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Abstract

In this thesis, an active power filters (Shunt and series) are
considered as an alternative to traditional methods (such as
distributed winding, short pitch winding and skewing the stator) to
improve the output power quality of synchronous generators.
Instead of short pitching the winding, using different slot/pole
combinations and/or skewing the stator, a power electronics device
(active power filters) are used to improve the output power quality
and the dynamic response of synchronous generators. A large
amount of published work in the area of synchronous generator
design has focused on traditional methods to improve the output
power quality, but these methods complicate the synchronous
generator, decrease generator rating and increase the
manufacturing cost. In addition, the active power filters have been
widely used in a power system to eliminate nonlinear load harmonics

and reactive power compensation.

The aim of this project is, therefore, to investigate using active
power filters to improve the output power of a simple design of
synchronous generator and improve the dynamic response of the
synchronous generator without damper bars. Using an active power
filters in parallel and series with a simplified synchronous generator
allows the use of simple generator designs with reduced complexity
and manufacturing cost, without compromising the quality of power

delivered to the load.

A simplified synchronous generator is proposed in this thesis to
investigate the project idea, this generator has a full pitch-winding
configuration and unskewed stator to increase generator power and

simplify the manufacturing process. A two converters are connected



one in parallel and one in series with the proposed generator to
achieve IEEE standards for current harmonics. This thesis describes
the derivation of the proposed synchronous generator model and
active power filters control as well as experimental results from the

proposed generator.

Simulation and experimental results are provided to validate the
approach and to demonstrate the feasibility of the proposed
synchronous generator with active power filters modelling approach
and control strategy. A good correlation between simulation and

experimental results was obtained.



Thesis Contribution

Different methods have been used by synchronous generator
designer to get good quality output power, such as stator skewing,
pole/slot combination and winding configuration. This work used a
new approach to improve the output power quality of the

synchronous generator which is using the power electronics devices.

The first contribution of this work is developing a novel and
accurate synchronous generator model able to include synchronous
generator harmonics. This model uses the FEA model result to build
the model with Matlab Simulink.

The second contribution of this thesis is using the active power
filters (shunt and series) to improve the power quality of simplified
synchronous generator. The simplified synchronous generator has
simple design to decrease the production cost and faster in

manufacturing process.

The final contribution is using the active power filters to improve
the dynamic response of the synchronous generator without damper
bars. Removing the damper bars from the rotor of the generator

decrease the rotor losses and simplify the manufacturing process.

The work presented in this thesis has resulted in one conference

and one journal publications. The published papers are as listed:

e A. Abu-Jalala, T. Cox, C. Gerada, M. Rashed, T. Hamiti,
and N. Brown, “Power quality improvement of
synchronous generators using an active power filter,” IEEE

Transactions on Industry Applications, pp. 1-1, 2018.



e A. Abu-Jalala, T. Cox, C. Gerada, M. Rashed, T. Hamiti,
and N. Brown, “Performance improvement of simplified
synchronous generators using an active power filter,” in
IEEE Energy Conversion Congress and Exposition (ECCE),
Oct 2017, pp. 1845-1849.
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Chapter-1 Introduction

Chapter-1  Introduction

This chapter presents a brief introduction about the background
and motivation of the research work presented in this thesis,
combined with a review of synchronous generators and the
traditional methods used to design them. Moreover, the active power
filter usage with the synchronous generator is presented in section
1.1. Then the thesis objectives and aims are presented in section

1.2, the thesis outline in section 1.3.

1.1 Background

Synchronous generators play an important role in power
generation, and their rated power can reach hundreds megawatts.
Synchronous generators consist of two main parts, a stator which
contains the windings which are usually placed in three-phase
layout, and a rotor which contains the field winding and is fed by a

DC voltage.

Synchronous generator designers’ use different approaches to
improve the output power quality of the generator, such as, short
pitch windings, different slot-pole combinations, and skewed stator
[1-3]. However, these approaches decrease the back-EMF voltage
and complicate the manufacturing process. Therefore, this work,
which is titled “Performance Improvement of Synchronous
Generators through accurate modelling and integration of power
electronics”, adopts different approach to improve the performance
of the synchronous generator, using power electronics, (an active
power filter) to improve the output power quality of the generator.
The proposed generator has a simple design with full pitch winding
to get maximum induced back-EMF and an unskewed stator to

simplify the manufacture process.
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Furthermore, the synchronous generators contain damper bars,
also called amortisseur windings. In the synchronous generator
these damper bars play an important role in synchronous generator
dynamics. The damper bar is made from copper or aluminium bars
installed in the rotor pole surface and short-circuited at both ends
by arcs (there is no connection between poles) or rings (as in squirrel
cage induction motor) or sometimes end lamination. Figure 1-1

shows the damper bar types in synchronous machines [4].

=/

Figure 1-1 Amortisseur winding or damper winding,(a) connected
and (b) not connected [4]

However, the damper bars complicate the synchronous
generator manufacturing and the current that is induced in the
damper bar increase the power losses in the generator, heats up the

machine and reduces generator efficiency.
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During the steady state condition, the relative speed between
the fundamental component of the rotating air-gap magnetic field
and the damper bars cage is zero, i.e. there is no voltage induced in
the damper bar. However, when there is a sudden change in the
generator loading, there will be a relative speed between the damper
cage and the rotating air-gap magnet field. This relative motion
induces voltage in the damper bar circuit and this voltage is
proportional to the speed difference between the rotor and the air-
gap field and produces current in the damper bars. The produced
current develops a torque called the damping torque which interacts
with the air-gap magnetic field to help bring back synchronisation

between the rotor and the air-gap field [5].

The operation of a power converter as synchronous generator is
widely discussed in literature [6-9]. in [6] they introduced the
VSYNC project [10] where the concept of a virtual Synchronous
generator (VSG) is demonstrated to overcome the grid instability
problem that might be caused by renewable resources due to
decreasing the total rotating inertia. In this control algorithm (VSG),
virtual inertia is added by adding short-term energy storage to the
system. By this configuration, the generator that is used in
renewables can behave like a "“Virtual synchronous Generator”

during short time intervals and improve grid stability.

In addition, the power converters in renewable energy may be
controlled to mimic a synchronous generator and they are called
“synchronverters” [11, 12]. This type of controller facilitates
integrating various types of green energy sources, electric vehicles

and energy system to the smart grid.
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Therefore, another application of active power filters is
investigated, which is using the active power filter to improve the

dynamic response of a synchronous generator without damper bars.

The impact of current harmonics on synchronous generators will
be apparent both mechanically and electrically. The mechanical
effect will appear as vibration on the generator shaft with
electromagnetic torque pulsation, and will shorten the lifetime of the
generator. The electrical effect will result in distorted current and
voltage waveforms in both stator and rotor windings and this will
cause excess heating and increase generator losses, lowering
efficiency of power conversion [13, 14]. In addition, the impact of
current harmonics on the voltage regulation and stability of

synchronous generator were studied in [15, 16].
The total harmonic distortion (THD) is calculated from equation

(1-1) [17]

THD % = 100 = (1-1)

Where X; is the amplitude of the fundamental component of the

waveform and X, is the amplitude of the n harmonic waveform.

The current harmonic content in power system should comply
with the limit in IEEE Std 519 [18] and it shown in Table 1-1.
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Table 1-1 Current Distortion Limits for General Distribution
Systems (120 V Through 69 000 V)

Maximum Harmonic Current Distortion in Percent of I,

Individual Harmonic Order (Odd Harmonic)

I,./1, 11 i11S7 h i72§ h 2<33§ h 35<h TDD
<20 4.0 2.0 1.5 0.6 0.3 5.0
20<50 7.0 3.5 2.5 1.0 0.5 8.0
50<100 10.0 4.5 4.0 1.5 0.7 12.0
100<1000 12.0 5.5 5.0 2.0 10 15.0
>1000 15.0 7.0 6.0 2.5 1.4 20.0

Where [;. is the maximum short-circuit current at PCC (i.e.
short-circuit level), I, is the maximum demand fundamental load
current at PCC and TDD is the total demand distortion and it is given
by equation (1-2) [17]

TDD % = 100 * (1-2)

From equation (1-1) and equation (1-2) at the full load THD
equals TDD. At lower loads the TDD will be lower than THD and the
ratio between TDD and THD is the same load ratio, for example at
50% of the load the TDD will be half the THD.

In addition, the voltage harmonic content in power system for
normal operation (more than hour) should comply with the limit in
IEEE Std 519 [18] and it shown in Table 1-2, while during start-up

or unusual condition, the limits may be exceeded by 50%.
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Table 1-2 Voltage Distortion Limits

Bus Voltage at PCC Individual Voltage Total Voltage
Distortion (%) Distortion THD (%)
69 kV and below 3.0 5.0
69.001 kV through 1.5 2.5
161kV
161.001 and above 1.0 1.5

The power electronic converter have been widely used with
distributed power generators and renewable energy resources [19-
24]. They are used as an interface between the source and the grid,

for active and reactive power control, and harmonic mitigation.

Shunt active power filter topologies and control algorithms have
been widely discussed in the literature [25-29]. In [30-33] the APF
is used in cases with distorted mains voltages and the results
showed a high capability for the proposed control techniques in these
papers to eliminate the harmonics in the source current and balance

them, regardless of the load condition and the source voltage.

Using active power filter (APF) and series filters with
synchronous generator has not gained significant attention in recent
research. The APF is used with stand-alone generators to improve
their dynamic performance, where in [34] an APF is used with an
isolated synchronous generator feeding a nonlinear load to
compensate current harmonics and regulate the generator terminal
voltages. In addition, APF is used to regulate the output voltage of
a variable speed interior permanent magnet synchronous generator
(IPMSG) with nonlinear load while controlling the reactive power and

compensate any current harmonics [35].
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This work develops and validates the use of active power filters
(parallel filter) and active series filter specifically with simplified
synchronous generators. The simplified generators described are
less complex and so both simpler and less expensive to produce.
However, the simplified generator design also produce significantly
more harmonics and hence another approach, in this case an
combination from active parallel filter and active series filter, will be
used to mitigate these harmonics and ensure the level of harmonics
seen at the load remains acceptable. In addition, this work
investigates the use of just active power filters to improve the
dynamic response of synchronous generators without damper bars,
where the active power filter is used to decrease speed fluctuation

during sudden load change.

The additional costs that would be introduced by adding the
active filters may be compensated by the practical benefits can be
gained. As well as the direct benefits of increased generator
capability and reduced construction cost and complexity outlined
above, APF also has established benefits in terms of improving the
transient response of the generator [36] and its ride-through
capability, as well as the potential to allow reduced three-phase

output power in fault conditions.

In addition, it well known that the cost of semiconductor devices
is in a decreasing trend. For example, for a traction drive systems
(55 kW peak power for 18 sec; 30 kw continuous power) the cost of
power electronics in 2010 was 7.9 $/kW and in 2020, this is
estimated to drop to 3.3 $/kW , i.e. the cost will be 58% less in ten
years [37].
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Active filtering (both the active parallel and the active series
compensators) will be used to improve the power quality (voltage

and current) of the proposed generator.

1.2 Project objectives
The purpose of this work is to improve the performance and the
dynamic response of simplified synchronous generators by using two

active power filters. This will done by:

e Development of an effective dynamic model of the SG for
analysis and design optimisation purposes

e Review of power converters and selecting a suitable
configurations for integration within the SG

e Modelling, simulation and optimization of the selected
converter topologies and its integration within the SG

e Experimental setup of the SG with the associated power
converter

e Experimental evaluation

Although use of the active power filter to compensate load
harmonics is widely discussed in the literature [25-28], using it with
an active series filter to simplify the design of synchronous generator
and improve the dynamic response, according to my knowledge, is
a new subject and has not been presented. The originality of the
research is shown by the publications listed under the title ‘Thesis

contribution” as shown in page iv.

1.3 Thesis outline

The thesis is structured as follows:

e Chapter 2: presents synchronous generator models,
where the dg model explained in details in section 2.2. In

section 2.3, a finite element analysis model FEA was

9
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introduced for the proposed generator by using MagNet
software. A MatLab Simulink model based on the
inductance matrix from FEA model was proposed in
section 2.4, followed by a comparison between the FEA
model and the Simulink model in section 2.5.
Experimental validation for the proposed generator
models were presented in section 2.6, finally the chapter

concluded in section 2.7

e Chapter 3: discusses active power filters topology and
control. This chapter started with an introduction about
active power filters, and then followed by active power
filter topologies in section 3.2. Shunt and series active
filter presented in sections 3.3 and 3.4 respectively. The
synchronisation (phase angle tracking) methods and
current and voltage reference generation techniques are
presented in sections 3.43.5 and 3.63.6 respectively.
Section 3.7 explains three different current control
methods. Section 3.8 represent the modulation technique
and sections 3.9 and 3.10 present the DC-link voltage
control and Passive element design (filter inductance and
DC-link capacitance). Finally, a conclusion of this chapter

is given in section 3.12.

e Chapter 4: presents the power quality improvement of
the proposed synchronous generator. The introduction of
this chapter and the proposed system configuration are
presented in section 4.1, after that in section 4.2 proposes
power quality improvement of the simplified generator by
using the shunt active power filter. Section 4.3 proposes
power quality improvement of the simplified generator by
using the series active power filter and using both filter is

10
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presented in section 04.4. Finally, a chapter conclusion is

given in section 4.5.

Chapter 5: explains the dynamic response improvement
of synchronous generator without damper bars by using
an active power filter, section 5.1 presents an introduction
about the damper bar function in synchronous generators
and their drawbacks, and section 5.2 explains the dynamic
performance and the swing equation of synchronous
generator with and without damper bars. The proposed
control algorithm is presented in section 5.3 and the
simulation results are shown in section 5.4. Finally, a

conclusion of this chapter is presented in section 5.5

Chapter 6: gives a description of the experimental work
including the proposed generator and the active filters
implementation and testing, and present the experimental

results for different kind of loads

Chapter 7: presented a general conclusion and discussion

the possible further developments.

11
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Chapter-2 Modelling of the

Synchronous Generator

12
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Chapter-2 Modelling of the Synchronous

Generator

This chapter provides an introduction to wound field
synchronous generator modelling. Section 2.1 presents a general
introduction about the synchronous generator and an overview
about traditional methods of designing synchronous generators.
Then the dq model is presented in section 2.2 followed by the two
dimensional finite element model (2DFEA) of the proposed
generator, presented in section 2.3. Accurate modelling of the
synchronous generator in Matlab Simulink based on 2DFEA is
presented in section 2.4 followed by a comparison between the
Matlab Simulink model and the 2DFEA model presented in section
2.5. An experimental validation is presented in section 0, finally the

conclusion of this chapter is presented in section 2.7.

