312 1 8 7 43 0 15 0
C+6|0 [ I C+7 Manpulated variable lower imit
L C+8 Manipulated variable upper limit
Qutput range Cet
B Work area
Integral and derivative unit (30 words: Gannot be used by user.)
C+38
Input range
— Manipulated variable output limit control
PID starting integral manipulated vanable
designation
L a

Figure 4-5 PID function block parameters.

The following ladder program is created to implement the PID function. During the first
cycle the parameters for the PID block are set.



0

[Program Name : MewProgram1]

[Section Name : Section1]

P_First_Cycle
1

MOWV(021)

MOW({021)

MOW({021)

MOWV(021)

MOW(021)

MOV(021)

#0

41

MOV(021)

#4594

Move

Source word

Destination

Move

Source word

Destination

Move

Source word

Destination

Source word

Destination

Move

Source word

Destination

Move

Source word

Destination

Move

Source word

Destination




MOW(021)

#

cr

MOW(021)

#312

Move

Source word

Destination

Move

Source word

Destination

Then the P_on flag (always on) is used to put the PID block on action, read input word

(process variable) and write output word (control signal).

P_On
1

MOV(021)

02003

PID(190)

0100

D200

MOV(021)

D200

02000

Move

Source word

Destination

PID Control

nput word to PID bloc
Input data word
First parameter word

Output word

Source word

Destination



GENERAL COCNLUSION
The modeling of the synchronous machine in the natural reference frame as well as in

stator reference frame is presented in this work. Identification tests were performed on the
laboratory 1.5kVA salient pole SG to extract the machine parameters. Resulting graphs of tests
were explained. Validation of the obtained model has been done based on comparison between
the graphs obtained by simulation and those obtained experimentally.

The self-excitation system of type ST1A is implemented with an AVR based PI-
characteristics. The AVR on the other hand is implemented in Omron PLC. CX-programmer v9.5
was the software tool to write ladder program for the Pl-controller as a function block. Pl-gains
were then set based on two tuning methods: a conventional method where zero/pole cancelation is
used and a heuristic algorithm based PSO. The link between the control unit and the power circuit
is achieved by a firing card that is designed and implemented based ramp-comparator strategy.

Simulation were made by means of Matlab/Simulink software where the
SimPowerSystems library is greatly used. Results of simulation were finally obtained and
discussed. Up to this point, every part of the excitation system used works properly and

satisfactory.
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