2.1 Introduction

A good model is essential to study the SG dynamic behaviour,
test a new excitation system or develop a new SG design.
Synchronous machine modelling is a very important subject and has
been widely discussed in the literature [38-41], where in [38, 39] a
detailed analysis of d-q model was presented. In [40] a new
modelling approach based on a stator-oriented magnetic circuit was
proposed for electrically excited synchronous machines, this model
considers the nonlinearity and multiple saliencies, but did not
consider the harmonic effect. Ref [41] presented a solid rotor
machine model in d-q axis frames, however, this model increased

machine model order and did not consider the saturation effect.

13
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The synchronous machine consists of two main parts, a stator
and a rotor. The stator windings are distributed in slots and wound
in three-phases, and may be connected in star or delta. The rotor,
which is the moving part, contains the field winding and it is supplied
by a DC current to produce the rotor magnetic field. In terms of rotor
shape, there are two types of synchronous machines. The first one
is the salient pole synchronous machine and the second one is the
non-salient (cylindrical) rotor synchronous machine and used in high
speed generators. Figure 2-1 shows the two types of synchronous
machine [39].

3 5 vE g
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Figure 2-1 Synchronous machine rotor type [39]

2.2 Synchronous Machine dqg Model

The synchronous machine dq model is based on the Park
transformation for the abc machine equation, where all machine
parameters are presented in the synchronous reference dq frame.
The machine equivalent circuit is implemented as d-axis and g-axis
equivalent circuits. The d-axis equivalent circuit contains the
equivalent inductance of the stator windings in the direct axis, field

winding and the equivalent inductance of the damper bars in the

14
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direct axis, while the g-axis equivalent circuit contains the equivalent
inductance of the stator windings in the quadrature axis and the

equivalent inductance of the dampers bar in the quadrature axis.

2.2.1 Assumption
Before starting with machine modelling the following

assumption were made;

e The stator winding is distributed in balanced three phase
and displayed by 120 electrical degree and in sinusoidal
distribution.

e The machine has silent rotor with a single pole pare (p=1,
fe=6r=0. i.e. electrical speed =mechanical speed)

e The damper cage is represented with two winding and
displayed by 90 electrical degree.

e The field is represented with a single coil and supplied by

a constant current

2.2.2SM Equations in the Phase Variable or abc Reference
Frame

In order to model the machine, firstly the equations that
describe the machine variables should be written. The stator has
three-phase windings placed in slots displayed by 120° (electrical
degree). The rotor will be arranged in two phase configurations
(direct and quadratic axes) with a rotating angle 4. There are three
windings in the rotor circuit, two windings in the direct axis (field
and one damper bar windings) and the other damping bar winding
in quadratic axis. Figure 2-2 shows a schematic representation of

synchronous machine with three phase winding windings [38]

15
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q-axis

Rotor Stator

Figure 2-2 Schematic representation of synchronous machine
windings

Note: All the following Equations represent SM in motoring
mode (for generating mode we just need to inverse the sign of

current)
The stator equation is given as:

(2-1)

. d
Vabes = Tslabes T i (Aabes)

Where v, is the stator phases voltage, r, is the stator phase
resistance, i, iS the phase current and A, is the stator flux

linkage. The matrix form of these variables are:

vas ias ﬂfas T'S O 0
Vabes = |Vbs| +  labes = |lbs v Aapes = [Aps|and r, =10 1, 0
Vs ics Aes 0 0 nr
The rotor equation is given as:
. d -
Vragr = Trlfagr t at (ﬂ“qur) (2-2)

Where wvsq,, is the rotor windings voltages (damper bars

windings in the direct and quadrature axis and the field winding), r.

is the resistance of the rotor windings, if,, is the currents in the

16
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rotor windings and A4, is the flux linkage in the rotor circuit. The

matrix form of these variables are:

Vrr if r /1fr Trr 0 0
Vfaqr = [vdr] ) iqur = |lar ) ﬁqur = | Adar andn. =10 14 O
Vgr lgr Agr 0 0 7y

All the windings in the machine are mutually coupled, and the

flux linkage of the machine windings is given as:
ﬂvabcs = Labcsiabcs + Labcsr iqur (2'3)
ﬂ“quf = Lflbcsriabcs + Lqur iqur (2'4)

Where L, is the self and mutual inductance matrix of the
stator windings, Ly, iS mutual inductance matrix between the
stator windings and the rotor windings and L4, is the self and
mutual inductance matrix of the rotor windings. The matrix form of

these variables are:

Laa Lab Lac Lafr Ladr Laqr
Lopes = |Lba Lo Lvc| s Lapesr = |Lvsr  Lbar Lpgr| ,and
Lca ch Lcc chr Lcdr chr

Lfrfr Lfrdr 0
Lqur = Ldrfr Ldrdr 0
0 0 Lgrgr

By assuming that the machine stator windings have sinusoidal

distribution (harmonic free), these inductance matrices are given as

follows
L L
Lis+ Ly — L5 cos 26 ——O—LmSCOSZ(G—E) ——O—Lm50052(9+z)
2 3 2 3
Lg T 2w Ly (2'5)
Lapes = —7—Lmsc052(9 —§) Lis+ Loy —Lmsc052<9 —?) -5~ Lyscos2(60 —m)

Lg T Lo 2m
—7—Lm50052(9+§) —?—LmSCOSZ(G—n’) Lls+L0—LmScosz(9+?>

17
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[ Lgsrcos8 Lggr cos@ Lggr sinf 1
2 2 2 -
Lggr cos (9 - ?n) L4y cos (9 - ?n) Lggr sin (9 - ?n) | (2 6)
I

2m 2m . 2m
lLsfr cos (9 + ?) Lgg, cos (9 + ?) Lggr sin (9 + ?)

Labcsr -

P Y (2-7)
0 0 Ligr + Lmgr

Where 60 is the rotating speed, L, is stator winding leakage
inductance, Ly, is mutual inductance between the stator and the
field winding, L4 is mutual inductance between the stator and the
d-axis damper bar winding, Ly, is mutual inductance between the
stator and the g-axis damper bar winding, L is d-axis field winding
leakage inductance, L, is d-axis field winding self-inductance, L¢.q,
is the mutual inductance between d-axis field winding and d-axis
damper bar winding, L4, is the mutual inductance between d-axis
damper bar winding and d-axis field winding L, is d-axis damper
winding leakage inductance, L,,4, is d-axis damper bar winding self-

inductance, L,,,, is g-axis damper bar winding self-inductance L, is

g-axis damper winding leakage inductance.

As can be seen from the machine equations, the machine
inductances are time-variant and depend on rotor positions and this
increases the computation time and complexity of machine model.
In the next section, the machine parameters are transformed to the
synchronous reference dq frame to make the machine inductance

matrices time-invariant and simplify the model.

2.2.3 Stator Equation in Synchronous Reference dq Frame

As discussed in the previous section the machine inductance
matrix is time dependent and this makes the machine equations
complex. To simplify the machine equations, the Park transformation
is used to transform the stator equations from the stationary

reference frame to the rotating reference frame rotating at P*theta,

18
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where P are the pole pairs. Applying Park transformation on equation
(2-1) yields:

[quo]vabcs = T:s‘[quO]iabcs + [quO] % (ﬂ'abcs) (2-8)

Where [T440] is the transformation matrix and given as:

cos 6 cos(6 -2 cos (6 + 22
[quo] [— sinf — sin((9 —g) —sin((g + ?;?”))l (2-9)
L ; 2
[ cos 6 ~sin @ %] (2-10)
[Tagol™ = [cos 9 - — —sin (9 _ 2%) %
[y

From equation (2-8), the left-hand side of the equation

becomes:
[quo]vabcs = Vgqos (2-1 1)

Where the vy, is the direct, quadratic and zero sequence

voltages of the stator, and the currents term in the right-hand side

of the equation become:
[quo]iabcs = iqus (2-12)

Where the iz, is the direct, quadratic and zero sequence

currents of the stator. For the fluxes term, it can be calculated from

the formula of derivative of product two function which given as:

= x(O)y () = x(6) Ty () + y(£) 2 x(t) (2-13)

Then from equation (2-13) the fluxes term in equation (2-8) can

be calculated as:
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[quO] % (Aabes) = %([quo](labcs)) - (2-14)
(% [quo]) ﬂabcs

After simplification of equation (2-14), yields

0 -1 0

1 0 0
0 0 O

(2-15)

d d
[quo] at (ﬂabcs) = EﬂquS tw ﬂ*qus

Where the 144; is the direct, quadratic and zero sequence fluxes

of the stator, w is the rotor speed in rad/esc and equal to Z—f.

Then the stator equation in the rotating reference frame (dq)

can be written as:

Vas = Tslas + PAas — W Ags (2-16)
Vgs = Tsigs + pAgs + WAgs (2-17)
Vos = Tslos + PAos (2-18)

d
Where p = o
2.2.3.1 Flux Linkage Equations
The flux linkage equation (equation (2-3) ) can be transformed
to dqg frame and only the stator quantities are transformed and given
as:

[quo] A = [quO]Labcs[quO]_liquS (2-19)

+ [quO]Labcsr iqur

abcs

After simplifying the right-hand side, the equation (2-19) can be

simplified as:
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3 . .
Aas = {Lls + E (LO + Lms)} lgs T Lsfrlfr

+ Lsdridr (2_20)
3 . .
/lqs = {Lls + E (Lo — Lms)} lgs T qurldr
Aos = Lislos
Aas = {Lls + Lmd}ids + Lsfrifr + Lsariar
(2-21)

ﬂ'qs = {Lls + Lmq}iqs + quriqr

Aos = Lisios

Where the d-axis magnetising inductance L,,; = %(L0 + L,,s) and

3
> (LO - Lms)

the g-axis magnetising inductance L,,, = >

The flux linkage of rotor quantities are given in the following

equation:

3. . .
ﬂfr = ELsfrlds + Lfrfrlfr + Lfrdrldr

3 . . (2-22)
Adar = ELsdrlds + Ldrfrlfr + Larartar

ﬂvqr = Equriqs + Lqrqriqr

Figure 2-3 shows the equivalent circuit of the synchronous

machine in the rotor reference frame.
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0-axis

Figure 2-3 Equivalent circuit of synchronous machine in the
rotor reference frame

The equivalent circuit is still complicated, and the inductance
matrix of the d and g component is not symmetric. To simplify more,
the rotor quantities are referred to the stator side by using the turns
ratio between the stator windings and rotor windings. All the rotor
variables that are referred to the stator are denoted by a prime

superscript as
i’ _ENmi (2-23)
fr 3 Ny fr

L 2Nan (2-24)
dr — 3 N51 dr

— Equl , (2'25)
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, 3Ny ) (2-26)
T =o\Npe ) T

. 3/Ng\’ (2-27)
Tar = E<M) Yar

r

, 3N\’ (2-28)
rqr - E qul rqr

/ Ngy (2-29)
Ay = Wsﬂzﬁ

) N 2-30
Adr = Wﬂl/ldr ( )

T

) N 2-31
Aqr = Nqsrll Aar ( )

, _ Na (2-32)
Ufr = var

, _ Ng (2-33)
Var = mvdr

;o Ngq (2-34)
T Ny

Where Ny; is the number of stator turns of the fundamental
component of the three winding function
N¢; is the effective number of turns for the field winding
corresponding to the fundamental component.
N4 is the effective number of turns of the d-axis damper bar
corresponding to the fundamental component of d-axis winding

function N

o1 IS the effective number of turns of the g-axis

damper bar corresponding to the fundamental component of g-axis

winding function

Rotor equation (equation (2-2)) can be rewritten referred to the
stator side as follows:
Var = Tarlgr + pAar =0 (2-35)
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!

Vgr = Tgrlgr + PAgr =0 (2-36)
Vi = Trpife + pApy (2-37)

The magnetising inductances L, and L,, as a function of

machine inductances can be written as

L 3 Ny L
d = 575N f
T 2Ng T (2-38)
3 Ny
=- 1
2Ndr1 sdr
3 Ny (2-39)

Lmq = Em sqr

After referring the rotor quantities to the stator, the equivalent

circuit of a synchronous machine is shown in Figure 2-4.
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Figure 2-4 Equivalent circuit of synchronous machine after
referring the rotor quantities to the stator

From Figure 2-4, the flux linkage equation can be written as a

function in the mutual flux linkages 4,,, and 4,,, as follows:

Aas = Lislas + Ama (2-40)
Ags = Lisigs + g (2-41)
Aos = Lisios (2-42)
Afr = Liprifr + Ama (2-43)
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Aar = Liarigr + Ama (2-44)

Agr = Ligrite + Amg (2-45)
Where the mutual flux linkage 4,4 and 4,,, are given by:

Ama = Lma(ias + igr + ify) (2-46)

Amq = Lmq(iqs + itlzr) (2-47)

To calculate the mutual flux linkage from the other machine
flux linkages, the currents in equations (2-46) and (2-47) are
replaced by their values from equation (2-40) to equation (2-45),

after substituting and simplifying the equations the last yields:

) A Ay
ﬂmd :LMD(£+ﬂ+L)

Lis  Lgr  Lig (2-48)
where — = — 4 — + ——+ —
Lyp Lis  Ligr Lisy Lma
And
A Aq
=1L (£+ ‘")
1 1 1

£
3
r«|H
Il
|
+
+
|

MQ Lis  Ligr Lmg
By substituting equations (2-40) and (2-41) in equations (2-16)
and (2-17) vyields:

Vgs = Tslgs + p(Llsids + ﬂmd) - w(Llsiqs + ﬂ*mq)
(2-50)

Vas = Tslgs + Lisplags — lesiqs + (pﬂ*md - wﬂ*mq)

Vgs = Tslgs + p(Llsiqs + lmq) + w(Lisias + Ama) (2-51)
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Ugs = %iqs + Llspiqs + wligigs + (plmq + wlmd)
Vos = Tslos + Lisplos (2-52)
Where w is the rotor speed in rad/sec.

Referring to equations (2-50), (2-51) and (2-52) a new

variables can be defined as follows:

Vas = Tslas + Lispigs — lesiqs + Epas (2_53)
qu = rsiqs + Llspiqs + leSidS + qus (2'54)
Vos = Tslos + Lisplos + Eos (2'55)

Where Epqs , Engs and Ey, are the induced backs EMF in

dq0 axices and are equal to:

Epas = pAma — w/lmq (2-56)
Epgs = p/lmq + W0 dna (2-57)
Eys=0 (2-58)

Now equations (2-53) to (2-55) are transformed back to abc

component by using the invers Park’s transformation [Ty,,]™*, and

the results are given in the equations (2-59) to (2-61):

Vg = Tylq + Ligpiy + E, (2-59)
Vp = T'Sib + Llspib + Eb (2'60)
Ve = Tsle + Ligpic + E, (2-61)
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Where E,, E, and E. are the induced back-emf voltages of

phases a,b and c respectively

2.2.3.2 Torque Equation
The input power in the machine can be calculated from the

following equation:
Pipn = valq + Vplp + Velig + Vpripr (2-62)

When equation (2-62) is transformed to the dqg-reference frame,

the input power can be given as in equation (2-63):

. . ) ) 2-63
Py = 2 (vdslds + vqslqs) + 3vgsips + Vprlfy ( )

By substituting the values of machine voltage vy, v4s, vos and

v, from equations (2-16), (2-17), (2-18) and (2-2) respectively
yields:

Pin = g(rs(lés + iczls) + idsp/qus + iqspﬂqs (2_64)

+ wr(iqsﬁds - idsﬂqs)) + 3T0$i§s
+ 3i05p/105 + rfrifzr + ifrpﬂfr

By eliminating the terms related to ohmic losses and the rate of

change in flux, the air gap power is given as:
3 (2-65)

Pag = Ewr(iqs/lds - ids/iqs)

The relation between the rotor mechanical speed w,,, and the

rotor electrical speed w, as follows:
Wy = PWyrm (2'66)

Where p is the number of pole pairs.
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Then the air gap power can be written as

. . 2-67
Pag = Epwrm(lqs;tds - ldslqs) ( )

The electromagnetic torque is calculated from dividing the air
gap power by the rotor mechanical speed (because, P,y = T, * W)

and it is given as in equation (2-68) and mechanical speed is given

as in equation (2-69)

3 -
Tem = E P (ﬂds iqs — ﬂqs ids) (2 68)

AWy (1) 2-69
Tem — Tmech — Tdamp = ;T: ( )

2.2.4 Matlab Simulink Model:

Since the currents in a synchronous generator change quickly,
limited by short-circuit time constant while the flux linkages change
slowly, limited to open-circuit time constant [38]. So the machine
equations are expressed with a new variable which is a hybrid flux
linkage (¥) by multiplying all flux linkages by a base angular speed
(wp) thatis let:

Was = wplas (2-70)
Wys = wpdgs (2-71)
Wos = wpdos (2-72)

The unit of hybrid flux linkage is volt (V).

The equations from equation (2-16) to equation (2-18) can be

written as:
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. p w -
Vgs = Tslgs + — Wgs — _rlpqs (2 73)
Wp
. p -
Vgs = Tslgs +— ‘qu 42 o “Y, (2-74)
(2-75)

. p
Vos = Tslgs +— Wos
Wp

And for the rotor equations become as:

LV (2-76)

o Y Y
Var = 0= Tarlar

! r :7 p ! =

Vgr =0 =150lqr + —Wgr (2-77)
Wp

«f p -

ex = Xmalsr + rrcld W, (2-78)
fr
And the electromagnetic equation is given as:

3P 1 (2-79)

T, = 2 2 (L]st lgs — llJqsids)

Solving the flux linkage equations, equation (2-40) to equation

(2-45), for the currents yields:

. Was — Yia (2'80)
e T

s
. qus_lpmq (2-81)
fas = Xis
Yo (2-82)
0s —

Xis

R e LT (2-83)
T xl’fr
o Wi~ ma (2-84)
a xl’dr
i = Yar = ¥mg (2-85)
v xl,qr

Where the mutual flux linkage 4,4 and 4,,, are given by:

30



Chapter-2 Modelling of the Synchronous Generator

WYha = xmd(ids + i]I‘r + izlir) (2_86)

Wing = Xmq(igs + ior) (2-87)

Substituting equations (2-80), (2-83) and (2-84) in equation (2-86)
yields:

lpmd = X,y <Lpds - qud + Lp;r _, lpmd
Xis Xier (2-88)
+ qu,lr 7 led)
Xiar

By rearranging equation (2-88) gives:

— =
Xmd  Xis xlfr Xiar

1 1 1 1 Y ye W -
- |te e e
Xis xlfr Xiar

A new variable x,,, is defined as:

1_(1 1 1+1) (2-90)

Xma  Xis xllfr Xlar
So equation (2-89) can be rewritten as:

* *
X X X
__'md md gy md yyyr
WYna = Wos + 7 ¥ + 7 Yar
Xis Xifr Xiar

(2-91)

In similar manner for ¥,,,, substituting equations (2-81) and (2-83)

in equations (2-87) yields:

lpqs _lpmq +Lp(11r _lpmq> (2-92)

!
Xis Xigr

Wing = Xmq <

By rearranging equation (2-92) gives:

1 1 1\ ¥, ¥, _
meq<_+_+ >= as | i (2-93)

! !
xmq xls xlqr xls xlqr

Or in other form
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* *

X X , 2-94
quq = mq qu+gqjqr ( )
Xis Xigr
Where x,,, is equal to:
1 1 1 -
*=<_+_+,> (2-95)
Xmq Xmqg Xis Xigr

Now the current variables can be eliminated from the machine
equations and substituted by machine flux linkage variables as in

the following equations:

T, p w -
Vas = — (Lpds md) + qus _quqs (2 96)
Xis
T, p w -
Vgs = x_;(lpqs ~ W) +— w, Wos + ;q’ds (2-97)
_ % p (2-98)
Vos = ;LPOS + w_prOs
s

And for the rotor equations become as:

, Tar oy p 2-99

Var = 0= x,ﬂ (lpdr - md) + lpdr ( )
lar

, , 2-100

Vgr =V = qr ( - mq) + Lp ( )
lqr

Y., -y 2-101

, =xmd<fr, md>+x,7dpq,ﬁ (2-101)

xlfr rfr

2.2.4.1 Matlab Simulink Model Steps:

The following steps summarise how to build a Matlab Simulink
model for a synchronous machine in the stationary reference frame
dq

1- The machine flux linkages are calculated from equations (2-96)

to (2-101) as shown in the following equations:
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[ W T _
lpds = f Vgs — _rlpqs + _S(lpmd - lpds)] Wp dt (2 102)
| wp Xis
[ w T 2-1
Y = f Vs ——Was + — (Wng — qu)] wy, dt (2-103)
| wp Xis
[ T 2-104
l'IJOS = f UOS - jIPOS] (l)b dt ( )
- s
[ 1 ) 2-105
Wor = f (W — Lpalr)l wp, dt ( )
| ldr
[ 7 . 2-106
Wor = f x,i (Wha — lpdr)l wp dt ( )
| ldr
, [ 7/ 4 ) 2-107
lpfrzf e L+ L (W — W) | wp dt ( )
| Xma  Xifr

2- Calculating the mutual flux linkages ¥,, and ¥,, from

equations (2-91) and (2-94) respectively

3- Calculating machine currents from equations (2-80) to (2-85).

Figure 2-5 shows Matlab Simulink block diagram of dqg-

synchronous generator model
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psigr
psimaq|
psigs

- 1
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J— _ 1/xls 1qs
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_ _ 1¢igr rar
psimq psigr -
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Figure 2-5 Matlab Simulink SG Model

2.2.5Simulation Result:

This model is tested by using commercial generator data (from
a Cummins UC224F generator). The generator power is 72.5 KVA
and has 4-poles. The generator parameters are given in Appendix-
B, two tests were done to compare the dg-model with the
commercial generator data from the data sheet. The first test was
open-circuit test (OCT) and the second test was short-circuit test

(SCT). The open circuit test is shown in Figure 2-6, as can be seen
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from the figure, the vertical axis represents the peak value of the
fundamental phase voltage and the horizontal axis represents the
generator field current. The dg-model matches the commercial
generator data in the linear region (air-gap line) (because the
saturation is not considered in the dg-mode) while in the saturation

region this does not match.

600 . . ‘ . :

= = -data sheet

500 | ——dg-model | |
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1
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—400

The back-EMF
w
o
o
A Y

Fundamental Component of
)
o
o

100

0 I I I I I
0 10 20 30 40 50 60

Field Current(A)
Figure 2-6 comparison between dq-model and the

commercial generator OCT

In the short circuit test as shown in Figure 2-7, there is a good
agreement between the dg-model and commercial generator

because saturation effects are reduced in the short-circuit test.
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Figure 2-7 comparison between dq-model and the
commercial generator SCT

The dq model gives good results when the machine has no
harmonics, because when the machine variables transformed to the
dg-reference frame and become DC values. However, if the machine
has harmonics, the transformation to the dqg-reference frame does

not give DC values.

2.3 Finite Element Modelling of the Synchronous

Generator

Finite element analysis (FEA) has gained a significant attention
due to their superior ability to simulate the machine with high
accuracy. So, a two-dimensional finite element analysis (2DFEA)
model was built for the proposed generator to see how these
changes in the design effect the performance of the generator and

calculate the generator parameters.
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2.3.1The Original Generator:

The original generator is a standard commercial 72.5 kVA, 4-
poles wound field synchronous generator. The commercial generator
has a 2/3 pitch winding skewed by one slot pitch, which has 48 slots
and double layer winding, and each phase consists of four coils each
two connected in parallel and these two are then connected in series.

The generator data sheet is given in Appendix A

2.3.2The Proposed Generator

The proposed generator is based on the original generator with
modifications made to the stator in order to simplify the
manufacturing process and increase the generator capacity. It has a
skewless stator with a fully pitched winding, while the rotor, it is the
same rotor of the commercial generator, and is shown in Figure 2-8.

The winding layout is shown in Figure 2-9.

o Phase-B

Phase-C

(c)

Figure 2-8 Full pitch skewless generator (a)2D finite element
analysis (FEA) model (b) Experimental prototype (the proposed
generator) (c) Stator coils connection diagram
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In the proposed generator, the neutral wire is removed to
prevent triplen current harmonics following in the generator. A load
side neutral for single-phase loads will be supplied from the active
power filter (APF), (more details about APF will be discussed in the

next chapter).

According to [39], the fundamental back-EMF of the SG can be

written as:
Erms = 4.44 fkak,N® 0, (2-108)

where f is the induced voltage frequency, k, is the distribution
factor, k, is the pitch factor, N is the number of turns per phase and
@, IS the flux per pole. Figure 2-10 shows the resultant EMF in
short-pitched and full pitched coils, where E, is the induced EMF in
one side of the coil. Since the pitch angle in the standard commercial
generator is 120° electrical degree (to cancel the third harmonic),
and according to equation (2-109) it has k, = 0.866. Due to the
increased pitch factor to 1.0, the back-EMF voltage of the proposed
generator will be higher by about 15% than the standard generator

at the same flux density.

E'1 s

E tp

Figure 2-10 Phasor diagram of the resultant EMF of short and
full pitched coil
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_ EMF of short pitched coil _ Eg

P~ EMF of full pitched coil ~ Ef, (2-109)
_ 2Eg cos(a/2)
kp = Tﬂ = COS(CZ/Z)

2.3.3 2DFEA Model for the Proposed Generator

A 2D finite element model is built in MagNet software based on
the geometry of the proposed generator with a fully pitched winding.
Figure 2-11 shows the 2DFEA model for the proposed generator. A
Transient 2D with Motion simulation was performed for the model
for one cycle, and during this simulation the field current was kept
constant. The damper bars have been removed to simplify the

model.

Figure 2-11 2DFEA model for the proposed generator

The flux distribution in the proposed generator is shown in
Figure 2-12, as can be seen from the figure the machine is still in
the linear region and doesn’t saturate at the rated voltage.
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Figure 2-12 (a) Flux distribution inside the proposed
generator (If=11.2A), (b) B-H curve of the core material
The no load voltage of the proposed generator is shown in Figure

2-13 at a field current of 11.2A; it is clear from the figure that the
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slot harmonics have a significant effect on the no load voltage due

to the unskewed stator.

400 T T .

300 P y
200F _Ea .
/ \/ |l —E,

100 | —E|]
-100 .
“*

-400 : : '
0 0.005 0.01 0.015 0.02

Time(sec)

The back-EMF voltage (V)
o

Figure 2-13 The no load voltage of the proposed
generator (If=11.2A)

The FFT analysis for the no load voltage is shown in Figure 2-14
THD 11.8% and the RMS voltage is 231V.

N w A~ w »
I I 1 1 1

% From the Fundamental

-

0 “Illll I‘l lllIl--l.I .I‘Il |-III
1 10

20 30 40 50 60 70 80
Harmonic Order

Figure 2-14 FFT analysis for the back-EMF voltage of the
proposed generator
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The line-to-line voltage is shown in Figure 2-15. It has less THD
because the triplen harmonics cancel each other and do not appear
in the line voltage. The FTT analysis of the line voltage is shown in
Figure 2-16, the THD in the line voltage was 7.92% and rms voltage
of 400V.

600

< 400

200

The back-EMF voltage (V
N
]
o o

-400

-600

0 0.005 0.01 0.015 0.02
Time(sec)

Figure 2-15 Line-to-line voltage of the proposed generator

% From the Fundamental

1 10 20 30 40 50 60 70 80
Harmonic Order

Figure 2-16 FFT analysis for the line voltage of the proposed
generator
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2.3.4Inductance Matrix of the Proposed Generator:

To simplify the model, the damper bars were removed from the
model. Several simulations were done in MagNet software to build
the inductance matrix of the proposed generator. In each simulation,
one Ampere DC current was injected in one coil of the generator’s
coils and Transient 2D with Motion simulation was run. The
simulation was done for one electrical cycle i.e. 180 mechanical
degrees, and each slot divided into 16 samples to get a good
accuracy in the result. The total samples in one cycle was 384. After
each simulation the self and mutual inductance for that coil are

calculated.

The flux linkage of the coil was extracted from the Results
window in Flux Linkage tab in MagNet software and from equation

(2-110) the coil inductance was calculated.

Machine Flux =L X I (2-110)

Where L is coil inductance and I the current injected in the coil.
Since the current is set to 1A in the simulation, then in this case, the
flux linkage will be equal to the inductance. Because the machine
has 4 coils (one for the field, three for stator windings) four
simulations will be run to build the full the inductance matrix of the

proposed generator.

Figure 2-17 (a) shows the self-inductances of stator windings
and Figure 2-17 (b) shows the self-inductance of phase-A, the
mutual inductance between phase-A and phase-B and the mutual
inductance between phase-A and phase-C, as can be seen from the
figure (Figure 2-17), the inductances are not sinusoidal waveforms

and they include harmonics.
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Figure 2-17 Phase-A inductance waveforms

The mutual-inductance between the field winding and the stator
winding and self-inductance of the field winding are shown in Figure
2-18, as can be seen from the figure, the self-inductance of the field
winding is affected by the slot harmonics. .
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Figure 2-18 the mutual and self-inductance of the field
winding

The inductance matrix was constructed, where it is a 3D matrix
with size 384X4X4. Each layer contains the self-inductance and
mutual inductance between machine windings at one rotor position,
and the number of layers equal the number of rotor positions in the
simulation (the number of samples in one cycle). This inductance
matrix is stored in an Mat-file in Matlab and it used to build the

Matlab Simulink model for the proposed generator.

2.4 Accurate Modelling of Synchronous Generator in
Matlab Simulink

A Matlab Simulink based model was developed for the proposed
generator as shown in Figure 2-19. This model is based on the

inductance matrix of the proposed generator at different rotor
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positions taken from the 2DFEA model, which was developed in the
previous section. The inductance matrix is a three dimensional
matrix where each layer contains the self and the mutual
inductances between the windings of the generator coils (i.e. stator,

and field windings) at one rotor position.

Generator circuit

Lookup]_Lo< N 7 1 Enx1
il ma table > X dat > O v Generator
terminal
R‘?tf’r Machine Fluxp, . clmihals
position Current
measurements
[Fixf

Figure 2-19 Block diagram of the generator Simulink Matlab
model

This model is a linear model, where the effects of saturation
were neglected, and the generator is running at constant speed
(synchronous speed). The AVR circuit was replaced by a constant
DC voltage source, and the value of the DC source was adjusted to

give the rated voltage of the generator during the simulation time.

2.4.1 Model Description and Operation Principle:

The operation method of the model can be described as follows:

1. The model starts with repeated sequence source which
determines rotor position (generator speed), the repeated
sequence is a saw tooth waveform various from 0 to 2x in
20 ms, these values represent a constant speed of 1500
rpm.

2. The rotor position is fed to one dimensional lookup tables,
where the tables data are vectors contain the generator

inductances and the Breakpoint is the rotor position
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vector. Figure 2-20 shows the Simulink block diagram for

implementing phase-A in Matlab Simulink.

1-D Lookup

Theta

Figure 2-20 Matlab Simulink Block diagram for implementing
Phase-A

3. The previous point is repeated for the other generator
coils (3 coils). In this model the inductance calculation is
divided to four subsystems and in each subsystem 1-coil,
where the first three subsystems for the stator and the
fourth subsystem for the field, in each subsystem the
implemented inductance matrix is a 384X4 matrix by
using the Horizontal Matrix Concatenate block as shown in
Figure 2-21.
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Theta La
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Phase-C Concatenate

Theta LT
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Figure 2-21 Matlab Simulink Block diagram for stator and
field winding inductances

4. After generating the inductance matrix, the machine flux

linkage Machine Fluxp,yx,; and the induced back-EMF
Epac-Emrnx1y are calculated by equation (2-111) and

equation (2-112) respectively.

Machine Flux[nxl] = L[an] X [[nxl] (2— 1 1 1)

dMachine Fluxp,xq (2_1 12)
dt

Electromagentic voltagep 1) =

5. Where Ly, is the inductance matrix for the generator
coils at one rotor position , I« is the current at the
generator coils and n is the number of machine coils..

6. The back-EMFs of the stator windings are fed to a
controlled voltage source connected to a resistance and
inductance as shown in Figure 2-22, and this resistance
represent the stator winding resistance and the

inductance represent the leakage inductance of the coil.
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Figure 2-22 Matlab Simulink Block diagram for the back-EMF
of the stator winding

The full Matlab Simulink model of the proposed generator

is shown in Figure 25.
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2.5 Comparison between FEA and Matlab Simulink
Models

Several test were done on the Matlab Simulink model developed
in section 2.4 to compare the results from the Matlab Simulink model
with 2DFEA model developed in section 02.3 The motivation of this
comparison is to check the performance of the developed model in
Matlab Simulink model, as it will be used to validate the harmonic

compensation method in the developed generator.

The comparisons were done for the back-EMF voltage at
different field current. The following subsections will discuss these

comparisons in detail.

2.5.1The back-EMF Voltage and Open Circuit Test:

In this comparison, the back-EMF voltage that was developed in
the 2DFEA model is compared with the back-EMF voltage that
developed in Matlab Simulink model. Both simulations were done
under the circumstances (i.e. same speed and same excitation). In
this simulation, the generator was run at constant speed with no
load with field current of 11.2A, and the output voltage of the
generator was recorded. Figure 2-24 shows the back-EMF of both
models, and it is a clear from the figure that there is a good match
between back-EMFs from both models. As can be noticed from the
figure the back-EMF voltage from the Matlab Simulink model slightly
higher than the back-EMF voltage from 2DFEA model due to the
saturation effect in the 2DFEA model, while the Matlab Simulink
model is a linear model. In addition, the THD in the back-EMF voltage
in the 2DFEA model was 13.9% at the rated voltage and it was
15.7% in the Matlab Simulink (MS) .
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Figure 2-24 Comparison between 2DFEA (FEA) and Matlab
Simulink (MS) models of the proposed generator

In addition, the open-circuit (OC) test was performed for both
models, where in this simulation; the simulation was run for different
values of the field current starting from 0 to 50A with unloaded
generator. In each simulation, the output voltage is recorded and
the RMS value of the output voltage is calculated. Figure 2-25 shows
the open circuit test from the 2DFEA model and the Matlab Simulink
(MS) model.
between the models in the linear region (airgap line), however, for
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higher values of the field current (Ir > 114 ) the saturation effect

appears on the 2DFEA model while the Matlab Simulink model

continued in a straight line.
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Figure 2-25 Open-circuit test form 2DFEA model and the
Matlab Simulink (MS) model

2.5.2 Loaded Generator

A loaded generator test was done to compare the results from
the Matlab Simulink model with the 2DFEA model of the proposed
generator, the test was done for a three-phase resistive load (R =
4.92 Q). The field current was kept constant in both simulations and
was equal to 22.85A. Figure 2-26 and Figure 2-27 show the Simulink
Matlab and 2DFEA models simulation results for the balanced linear
load respectively, the THD (both voltage and current) in the 2DFEA
model was 2.4% while in the Simulink model was 3 %. The
difference in the THD and the peak value of the waveforms between

the two models due to the linearity in the Malab Simulink model.
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Figure 2-26 The simulation results for a balanced linear load
from Simulink Matlab model, (a) Generator output voltage (b)
Generator output current
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Figure 2-27 The simulation results for a balanced linear load
from 2DFEA model, (a) Generator output voltage (b) Generator
output current
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2.6 Experimental Validation

A prototype model of the proposed generator was built, as
described in section 2.3.2, where the stator is unskewed and the
stator winding is fully pitched. Figure 2-28 shows the stator of the
prototype generator and as can be seen in the figure the stator slots
are unskewed. The proposed generator was installed on a test rig as
shown in Figure 2-29. The rotor is the same as the commercial

generator (4-poles).

Figure 2-28 The stator of the prototype generator
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Figure 2-29 The proposed generator test rig

2.6.1 0Open-Circuit Test:

The open-circuit test was done for the proposed generator, in
this test the generator terminals are kept open and the field winding
was fed by a DC voltage source through the field circuit connection
using slip rings, as shown in Figure 2-29. The generator was run at
constant speed by a prime mover (DC motor) driven by a Eurotherm
Drive, a 590 Digital series with closed loop speed Control. The output
voltage was measured for different values of the field current. Figure
2-30 shows the experimental values for the open-circuit test
compared to the open-circuit test from the 2dFEA model for the
proposed generator and the standard commercial generator
(UCI224F).

58



Chapter-2 Modelling of the Synchronous Generator

600 T T T T T

(%]
o
(=]
T
I

—— ==
- -
.
-
=

™~
o
o

----- Full Pitch FEA (Vmpeak)
——2/3" Pitch FEA (Va1 )
peak
= = =2/3" Pitch data sheet (Val
peak
Full Pitch experimental (Va'l

Fundamental Component of
The back-EMF (V)

)

peak)

O | : : | | |
0 10 20 30 40 50 60
Field Current (A)

Figure 2-30 Open circuit test for the proposed generator and
the standard commercial generator

As the Figure 2-30 shows, there is good match between the
open-circuit test for the 2DFEA model and the experimental values
for both generators. In addition, for the same fundamental output
voltage the field current can be reduced from 15 A in the standard
generator to 11.2 A in the proposed generator, if the power quality

can be maintained.

2.6.2Loaded Generator:

A loaded generator test was done to compare the results from
the Matlab Simulink model with the experimental results of the
proposed generator, the test was done for a linear 35kW resistive
load and nonlinear load i.e. three-phase diode bridge with RL load
(R=9.2QandL =5.5mH).

Figure 2-31 shows the simulation and experimental results for
the balanced linear load, the THD in the Simulink model was 3 %,
while in experimental test was 4.1%, a small variation due to the
linearity of the Simulink model and the difference in the peak value
due to the linearity in the Matlab Simulink model.
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Figure 2-31 The simulation and experimental results for
balanced linear load

Furthermore, the nonlinear load test was done and the results
are shown in Figure 2-32, this figure shows the simulation and
experimental results for balanced nonlinear load, as can be seen
from the figure, the THD in the Simulink model was 15% while in
the experimental test this was 25%, and the Matlab model gives a
higher peak values more than the experimental values due to the
linearity in the Matlab Simulink model. As can be seen from Figure
2-31 and Figure 2-32 the synchronous generator Simulink model

showed a good agreement with the experimental result.
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Figure 2-32 The simulation and experimental results for
balanced nonlinear load

2.7 Conclusion

This chapter presented the proposed synchronous generator
models, starting with an introduction about synchronous generators.
In section 2.2 the dq model was presented, since this model is
suitable for machines without harmonics, and the proposed
generator does has harmonics, a different modelling approach
(2DFEA) was presented in section 02.3. To build an accurate model
for the proposed generator able to simulate all the proposed system
(i.e. the proposed generator, the active power filter, active series

filter and the load) a Matlab Simulink model based on the proposed
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generator inductance matrix was presented in section 2.4. Then a
comparison between the 2DFEA model and the Matlab Simulink
model was presented in section 2.5 and the Matlab Simulink model
showed a good agreement with the 2DFEA model. Finally, an
experimental validation for the Matlab Simulink model was
presented in section 0 for open-circuit test and loaded generator
with linear and nonlinear loads, again the Matlab Simulink model

was validated by the experimental results.
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Chapter-3 Active Power Filters
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Chapter-3  Active power Filters

This chapter introduces an introduction about the active power
filters (APFs) topologies and control. Where in the first section
presents a general introduction about shunt APFs, in section 3.2 APF
topologies in three-phase four-wire system is presented followed by
shunt and series active filters configuration in sections 3.33.4 and
3.4 respectively. Section 3.5 discusses grid synchronisation method.
Current and voltage harmonic extraction techniques are presented
in section 3.6 and current control methods are presented in section
3.7. The DC-link voltage control and passive element design are
presented in sections 3.8 and 3.10 respectively. Finally a conclusion

is presented in section 3.12.

3.1 Introduction

In the past, passive filters were used at the point of common
coupling (PCC) to improve power quality. The passive filters have
some advantages such as simple design and low cost. However,
have some disadvantage for example is that each harmonic need a
separate filter i.e. the single filter cannot be tuned for wide range of
harmonics and hence will have limited filtering characteristic. In
addition, the most serious disadvantage is causing resonance
between the grid and the filter [42].

Shunt Active power filters (SAPF), which compensate harmonics
and reactive current component for the power supplies, can be
connected in parallel at the PCC and improve the power qualities and
enhance the reliability and stability of power system. In 1982, an
active power filter of 800 kVA, which consisted of current source
PWM inverter using GTO thyristors, was put into practical use for
harmonic compensation for the first time, [43].
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The basic task of the proposed APFs (parallel and series) in this
work is to compensate the current harmonics that exist in the
proposed low cost generator and the current harmonics produced by
the nonlinear loads, and to improve the quality of the voltage
waveform at the PCC and to balance generator loading . Figure 3-1
shows the block diagram of the proposed system (the proposed

generator and the proposed two filters).

Prime
Mover

Output voltage

°

i e o

P
Synchronous \/

Generator

Parallel
Compensator
Generator
back emf

Figure 3-1 Block diagram of the propose system

Series
Compensator

The APF can be classified in different ways according to power
rating, power circuit configuration, compensated variable, etc. , The
classification according to the power circuit configuration is

presented in Figure 3-2, [25].
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active power system filters

parallel active series active other filter
filters filters combinations
standard  switched  lattice voltage parallel AF series AF  parallel AF  AF in series
inverters capacitor structure -aon1lators . - - " aralle ?
erters capacitors structure regulators series AF  parallel PF  parallel PI with parallel Pl

current-fed  voltage-fed

inverter inverter

Figure 3-2 Subdivision of power system filters according to power
circuit configuration and connection (AF: Active Filter, PF: Passive
Filter)

This chapter, will start with a review of converter topologies
suitable for three-phase four-wire system. Then shunt active power
filter and series active filter will be presented, a detailed discussion
on grid synchronisation and harmonic extraction methods and
current controllers design will be provided. Next, the APF passive
component design will be given. Finally, conclusion will be drawn and

presented.

3.2 Active Power Filter Topologies

Most of the research on active power filter has been focused on
voltage source active power filters (VSAPF), while current source
active power filters (CSAPF) have gained some attention. According
to [44] the voltage source converter is more desirable than the

current source converter in terms of efficiency, size and cost.

In three-phase four-wire system the converter topology can be
either a conventional three-phase inverter with DC-link split
capacitor with midpoint connection for neutral wire, or four-leg
inverter where the neutral wire in connected to the fourth leg, see
Figure 3-3. In this thesis the second configuration is chosen to

reduce the DC-link capacitor size by reducing the current rating of
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the DC-link capacitor [45]. In addition, since there is only one
capacitor in the four-leg topology, there is only on voltage to be
controlled. However, in split capacitor with midpoint topology there
are two voltages to be regulated that makes the control algorithm

more complex [46]. Figure 3-3 shows the three-phase four-wire APF

topologies.
T T T 71
1 va Y Y Y \_¢p Y Y'Y\, 5
T2 Y Y Y\ _,g YYY\ o
L Yo T Ve Y'Y\, ¢
Y Y Y, — Y Y Y\
= Vi
2
11 ) L1
(a) Capacitor Midpoint topology (b) Four-leg topology

Figure 3-3 Three-Phase four-wire APF topologies

3.3 Shunt Active Power Filter:

The shunt active filter is connected in parallel between the
generator and the point of common coupling (PCC), it can be used
for load harmonic compensation as well as generator harmonics. It

also used to supply neutral connection for single phase loads.

Figure 3-4 shows the connection and the control loops (the

voltage and the current control loops) for shunt active power filters.
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3.4 Series Active Power Filter:

The series active filter is connected in series with the generator
windings where the neutral point was opened and the winding
terminal are connected to the three legs of the voltage source

inverter as shown in Figure 3-1.

The operation principle of this filter is sensing the generator
windings voltages and then extract the harmonic from these voltage.
Then the voltage ripples that were extracted from the voltage
waveform is used as references voltage with negative sign for the
series compensator to cancel the ripples at the generator connection
point. The control circuit of the series active filter is shown in Figure
3-4.

Series

*
Vv @ Compensator

\ 4

Load

SG )
Low
performance SG

Y
Harmonic
calculation

Figure 3-4 Active series filter control circuit
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3.5 Grid Synchronization Methods

Grid phase angel detection is an important requirement for the
APF operation and control. Good compensation performance of APF
is highly dependent on accurate tracking of the phase angle. There
are many methods in literature for synchronization with three phase
grids, [47]. Phase Locked Loop based on Synchronous Reference
Frame (SRF-PLL) is the common method used to synchronise the
APF with the three-phase grid voltages at and point. In this section,
a detailed discussion of three types of SRF-PLL will be presented, a
conventional synchronous frame PLL (SFR-PLL) and other two
methods, which are, decoupled double synchronous reference frame
PLL (DDSRF-PLL) and dual second order generalised integrator PLL
(DSOGI-PLL).

3.5.1 Conventional SRF-PLL

This synchronisation method is simple and assuming a high
quality voltage source. The general block diagram of SRF-PLL is
shown in Figure 3-5. The operation of SRF-PLL can be divided into
two stages, which are the phase angle detector and the loop filter
(i.e. controller). The phase detection is based on transforming the
measured PCC voltages into a synchronous reference frame by using
Park’s transformation [T,,,]. The angle 6 (the output of SRF-PLL) is
used in this transformation as shown in equations (3-1) to (3-3).
The loop filter is used to derive the input signal (v,) to the command
value (v; = 0). By deriving v,to zero, the d-axis will be aligned to the

grid voltage vector. Where W is the rated system frequency
(2nf=27*50).
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Figure 3-5 SRF-PLL block diagram

The grid voltage is assumed balanced and undistorted as given

in equation (3-1).

[ VcosH2 ]
Vo]l | _ o |
[vb =IVC°S(9 3)I (3-1)
v, | 2m |

chos(6+?)J

Where V is the peak value of the voltage source.

By using Park’s transformation, the three-phase voltages are
transformed to the synchronous reference frame (dq0) and become

DC components as shown in (3-2) and (3-3).

2 I veese
v 2| N (3-2)
[ “] V3 V3|V cos (9 ——)
Uﬁ ==10 - 3
Vo 2 2 2m
1 1 1 Vcos(e +?)
2 2 2

e T e

Vq —sinf cos 6l LVs sin(6 — 0)

71



Chapter -3 Active Power Filters

Where 6 is the angle that is calculated by the PLL, when this
angle is equal to the voltage source phase angle 6, the v; becomes
equal to the peak value of the phase voltage V and v, is equal to

Z€ero.

From equation (3-3) a new variable A6 is used, which is the
difference between the source phase angle and the calculated angle
by the SRF-PLL as given in equation (3-4).

0—60=A80 (3-4)
Then the g-axis component of the voltage source v, is given by:
vg = VsinAf (3-5)

To simplify the PLL control model, the small signal value of

sinAf = Af , and equation (3-5) can be simplified to:

v = VAB
(3-6)

_ Yo _
Gq(s) = AH_V

The PLL can be assumed a linear control system with a forward
gain equal to the amplitude of the source voltage [48]. Figure 3-6
shows the block diagram of PI controller based SRF-PLL.

By considering the sampling time T, delay into account, the Figure

3-6 can be redrawn as in Figure 3-7
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Figure 3-6 PLL control circuit diagram
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Figure 3-7 Control block diagram of the SRF-PLL

The transfer function of the PI controller is Figure 3-7 given as in

(3-7).

K;
PI(s) = Kp +—

(3-7)

Where K, is the proportional gain and K, is the integral gain.

The open loop transfer function of the SRF-PLL is defined as follows
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Hou(s) = (Ko + 1) (2) +15TS> _ Z(if:s 71"?)) (3-8)

S

Hence, the closed loop transfer function is given as

6(s) _ (VKp)s + VK; (3-9)
0 (s) s3T;+s2+ (VKp)s + VK,

By knowing the system response requirements, damping
ratio(¢) and natural frequency (w,) , the K, and K; can be calculated
by using a simple control design method. In this thesis, the SISO

tool of Matlab has been used to calculate the controller parameters.

Choosing the bandwidth of the PI-controller is a trade-off
between fast response and robustness to system noise. High
bandwidth design guarantee fast response and give high tracking
error if the source voltage is distorted. On the other hand lower
bandwidth decreases the tracking error but slows the system

response [49, 50].

To test the performance of the conventional SRF-PLL, a Matlab
Simulink model was built based on Figure 3-5. In the first simulation,
the source voltage was ideal and the values of the source peak value
is equal to 340 V and the controller design parameters are K, = 2.22
and K, = 61.69. The simulation is carried out for different values of K,
and keeping K; constant and setting the initial angle of the SRF-PLL
different from the initial source angle to investigate the tracking
performance of the PLL. The results are shown in Figure 3-8 by
increasing the controller gain gives faster response and the SRF-PLL
is decreasing the error between the calculated phase angle 6 and

the source angle 6 faster.
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Figure 3-8 SRF-PLL performance under ideal voltage source and
different values for Kp

However, for unbalanced voltage source, the values of this
source are ( wv,=272cosb,v, = 408coscos(6 —2mn/3) and v, =
340 cos(6 + 2rm/3)), by increasing the proportional gain of the PI
controller, the SRF-PLL gives faster response but with increased
error in the calculated angle 6. In the other hand lower value of Kp
makes the SRF-PLL response slower but with decreased error in the

calculated angle 8 as shown in Figure 3-9
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Figure 3-9 SRF-PLL performance under Unbalanced voltage source
and different values for Kp

In conclusion, the SRF-PLL under unideal grid voltages will have
poor dynamic response and this will be reflected in a negative effect
on APF operation. In order to improve the PLL response, advanced
PLLs are needed. The next section gives an improved
synchronization technique based on decoupling the effects of the

positive- and negative-sequence components of the input voltage
vector.

3.5.2Decoupled Double Synchronous Reference Frame PLL
(DDSRF-PLL)

This section presents the design of an enhanced SRF-PLL
depending on two synchronous reference frames, positive and
negative rotating reference frames , [51-54]. By using the two
reference frames, the effect of negative-sequence voltage
component on positive sequence voltage component phase angle

detection and vice versa can be reduced.
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Three-phase voltage vector, can be expressed in terms of

positive, negative and zero sequence components as:

VUa
Vabe = [vb] = Z?f:l(v;glc + v;l;lc + vglralc ’ (3'10)
(2

Where V*" is the positive sequence of the voltage vector and
rotates in same direction of the voltage vector, V™" is the negative
sequence of the voltage vector and rotates in the opposite direction
of the voltage vector and V°" is the zero sequence of the voltage

vector.

cos(nwt + @*™)

Icos (nwt — 2_7'[ + (D*”)
v;l;lc = V+n| 3

2T
[cos (na)t + 3 + ®+”)

(3-11)

e ——

cos(—nwt +907") ] (3-12)

2T
cos (—na)t iy + @"”)

2T
cos (—na)t + 3 + (D‘”)J

-n _ y—-n
Vabe = 4

cos(nwt + @+°M) (3-13)
v =V [cos(nwt + @+7)
cos(nwt + @)

Where +n, -n and 0On represents the positive, negative and zero-
sequence components of the n" harmonic of the voltage vector

respectively.

The fundamental positive-sequence and negative-sequence
voltage vector magnitude are V*!' and V!, while ¢*and ¢~
represent the positive- and negative-sequence phase angles

respectively.
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By applying Clarke transformation, the fundamental component

of vy, is transformed to the a — B reference frame as (heglecting the

zero sequence component):

Ve Va 2 [1 % —% ]
[vﬁ [Ta/?] :Z’]' = §|O V3 \/§| (3-14)
0 - -3
Va] _ 1,41 [cOs(wt + @) _1[cos(—wt +@7) i
[vﬁ] =V [Sin(wt + o) ' [sin(—a)t +07) (3-15)

Now, the positive sequence dg-component (dg+) of the voltage
vector is calculated by applying Park’s transformation to (3-15), the

result is given by equation (3-16) to equation (3-18):

vy cosf sinb
T T p -1
l”ql [dq [vﬁ] [dq [ sind cos6 (3-16)

Va _ [ cos@ sinf (V“ [Cos(wt + ")
vq —sinf cosé sin(wt + @)

( ) (3-17)
_1 [cos(—wt + 0~

v [sin(—wt +07) >

val . [cos(wt +@* — )l ) lcos(—wt + ¢ — 9)] )

To extract the negative sequence dg-components (dg-) of the

voltage vector, the Park’s transformation with negative angle is

applied to (3-15), the result is given by (3-19):

vy o1 [cos(wt + 0* +6) 1 [cos(—wt +0+0)
— | = p vV - -
[vq ] [sin(wt + 0% +0) sin(—wt + 0~ + 6) (3-19)
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Using the SRF-PLL to calculate the phase angle § ~ wt. Then,
equations (3-18) and (3-19) can be simplified as in (3-20) and

(3-21).

Vg | _ a1 [cOS(@F) - _.[ cos(Rwt)
[”;l i 1[sin((DJr) +V™cos(o )[—sin(Za)t)
sin(2wt)

#vsin@o) (00D

Vg _ 4 [cos(®7) +1 +~ [cosRwt)
[Uq_] =V [sin(@‘) TV cos(@ )[sin(Zwt)
—sin(2wt)

1 .
+ V*1sin(p*) [ cos(2wt)

(3-20)

(3-21)

It can be concluded from equation (3-20) that the DC values of

(dg+) voltage components are superimposed by oscillating voltage

components of frequency equal two times the fundamental

frequency (2w) as a results of the existence of the negative sequence

voltage components and vice versa occurred for the (dg-) voltage

components as shown in (3-21). This coupling between the two

reference frames can be cancelled by using decoupling terms as

shown in Figure 3-10 to compensate for the second order frequency

voltage components of (4.26) and (4.47).
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Figure 3-10 Block diagram of decoupling terms, (a) for (dq+)
reference frame (b) for (dq-) reference

The positive and negative reference frames voltage components
(v}, vi,v7 andv; ) are fed to low pass filters (LPF), (as a simple filter
and no need to use a complex filter) to extract the DC values. The

transfer function of the LPF is given as:
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Wy
S+0)f

LPF(s) = (3-22)
Where wy is the cut-off frequency. The optimal value of the cut-
off frequency of low pass filter that gives fast dynamic response with
no oscillation in the amplitude of the filtered signalis w; = %, [51],
where w is the fundamental frequency. Figure-3-11 shows the

decoupling network block diagram of the Decouple Double

Synchronous Reference Frame (DDSRF)

Yo—s Decoupling \id+ - LPF I - Vo

v, Cell [da+] | Vor LPF . - V.
A
!

0’
. i ;

¢ 77| Decoupling [ " LPF o
v, Cell[dg-] | Vg~ T LPE | - V.

Figure-3-11 Block diagram of decoupling network of DDSRF-
PLL

Now after eliminating the effect of the negative sequence

component, a classical SRF-PLL is applied to v;, to determine the

voltage phase angle 6 of the positive sequence voltage component.
The full diagram of DDSRF is shown in Figure-3-12
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Figure-3-12 The block diagram of the decoupling double
synchronous reference frame (DDSRF_PLL)

To study the performance of the DDSRF-PLL a Matlab Simulink
model was built based on Figure-3-12 with the same values of the
controller gains as in section 3.5.1 and the unbalanced voltages as
given in the previous section are applied. The simulation result is
shown in Figure-3-13. As can be seen from the Figure-3-13(b), the
DDSRF-PLL extracted the positive sequence from the unbalanced
voltages and calculated the voltage phase angle. By comparing the
performance of the DDSFR-PLL with the SRF-PLL, the DDSRF-PLL is
accurately estimating the phase angle of the unbalanced voltage
source while the SRF-PLL suffered a significant phase angle error,

see Figure-3-13(c).

The second simulation was carried out to test the DDSRF-PLL
under unbalanced and distorted voltage source, the values of the
source voltages are given in Table 3-1, and the same values for the

PI controller are used.
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Table 3-1 the numerical values of unideal voltage source

Phase Value of the % of 5th % of 7th
fundamental harmonic harmonics
Phase-A 272 X cos 0 15 % 10 %
Phase-B 2m 15 % 10 %
ase 408 X cos (9 - ?> ’ °
Phase- 2 15 % 10 %
ase-C 340 X cos (9 + ?) ° °
< 400F —
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5 0 vV
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(a) Unbalanced voltage source
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Figure-3-13 DDSRF-PLL performance under
Unbalanced voltage source

As can be seen from the Figure-3-14 when the voltage source is
unbalanced and distorted, the DDSRF-PLL cannot track the phase
angle of the source, and the tracked angle has oscillation of six times

the source frequency due to the fifth and seventh harmonics.
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Then, the DDSRF-PLL is not the optimal choice for distorted
voltage source as the case of the proposed generator in this thesis,
where the proposed generator as discussed in Chapter-2 has
distorted back-EMF. Therefore, the synchronisation method should
have the capability to extract the phase angle of the fundamental
voltage component from the distorted generator output voltage with
high precision and accuracy to ensure high performance of the used
APF.

The next section, the Dual Second Order Generalised Integrator
PLL (DSOGI-PLL) will be presented and used for high performance
tracking of the voltage phase angle under distorted and unbalanced

voltage sources.

100F

200 —Va
Or _Vb]
200 _ch
100 \ h A h 3
0 0.02 0.04 0.06 0.08 01
Time(sec)
(a) Unbalanced voltage source
100
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Time(sec)
(b) Positive sequence of the voltage source

0 0.01 002 003 004 005 006 007 008 009 0.1
Time(sec)
(c)Phase angle error

Figure-3-14 DDSRF-PLL performance under
Unbalanced and distorted voltage source
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3.5.3 Dual Second Order Generalised integrator (DSOGI-PLL)

This synchronisation method is presented to calculate the grid
phase angle and to synchronise the power converters with distorted
and unbalanced grid voltages, [55-58]. The principle operation of
the DSOGI-PLL can be divided into three steps: the quadrature-
signal generator (QSG), the positive-sequence calculator (PSC) and
the phase locked loop (PLL).

a) Quadrature-Signal Generator (QSG)

This is the first step in DSODI-PLL operation, where the
quadrature signal (lagged 90°) of the input signal is generated and
provides the input signals to the PSC on the ap reference frame. The
proposed system is using dual second order generalized integrator
(DSOGI) to perform the QSG [33, 59]. Figure-3-14 show the block
diagram of SOGI where kand ' are the damping factor and the

resonant frequency of SOGI-QSG.

Figure-3-15 SOGI-QSG block diagram

The characteristic transfer functions of SOGI can be calculate
from Figure-3-15, and given in (3-23) and (3-24). The first output
signal from SOGI (v") is a filtered version of the input signal and the
second output signal (qv") is shifted 90° from the input signal.

v'(s) kw's

D(s) = = (3-23)

v(s) s2+kw's+ w'?
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qu'(s) _ kw'
v(s) s2+kw's+w?

Q(s) =

(3-24)

A detailed analysis were performed in [55] about the optimum

value of k, the value k =2 gives the best response in terms of

stabilization time and overshot limitation.

b) Positive-Sequence Calculator (PSC)

It based on instantaneous symmetrical components (ISC) and
the instantaneous positive- and negative-sequence components for

the voltage vector are [60]:

Vabe =va  vp 1" = [Te]Vapc (3-25)

Vape = [Va vy UC—]T = [T—]Vabc (3_26)

Where [T,] and [T_] is the transformation matrices and given as:

1 a a? 1 a® a
[T,]1=|a2 1 aland][T.]= [a 1 azl (3-27)
a a* 1 a’> a 1

L2TC
Where a =¢e’5

Using Clarke transformation to calculate the instantaneous
components of the positive- and negative-sequence voltage in the

ap reference frame:
Vap = [TaplVabe = [Tap)[Te1Vane (3-28)
Vap = [Tap)Vabe = [Tap][T-1Vane (3-29)

Where
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2[1 ‘% ‘%]
[Taﬁ’]z 3| V3 \/§| (3-30)
0 - -3

The positive- and negative component ( V;ﬁ and V,z) can be
calculated directly from af values of the voltage vector by using the

invers Clarke transformation as follows
Vave = [Tag] Vag (3-31)
The equation (3-28) and equation (3-29) can be rewrites as:
Vs = [TaplVane = [Tep]IT1[Tup] Ve (3-32)
Vag = [TaglVane = [Tap][T-1[Tup] Vap (3-33)

By calculating the values of [Tz][T,][Tag]” and [Tus][T-1[Tes] the

equation (3-32) and equation (3-33) can be simplified as:

111 —q]
+ _ -
Vaﬁ =3l 1] Vagp (3-34)
_ 111 q )
Vap = > —q 1] Vagp (3-35)

Where g = e 7 is a phase-shift time domain operator used to
generate the quadrature (90° phase shift) waveform of the input

signal and this signal is obtained in the first step.

The positive sequence calculator is implemented as follows
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v, _ E[V"‘ —qVp (3-36)
Vi~ 2lgVa+ Vg

Val 11 Va+qVg

il =2l-an 4] (3-37)

Figure-3-16 shows the DSOGI block diagram with a positive
sequence calculator (PSC). As can be seen from the figure that the
positive sequence voltage can be calculated by applying the invers
of Clarke transformation to the output of PSC which is considered as
the second advantages of DSOGI-PLL.

Vare {1,
SOGI

Figure-3-16 block diagram SOGI-QSG and PSC

c) Phase Locked Loop (PLL)

This the final step in DOSGI-PLL, the positive sequence voltage
component is calculated and fed to the conventional SRF-PLL to
calculate the phase angle of the input signal (V). Figure-3-16
Shows the full block diagram of SOGI-PLL
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Figure-3-17 block diagram DSOGI-PLL

A Matlab Simulink model was built based on Figure-3-17 to
investigate the performance of the DSODI-PLL under unbalanced
and distorted voltage supply. The supply voltages are as given in
Table 3-1 and the controller values were the same as in the previous
two sections. The simulation results are shown in Figure-3-18, as
can be seen from the figure the proposed synchroniser (DSOGI-PLL)
provides good tracking performance for the voltage source phase
angle under these conditions compared to the DDSRF-PLL which has

high tracking error as shown in Figure-3-18 (c).

In this section a three type of synchronisation method for grid
connected converter have been presented, under ideal voltage
source, the conventional SRF-PLL with high proportional control gain
able to track the phase angle with fast dynamic and high accuracy.
However, for distorted and unbalanced voltage sources, two
advanced synchronisation methods based on conventional SRF-PLL
have been presented. The DDSRF-PLL has provided good
performance under unbalanced grid voltage, but when the gird
voltage was distorted (has harmonic content), it gave error in the
detected angle with oscillation depending on the harmonic content

of the grid voltage. The last synchroniser presented in this section
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was the DSOGI-PLL, which was able to track the phase angle under

unbalanced and distorted grid voltage with a good performance.

< 400f - - .
@ 200 — V[
S o — v,/
= -200} — V]
$ 400 . U
0 0.05 0.1 0.15
Time(sec)
(a) Unbalanced voltage source
S 400 - - n
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o2 200 —Va)i
s 0 —V!
=
= -200 _v;
g -400 : :
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(b) Positive sequence of the voltage source
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‘5 0.2 —— DSOGI-PLL
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<% 0.05 0.1 0.15

Time(sec)
(c)Phase angle error

Figure-3-18 DSOGI-PLL performance under Unbalanced and
distorted voltage source

3.6 Current/Voltage Harmonics Extraction
Techniques

Extracted current/voltage harmonics component is calculating

the reference current/voltage that APF should inject to compensate
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these harmonics and to improve the quality of the generator’s

power.

The current reference extraction techniques can be classified
into two main categories, time domain and frequency domain [61-
63]. The frequency domain method is based on Fourier analysis,
while the time domain method is based on the filtration of the
instantaneous value of the current signals, so it can be used in

transient and steady state.

Since the time domain methods are faster in terms of
calculating time and simpler for online implementation, it gained

more interest and are widely used.

Current reference calculation for APF is widely discussed in the
literatures [27, 43, 61, 62, 64]. In this section, two method in time
domain will be presented, P-Q method and synchronous reference

frame d-q model.

3.6.1 Current Reference Extraction: P-Q Method

This p-q method is based on the instantaneous reactive power
theory [65], which has been published in 1984. Since the theory was
first developed for three-phase there-wire system, the zero
sequence component was neglected. The calculation block diagram

of this method is shown in Figure-3-19.
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Figure-3-19 Calculation block diagram of P-Q method

At first, the three-phase voltage and the three-phase load

currents are sensed and transformed into (a—f) coordinates as

given in equation (3-38) and equation (3-39).

Ve 2 [1 7Y, 7Yy [P
[”ﬂ]zﬁ' 0 Vi, V3, [32’] 8
a] |2 1 =1y 71y [k
[ilﬁ]_ \/;_0 \/5/2 —\/§/2_ Zi (3-39)

Then, the instantaneous complex power is calculated as [66],
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s = VI = (vy +jvg)(ia — jig)

. . o . (3-40)
= (Uala + vﬁlﬁ) +J(vﬁla - Ualﬁ)

Where the term v,i, + vziz is the instantaneous real power p and

the term vgla — Valp IS the instantaneous reactive power g.

According to the instantaneous reactive power theory, p and g,

are decomposed into,

p=p+P , q=q+§ (3-41)

Where p; and q; are the DC component corresponding to the
fundamental current, and p, and § are the ac components
corresponding to the harmonics current. A low pass filter can be used
to extract the DC components and the DC power is then subtracted

from the full power to get the AC power component.

So the current reference for the APF in a-B frame (iz, and izg)

can be obtained as in (3-42) :

il 2
[i;ﬁ] B vz +vp Vs TVallg (3-42)

Then, the current in the a-B coordinates are transformed back

to the abc frame by using the invers Clarke transformation.

Later this theory is extended to be suitable for three-phase four-
wire-system [67], where the zero component is add to the

equations.

In three-phase four-wire system, the instantaneous power in

abc frame is given by:
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P3p = v4iq + vpip + Vi (3-43)
P3g = vaiq + vgig + Vol =P + Py (3-44)

The instantaneous real p, imaginary q¢ and zero-sequence
power p, as function of a-B-0 coordinates currents are given in
(3-45).

pl=10 v« v || (3-45)
q 0 v —v.f|ip

ro] vo 0 0 i
As in equation (3-41), the zero sequence power p, can be expressed

as
Do = Po+ Do (3-46)

Where, the p, is the zero-sequence average power delivered to the
load through the neutral wire. Since the component of zero sequence
power p, and p, can not be produced separately [67], and the active
power filter doesn’t have DC source, so additional real power Ap (

Ap = p,) Will be added to the reference signal 7.

The reference current for the APF in three-phase four-wire system

can be calculated as shown in equation (3-47)

IFa Ve Vg 0110 +Do
lF 1% -V 0 q (3-47)
TR o o ul i

Then these currents are transformed back to the abc frame
[ire ifp irc]T by using the invers Clarke transformation. The

reference current for the neutral leg iy, is given as:
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i;n = _(i;a + i;‘b + i;:"c) (3_48)

3.6.2 Current/voltage Reference Extraction: Synchronous
Reference (d-q) Method

This method is based on normalised Park transformation and

only depend on the sensed current or voltage. Where the sensed

three-phase waveforms abc are transformed to the synchronous

reference dq0 rotating frame [64, 68].

The harmonics reference waveform calculation in this scheme

can be described as follows:

1- Extracting the zero-sequence component from the sensed
waveform by subtracting the zero-sequence from the three

phase waveform as
Xabc_dq = (Xape — Xo) (3-49)
Where x4 4, are the sensed waveform without zero-sequence

component i.e. they contains just d and q component. i, is the

zero-sequence component and is given by:

1
io =§(xa + x, + x,) (3-50)

2- Transforming the calculated waveform in step-1 to

synchronous reference frame x and x, by using Park
transformation. The x; and x, will contain DC and AC

components as.

Xqg= Xqg+ X5 , Xq= Xq+ Xg (3-51)
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Where x and ¥, are the DC values and x; and x; are the

ripple component of x,; and x, respectively.

3- A low-pass filter or moving average filter is used to extract
the DC values x; and x; from x4 and x,.
4- Calculating the abc fundamental component by applying the

invers Park transformation on the DC values x; and x; as

follows:
cos(6) —sin(0) 1
x} | 2m 27\ |
2 27 g _ ==
x| = __|cos(9 3) sm(@ 3)|[X_d] (3-52)
3 Xq
x} | 21 _ 2my |
lcos (0 + ?) —sin (0 + ?>J

Now the calculated fundamental waveform is balanced and

harmonic free.

5- To calculate the reference waveform for the APFs, the
fundamental waveform is subtracted from the sensed abc

waveform (current or voltage).

XFq Xa xclz
x;b = [xb] — xl% (3'53)
x;"c Xe Xg

Figure-3-20 shows the simulation block diagram for calculation

of the reference waveforms by synchronous reference (d-q) method.

One of the most important characteristics of this method is that
the reference currents are derived directly from the instantaneous
value of the current without considering the source voltage as in p-
g theory. The generation of the reference signals is not affected by
voltage unbalance or voltage distortion, therefore increasing the

compensation robustness and performance.
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T abe

D
I ripple(abe)

Figure-3-20 The block diagram for SRF reference current
calculation

In this section a description of the two most popular methods of
reference current calculation has been presented, the p-q theory and
the synchronous reference d-q methods for both current and voltage
references. In the p-q method, both the voltage and the current at
the PCC are needed to calculate the reference current, while in
synchronous d-q only the current is needed in addition to the phase
angle from the synchronisation algorithm. As the p-q method is
sensitive to voltage waveform and requires more computation than
the synchronous reference d-q method, thus the synchronous

reference method is adopted for both filters in this thesis.

3.7 Shunt APF Current Control Techniques

The duty of the current controller is to generate the voltage
reference for the AFT to supply the reference current. The
performance of the active power filter is affected significantly by the
selection of current control technique. The APF and its current
controller must have the capability to effectively track the reference

current.

Many control techniques are discussed in the literature [69-72].
The control techniques can be generally classified to linear and

nonlinear control techniques. This section will present one controller
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from nonlinear controller and two controllers from linear controllers.

Finally, pulse width modulation (PWM) technique will be discussed.

3.7.1 Hysteresis Current Control

The basic principle of current hysteresis control is that the
switching signals are derived directly from the comparison of the
current error signal with a fixed width hysteresis band as shown in
Figure 3-21 . These signals (pulses) are used to control the switching
devices in the APF.

;* “ | HB2 | [© » S|

Hysteresis Do »S?2
comparator-A

p| HBA | > 53

Hysteresis —1{0—> 54

comparator-B

JE
% - 3| HB L » S5
. Hysteresis >o » S6
Lef comparator-C
i p| HE2 L > S7
Hysteresis Do—p S8

comparator-N

Figure 3-21 The block diagram of the hysteresis current
controller

The operation concept of the hysteresis current controller is

shown in Figure 3-22. As shown in the figure, the measured current
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is compared with the reference current in a two level hysteresis
comparator, if the error within the controller hysteresis bandwidth
HB, the output status of the controller will not change. When the
measured current value exceeded the reference current by half of
the bandwidth HB/2 (upper limit), the output of the controller will be
0 (s1=0,52=1). On the other hand, when the measured current
value is less than the reference current by half of the bandwidth
HB/2 (lower limit), the output of the controller will be equal to 1
(50 =0,52 =0). Therefor the filter current will follow the reference
current within the controller bandwidth, i.e. more smaller bandwidth
the filter current will be more closely to the reference current, but

this will increase the switching frequency of the converter.

CU]HpCIISHTiI’lg current

— refernce current
-W -~ f \ upper hysteresis limit
lower hysteresis limit
1
‘ ‘ ‘ ‘ ‘ ~ | | ‘ | | ‘ ‘ ‘ \ switching pulses
0

Figure 3-22 The basic concept of the hysteresis current
controller

The main advantages of this controller, are being simple, robust
and having fast dynamic response. However, the main drawback of
this controller is it has a variable switching frequency and might

exceed the limit of the inverter switches [73].
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3.7.2Synchronous Reference PI Controller (SRF-PI)

This method is based on Park transformation, where, both the
reference signals and the measured signals are converted into
synchronous reference frame by using normalised Park
transformation. The difference is passed through a PI controller then
to a decoupling stage to remove the mutual effect between the axes
to produce the reference voltage in dq reference frame, and then

transformed back to natural frame (abc frame).

The AFP plant model can be derived from Figure 3-23, as the

output voltage of the inverter is given by :

. difq
Var = Rf lra + Lf7+ Vga
di
, fb
Upr = Rf lp + Lf? + VUgb (3‘54)

] digc
vcf = Rf lfC + LfW + Vgc

Where L; is the filter inductance, Ry is filter resistance, ifq, ifp,
and i, are the APF output currents, v,s, vy and v, are is the

output voltage and v,,, vy, and v, are the grid voltages at the PCC.

. L
Inc lof R, f mf Voo

DC /[ |Vof

+ . L

VD(_- C _é_bf_l\ﬁ'/f\,_fYYf-Y\—_.vgb

vV

_ bf R, L

AC | pld app—YY M &oc

v
APF 7

Figure 3-23 APF connection to the grid through interface L-
filter
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Equation (3-54) can be rewritten in matrix form as follows:

Upr| = 0 Rf 0 ibf +Lfd_t ibf + | Vgb (3'55)
Ve 0 0 R |ic lef Vgc

The abc model is transformed to dq reference frame as given in
equation (3-56)

vdf Rf 0 0 ldf d idf_
[vqf =|0 Ry 0 |igr +L— laf
Vo 0 0 Rf I'Of iOf_
. (3-56)
0 w O0]|kar| [Yga
—Lil-0 0O 0] lgr |+ vgq]
0 0 0l]igr] LYgo0

The equation (3-56) can be given in a simple form as follows:

. digs .
vdf = Rfldf + Lf _dt — waqu + vgd
(3-57)

] digr ]
vqf = Rfqu + Lf _dt + waldf + ng
Where w is the angular frequency of the grid voltage vector.

As seen from equation (3-57) there are coupling between the
two voltages (v, and v,r) equations due to the transformation. To
cancel this coupling, a new reference voltage are defined as given in
equation (3-58)

vdf* = ﬁdf - (L)Lfqu + Ugd

(3-58)

vqf* = ﬁqf + (L)Lfldf + qu
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Which yields to completely decoupled model,

, . dld
vdf = Rfldf + Lfd_tf
(3-59)

, . diqf
Var = Rrlqr + Lr—=
Taking the Laplace transform of equation (3-59) the control

plant transfer function is given in equation (3-60)

Lys(s) 1
Vdf(s) Rs + SLf

(3-60)

qu(S) _ 1
qu(S) Rf +SLf

The decoupling can be implemented from equation (3-58) as

shown in Figure 3-24

The final step in SRF-PI controller is to calculate the reference
voltage in abc frame by applying the inverse of Park transformation

to the reference voltage signals v,¢* and v,*. Figure 3-24 shows the

full block diagram of SRF-PI controller.
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Figure 3-24 Block diagram of SRF PI controller with
decoupling between the axes

The control block diagram of the SRF-PI scheme is then

represented as shown in Figure 3-25.

!
l_* PI v({): 1 _ l_
a | Ry +SLs -7

Figure 3-25 Block diagram of the SRF-PI controller for PI
parameter calculation

The open loop transfer function of the current control loop is
Goi(s) = C(s) G(s) (3-61)
Where G(s) is the plant transfer function and is given by:

1 b
sl +Rf  s+a

G(s) = (3-62)

And C(s) is he PI controller transfer function is:
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K, sK,+K; _
Gepi(s) =Ky + -1 = 22 (3-63)

Where K, is the proportional gain and K; is the integral gain of

the PI controller

Then, the open loop transfer function can be expressed as:

b(sK, + K;
Goi(s) = —(szp ) (3-64)
s“+as
The closed loop transfer function is also given as:
b(sK, + K;
T(s) = (5K, + K1) (3-65)

s? + s(a + pr) + bK;

The PI controller gains are designed by comparing the
denominator of (4.76) and the denominator of the second order

system which is given in equation (3-66):

Wi

s? + (2{wy)s + w? (3-66)

For a specified damping coefficient (&£)and natural system

frequency (wn), the gains are calculated as:

_ 2{wp,—a

. . (3-67)
2
and K, = % (3-68)

Due to the zero that exist in the nominator of equation (3-65),
so the response of equation (3-65) will not be as the response of

equation (3-66). Thus the PI gains calculated from equation (3-67)
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and equation (3-68) will not give the desired dynamic response.
However, it will give close values to the optimal solution, which can
be tuned using iterative methods, taking the values calculated from
(3-67) and (3-68) as initial values.

To validate the performance of the designed SRF-PI controller,
a simulation study was carried out using Matlab/Simulink. In this
simulation, a controlled voltage source was used instead of voltage
source inverter and a reference current was applied to the current
controller. Different current reference waveforms were used in the
simulation to check the controller capability to track the fundamental
and harmonics current components. Figure 3-26 shows the
simulation results for SRF-PI controller for four cases, only the
fundamental current, only the fifth harmonic, only seventh harmonic
and distorted waveform combining fundamental and fifth and
seventh harmonics (10% amplitude from the fundamental) for

design values of K, =15 and K; = 2400.
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Figure 3-26 the simulation results for SRF-PI controller for
different current references

As can be seen from Figure 3-26 (a) the generated current by
the AFP follows the reference current waveform with high accuracy,
but in the other subfigures (b), (c) and (d) the generated current
didnt match the reference current due to the existence of
harmonics.

SRF-PI controller gives a good dynamic response for the
fundamental but with reduced tracking performance for higher
harmonics components. Advanced controllers have been proposed
to overcome these drawbacks, such as dual current control scheme
in case of unbalanced voltage [74], where two synchronous

reference frame are used, the first for the positive sequence and
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second for the negative sequence. In distorted voltage source a
multiple synchronous reference frames are proposed in [75], where
the author propose synchronous reference frame for each harmonic.
However, this will increase the computation burden of the controller.
As a consequence a proportional resonant current controller (PR) has
gained more interest in regulating AC reference currents due to high

tracking accuracy.

3.7.3 Proportional Resonant Current Controller (PR)
Proportional resonant controllers (PR) are implemented in
stationary reference frame and has superior response to sinusoidal
reference waveforms. PR is an interesting alternative to the
conventional SRF-PI controller [76, 77]. The PR controller has an
infinite gain at the resonant frequency thereby the steady state error

can be eliminated at this particular frequency.

The PR controller transfer function in the stationary reference
frame is equivalent to the transformed PI current controller transfer
function from synchronous reference frame to the stationary
reference (using the formula in equation (3-69)). Therefore, the PR
in the stationary frame transfer will provide the same frequency
response of the SRF-PI, [78, 79].

1
Gepr = E{GC_PI(S —jw) + GC_PI(S +jW)} (3-69)

From equation (3-63) and equation (3-69), the transfer function

of the ideal PR current controller is given in equation (3-70).

GC_PR == Kp + KT’ (3'70)

s2 4+ w?
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Where k, is the proportional gain and k, the resonant gain and
they are the same PI controller parameters K, and K; respectively.
w is the resonant frequency where the PR gain becomes infinity. The
Bode blot of ideal PR current controller for K, =1 and K, =40 is
shown in Figure 3-27, as can be seen from the figure it has infinite
gain at the resonant frequency (2nx50) and this infinite gain might

leads to instability.
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Figure 3-27 Bode blot of ideal PR current controller

To overcome the stability problems related to infinite gain, non-
ideal PR current controller can be used [80]. The non-ideal PR
controller has finite gain and its transfer function can be deduced by
applying equation (3-69) on a low pass filter which has a transfer

function as given in equation (3-71), [81].

G = -
cPRTTS (3-71)
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Where w, is the cut-off frequency. The equation that result from
the transformation is given in the following equation, where the

controller parameters K, and K, added to the equation.

2K, w.s
S% 4+ 2w.5 + w?

GC_PR ES Kp + (3'72)

w:helps reducing the controller sensitivity, higher values for w,
giver a wider resonant peak. In [81], authors claimed that the value
of w, that gives a good performance should be between 5 to 15
rad/sec. Figure 3-28 shows the Bode plot for a non-ideal PR current

controller for K, =1 and K, = 1 and different values for w,.
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o
S

3
10

—_
(=]
()
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Figure 3-28 Bode blot of non-ideal PR current controller
with different o,

As can be seen from Figure 3-28, by reducing the value of w,,
the resonant beak become wider and decrease the sensitivity of the

controller.
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In addition, for multiple frequency compensation, a several
selective harmonic compensation (HC) can be done. Each harmonic
compensator is tuned for a single harmonic component. For example
the transfer function of a non-ideal HC designed to compensate the
5th, 7th, 11th 13th 17t 19th 23rd gnd 25t are given as:

G _ ZKth)CS
cHC ™ s?2 + 2w.s + (hw)? (3-73)

h=5,7,11,13,17,19,23,25

The total transfer function of the non-ideal PR+HC is given in
equation (3-74). The block diagram of the controller is shown in
Figure 3-29.

2K, pw.s
52+ 2w.s + (hw)? (3-74)

h=1,5,7,11,13,17,19,23,25

Ge prync = Kp +

The neutral leg reference voltage is calculated from equation
(3-75)

vy, = =3 % (vg + vy + 1) (3-75)
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Figure 3-29 Block diagram of PR+HC controller

The Bode plot of non-ideal PR+HC for K, =1, K, =1 and w, =7
rad/sec is shown in Figure 3-30. As can be seen from the figure,
each harmonic has a resonant peak with zero degree phase shift

making the gain higher.
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Figure 3-30 Bode blot of non-ideal PR+HC current
controller

To investigate the performance of the PR+HC current controller,
a Matlab/Simulink simulation was carried out. The current controller
consists of a non-ideal PR controller with a cut-off frequency w. =7
rad/sec and a HC for the 5th, 7th, 11th, 13th, 17th 19th 23rd 3nd 25th
harmonics. Figure 3-31 shows the simulation results for PR+HC
controller for four cases, the fundamental current, only fifth
harmonic, only seventh harmonic and a combination from the
fundamental, and all the harmonics with 10% in amplitude from the
fundamental. The controller gains used are K, = 15, and K, = 2400
and K,, = 2500. As can be seen from the figure, the PR+HC current
controller tracked all the harmonics with good match to the
reference current and better performance in comparison to the SRF-

PI current controller.
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Figure 3-31 the simulation results for PR+HC controller for
different current references

A significant advantage of the PR+HC controller, the dynamics
of fundamental PR controller are not affected by the added HC
controllers, where each harmonic compensator (HC) only

compensate close to the tuned resonant frequency [80].

This section presented a three type of current controller, one
nonlinear current controller and two linear current controllers. The
nonlinear current controller is simple in construction but it has
variable switching frequency. The PI current controller has superior
performance in DC- signals, but in sinusoidal signal it gives high

steady state error and unable to track the signal. The non-ideal
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PR+HC current controller has a high performance in tracking
sinusoidal current reference and able to compensate low order

harmonics.

There are many other control methods in the literatures used to
control the AFP current such as, Dead Beat controller, wavelet
control, sliding mode control, delta-sigma modulation vector control,

SFX control, repetitive control etc. [82].

3.8 Modulation technique

After reference voltages have been calculated, these voltages
can be generated at APF terminal by using PWM technique. Figure-
3-32 shows the block diagram of this technique. In this scheme, the
reference voltages are compared with the triangular carrier signals
by using the limit comparators to generate the switching pulses for
APF switches.

Y fa | >= > S1
comparator ’. S2
Vi
. >S= S3
—comparator ’. = S4
Vi | s= > S5
—comparator ’. > S6
Vi 1 >= > S7
—comparator b. - S8

Carrier signal (f=f,,)

Figure-3-32: The block diagram of carrier-based PWM current
control
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The principle of the carrier-based PWM current control is
illustrated in Figure-3-33. For example in phase a, if the reference
voltage (vf,) is greater than the triangular carrier voltage (v.) then
the comparator outputis 1 (S1=1, S2=0). In the other hand, If (vf,)
is less than (v.,.) then the comparator output is 0 (S1=0, S2=1).

The switching frequency of this technique is constant and it is

equal to the frequency of triangular carrier (f,.) signal.

refernce signal

| Carrier signal
1%

i

Figure-3-33: The basic concept of carrier-based PWM current
control

3.9 DC-link Voltage Control

The DC-link voltage controller function is to regulate the voltage
of the capacitor of the APF DC-link at a specific value. The voltage
of the DC-link capacitor is measured and compared to a reference
value, and then the error is passed through a PI controller to produce
the current reference of the DC-link regulator. The output current of

the PI controller is the direct axis reference current ( Iy, . ). This

current converted to off domain then added to the APF reference
current. Figure-3-34 shows the block diagram of the DC-link voltage

controller.
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Figure-3-34: The block diagram of the DC-link voltage controller

To design the PI of the DC-link voltage regulator, the system
control plant transfer function should be derived first. By assuming
converter losses equal to zero, the DC link current I, can be

derived from the power balance of the APF converter. Hence,

i f —— 4—i
a AC P;'n + I 1 VDC
ibf_‘ C= VDC < > CS >
. DC -
|cf+

Pout

(a) (b)

Figure 3-35 DC-link regulator and the transfer function derivation
3
VDCIDC = E(Vdfldf + ququ) (3'76)

Where V,r and V,; are the output voltages of the converter in

SRF, I, and I, are the output currents of the converter in SRF,

From equation (3-76) the DC-link current I,.is given by:
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3
7 (Varlay + Varlyr) (3-77)
Ipc = %
DC

Because the synchroniser aligns V,; with the grid voltage vector
and makes V, equal to zero, the equation (3-77) can be simplified

as.

_ 3Varlar

(3-78)

The relationship between V,. and I, and the plan transfer

function for DC-link voltage control are given in (3-79)

dt

IDC:C

Ipc(S) = CSVpe(S) (3-79)

Vpc(S) _ 1

Ipc(S) €S

Figure 3-36 shows the control block diagram of the DC-link

voltage controller

3 3Vd 1
V.. —%g.\)—» Pl — Vo d - Ve

Ia’—DC.":JJ.k

Figure 3-36 Block diagram for DC-link voltage control circuit

The parameters of PI controller of voltage control loop can be

calculated by taking into consideration that voltage control loop
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dynamic response (outer loop) should be slower than the inner

current control loop.

3.10 Passive Elements Design:

The passive elements in the APF circuit are interface filter, which
couples the APF with the grid at the PCC, to minimize the injected
switching harmonics to the system, and the DC link capacitor. The
interface filter of the converter could be L-filter [83], LC-filter [84-
86] or LCL-filter [87, 88]. LCL-filter has better performance and
gives smoother output current. However, the parameter design of
LCL filter is more complex and might cause a resonant frequency
with the gird. So for simplicity in construction and control [89] , L-
filter is adopted in this thesis for interfacing the APF converter to the
PCC. This section calculates the size of the main passive elements

of the APF, which are the filter inductance and the DC-link capacitor.

3.10.1 Filter Inductance

Calculation of the interface L-filter inductance depends on many
factors such as, converter topology, modulation strategy and
maximum allowed current ripples. The current ripples is defined as
the maximum difference between the output filter current and its
reference current in a switching period [90], the minimum value of
the interface inductance that gives maximum current ripple I,

given as:

Vbc

Linin = ——25— 3-80
8 fs Iripple ( )

Where f, is the frequency of the carrier signal and equal to( f; =

1/T,). ( see Appendix- for more details)
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There are other methods to calculate the inductance of L-filter
as reported in [91]. The author of [90] compared the performance
of an APF with L-filter designed with using equation (3-80) and other
three method given in equation (3-81) [83], equation (3-82) [92]
and equation (3-83) [93], and they claimed that the performance
of the APF with L-filter designhed using equation (3-80) has a better
accuracy and in general more applicable in designing the interface
L-filter.

3 Vpe
L_1_6fSAIr (3-81)
Vbe
L> 6FAL (3-82)
AV AVax
<L< 3-83
W1le max 4f.Al, ( )

Where AV is the difference between the source voltage and the
inverter voltage AV = |[Viirer — Viource| 1+ AVimax = (Vs + 0.5Vp¢) , w, s

source frequency and I 4, iS the maximum filter current.

In practice, for current ripple 15% to 20% of the rated current
is acceptable [86] to meet the harmonics standard [18]. For
switching frequency of 10kHz, the maximum filter current 33.6A and
the DC-link voltage is 730 V, according to equation (3-80) the

minimum inductance tom meet 15% current ripple is 3.6 mH.

3.10.2 DC-link Capacitor

The design of energy-storage capacitor can be based on either
the required energy stored in the capacitor using energy balance
concept or reducing the oscillation in DC-link voltage due to the low

order harmonic or unbalance lodging [91]. The DC-link capacitor
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sizing was based on the work of the authors in [91] and can be

calculated using equation (3-84).

7-’-'Iflrated
\/§ w VDCp—p(max)

Cpc =

(3-84)

Where nlsi,qteq IS the APF rated current (30% of the proposed

generator current), o is the rated frequency in rad/sec, and

Vbep-p(max) 1S the maximum allowed DC-link voltage.

For Vpcp—pmax)y 5% of the DC-link voltage, the capacitance of the

DC-link capacitor is 5 mF.

3.11 APF Design Validation

A Matlab Simlink simulation was done to test all the shunt APF
system. The simulation was harmonic compensation of a nonlinear
load connected to a generator. The nonlinear load was three-leg
diode rectifier connected to RL-load (R=9 Q and L=5.5 mH). The
shunt APF switched on at t=1 sec. The simulation results are shown
in Figure 3-37, as can be seen from the figure when the shunt APF
switched on compensate the nonlinear load harmonic and
significantly reduce the THD in generator current from 25.4% to just
about 4%.
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Figure 3-37 APF system test with nonlinear load

Figure 3-38 shows the fast Fourier analysis (FFT) for the

generator current, as can be seen from the figure all the harmonics
are significantly reduced.
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Figure 3-38 FFT Analysis for generator current

3.12 Conclusion

This chapter presented the active power filters (APFs)
configuration and control, started with an introduction about APFs
followed by the filter topologies in three-phase four-wire systems
and shunt active power filter and series active power filter
configurations. In section 3.43.5 three synchronisation methods
were presented and the DSOGI-PLL was proven to be most suitable
choice for unbalanced and distorted voltage, so this method is
adopted in APF synchronisation in this thesis. Section 3.6 presented
the most two widely used APF waveform reference generation
techniques, where synchronous reference d-q method was chosen
in this research because the simplicity and robustness to source
voltage distortion. Current control techniques were reviewed in
section 3.7, the PR+HC has shown better performance in sinusoidal
reference current tracking, so it has been used in this research. The
APF DC-link voltage controller were presented and designed in
section 3.8 respectively. section 3.10 presented the APF passive

element design where the interface L-filter inductance and the DC-
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link capacitor capacitance values were calculated for the APF circuit

configuration used in this thesis. Finally, a validation of the shunt

APF design was presented in section 3.11.

To conclude the specification of the shunt APF filter developed and
discussed in this chapter is shown in Table 3-2:

Table 3-2 The specification of the shunt APF filter

No. Description

1 Topology
2 Synchronisation method
3 Reference current

generation
Interface filter
DC-link capacitance

DC-link voltage

N| @ »1n| A

Switching frequency

Type/Value
four-leg inverter
DSOGI-PLL

synchronous reference d-q
method

4.2mH
5 mF
730
10kHz

In addition the specification of the series APF filter developed and
discussed in this chapter is Table 3-3:

Table 3-3 The specification of the series APF filter

No. Description

1 Topology

2 Synchronisation method

3 Reference current
generation

Interface filter
5 DC-link voltage

Switching frequency

Type/Value
Three-leg inverter
DSOGI-PLL

synchronous reference d-q
method

4.2mH
730
10kHz

123



Chapter-4 Synchronous Generator Power Quality Improvements

Chapter-4 Synchronous Generator

Power Quality Improvements
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Chapter-4 Synchronous Generator Power

Quality Improvements

In this chapter, the application of (APFs) with the proposed
synchronous generator are presented. Where in the first section a
general description of the proposed system is presented. Then the
operation of each individual filter is investigated. For shunt filter
(section 4.2), linear load power quality improvement is presented in
section 4.2.1 and current harmonics compensation on nonlinear load
is discussed in section 4.2.2. Generator load balancing and nonlinear
load harmonic compensation are discussed in section 4.2.3. For
series active filter for a linear load is presented in section 4.3. The
operation of all proposed system is investigated in section 4.3.34.4.

Finally, the conclusion of the chapter is presented in section 4.5

4.1 System Configuration

The proposed system is a three-phase four wire system
consisting of a simplified synchronous generator (SSG), four leg
shunt active power filter (APF), three leg series active filter,
interface L-filter and a different kind of load, which may be linear or
nonlinear, and balanced or unbalanced as shown in Figure 4-1. The
proposed generator model is as presented in section 2.4 and the APF

configuration and control is as discussed in Chapter-3.

Three different kind of load will be presented in the following
sections. In the two first simulations the APF is used to compensate
the system harmonics, and in the last simulation the APF is used to
compensate system harmonics and balance the proposed generator

currents.
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Figure 4-1 Block diagram of the proposed system

4.2 Shunt Active Filter:

4.2.1Output Power Quality Improvements of Synchronous
Generator with Linear Load

The output current of the SSG contains harmonics, and when a
linear load is connected, the load should be supplied with good power
quality, thus the first application of the APF with the simplified
synchronous generator, which is presented in this section, is
suppling a linear load with good power quality. In this simulation, a
three-phase resistive load (35 kW, about 50% of the generator
loading) is connected to the generator at the point of the common
coupling (PCC) where the APF was connected as shown the Figure
4-2. In this kind of load the APF should absorb the harmonics that
exist in the generator current leaving just the fundamental

waveform current supplied to the load.

126



Chapter-4 Synchronous Generator Power Quality Improvements

4.2.1.1 Compensation Procedure:
The operation principle of the compensation method can be

described as follows:

1- Sensing the generation voltage at the PCC and calculating
the phase angle of the voltage vector by using DSOGI as
discussed in section 3.5.3.

2- Sensing the generator current and calculating the reference
current by using synchronous reference (d-q) method as
explained in section3.6.2.

3- Generating the reference voltage which required to absorb
the reference current from the PCC point. A proportional
resonant controller was used to generate the reverence
voltage as discussed in section 3.7.3.

4- A PI controller was used to maintain the DC-link voltage at

constant value (730 V) as explained in section 3.8.

All the compensation steps that were discussed in chapter-3
were coded in Matlab script code in Matlab function in the Simulink
simulation which shown in Figure 4-2, the Matlab code is given in

Appendix .

The simulation was started with the APF was turned off leaving
the generator current reaching a steady state. At t=2.0 sec the APF

was turned on and worked as expected.
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Figure 4-2 Simulation circuit for balanced linear load

4.2.1.2 Simulation Results:

The simulation results are shown in Figure 4-3, after enabling

the APF, the APF absorbed the harmonics from generator current

and let just the fundamental current to reach to the load, in this case

the APF works as high pass filter. The total harmonic distortion in
the load current (THD) is reduced from 4.5% to around 2.1% and

this is within IEEE Std 519 limits which given in Table 1-1.
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Figure 4-3 simulation results for harmonic compensation for
balanced linear load (a) generator and load currents before enabling
the APF (b) load currents after enabling the APF (c) the APF currents

4.2.2 Current Harmonics Compensation of Nonlinear Loads
In this case the load is nonlinear, so the focus will be on the
generator currents, thus the second application of the APF with the
simplified synchronous generator which is presented in this section,
is mitigating the harmonics in the proposed generator currents. In
this simulation, a three-phase diode bridge and RL load (R=9.2 Q
and L=5.5 mH) (about 35 KW) was connected to the SSG to

represent the nonlinear load as can be seen in Figure 4-4.
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In this kind of load the APF should supply the nonlinear load
harmonics that exist in the load current leaving just the fundamental

waveform current supplied by the proposed generator.

4.2.2.1 Compensation Procedure:
The operating principle of the compensation method is this

simulation can be described as follows:

1- Sensing the generation voltage at the PCC and calculating
the phase angle of the voltage vector by using DSOGI as
discussed in section 3.5.3.

2- Sensing the nonlinear load current and calculating the
reference current by using synchronous reference (d-q)
method as explained in section3.6.2.

3- Generating the reference voltage which required to inject the
reference current, the nonlinear load harmonics, into the PCC
point. A proportional resonant controller was used to
generate the reverence voltage as discussed in section 3.7.3.

4- A PI controller was used to maintain the DC-link voltage at

constant value (730 V) as explained in section 3.8

The simulation was started with the APF was turned off leaving
the generator current reaching a steady state. At t=2.0 sec the APF
was turned on and did its job as expected and compensated the

nonlinear load harmonics.
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Figure 4-4 Simulation circuit for balanced nonlinear load

4.2.2.2 Simulation Results:

The simulation results are shown in Figure 4-5. When the APF
was switched on, the APF supplied the nonlinear load harmonics
leaving the proposed generator supplying the fundamental current.
The THD in the generator current decreased from 22.3% before
enabling the APF and to 3.43% after enabling it. Again the APF
worked as expected and calculated the nonlinear load harmonics and
injected them at the PCC point. Figure 4-5 shows the generator, the

load and the filter before and after the compensation.
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Figure 4-5 Simulation results for balanced nonlinear load (a)
generator and load currents before enabling the APF (b) generator
currents after enabling the APF (c) the APF currents

4.2.3Synchronous Generator Load Balancing

Due to the unbalance caused by single-phase loads in the

generator current, the APF in this section is used to balance the

generator currents and to compensate for the harmonics in these

currents.

There are two types of unbalance considered in this section, the

first one is where the sum of the three phase currents is zero (Just

negative sequence components) i.e. the neutral point is not

connected. In the second type, the sum of the three phase current
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is not zero i.e. there is a current in the neutral wire (negative and

zero sequence components).

4.2.3.1 Compensation Procedure:
The operation principle of the compensation method is this

section can be described as the same as in subsection 4.2.2.1.

4.2.3.2 Simulation Results

The simulations were done for both types of unbalanced loading.
In both cases the simulation was started with the APF turned off. At
t=2.0 sec the APF was turned on to compensate the nonlinear load

harmonics and balance the generator currents.

4.2.3.2.1 Unbalanced Non-Linear Load with Only Negative Sequence
Components (Type-1):

To simulate the first type of unbalance, (only negative
sequence), a nonlinear load (full bridge diode rectifier) is added to
the circuit which shown in Figure 4-4 and connected between phase-
A and phase-B feeding a RL load . The RL load was L = 5.5 mH and
R =27 Q as shown in Figure 4-6.
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Figure 4-6 Simulation circuit for type-1 of unbalanced nonlinear
load

The simulation results are shown in Figure 4-7, as can be seen
from the figure, when the APF is enabled, the APF is supplied the
nonlinear load harmonics currents and balanced the proposed
generator currents. The THD significantly improved. For example,
the THD in phase-C drops from 20.1% to 3.8%. Table 4-1
summarises the THD and the current values of the system before
and after enabling the APF.
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Table 4-1 The simulation results for the THD and currents values
before and after enabling the APF for unbalanced nonlinear load with
just negative sequence

Before enabling
the APF

load/generator

THD % Amp

Phase-A 14.6 57.6
Phase-B 15.4 56.5
Phase-C 20.1 45.4

After enabling the APF

Load

THD %
20.3
19.7
25.5

Amp
60.0
58.9
47.1

Generator
THD % Amp
3.7 54.6
3.3 52.9
3.8 53.7

As can be summarised from the Table 4-1 the APF mitigated the

harmonics in the generator current and balanced them. At the load

side the highest difference between the three phase currents is the

difference between the phase-A current (highest current) and the

phase-C current (lowest current), where the phase-A current is

bigger than phase-C by 27.39%, while in the generator side the APF

maintained the difference between the phase current to maximum

3.21 %
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Figure 4-7 System currents after enabling the APF with nonlinear
and unbalanced load type-1

4.2.3.2.2 Unbalanced Non-Linear Load with Negative and Zero Sequence
Components (type-2):

To simulate this type of unbalance a full bridge diode rectifier
was connected between phase A and the fourth leg of the converter
(APF neutral leg) instead of phase-B in Figure 4-6, As shown in
Figure 4-8.
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Figure 4-8 Simulation circuit for type-2 of unbalanced nonlinear
load

The simulation results are shown in Figure 4-9. As can be seen
from the figure, when the APF is enabled it supplied the nonlinear
load harmonic currents and the single-phase load. In addition, it
maintained the proposed generator current balanced. The THD was
significantly improved, as can be seen from Figure 4-9 the APF
decreased THD in the generator current from 22.3% to 3.65% and
supplied the single phase load (connected between the phase-A and

the neutral leg of the APF) when it was enabled.

137



Chapter-4 Synchronous Generator Power Quality Improvements

< 50
§ 0
2
3 -50
2.36 2.37 2.38 2.39 24 2.41
Time(sec)

(2)Load Current for unbalanced nonlinear load (type-2)
after enabling the APF

Current (A)
tn
o o

n
(=

2.36 2.37 2.38 2.39 24
Time(sec)
{b)Generator Current for unbalanced nonlinear load (type-2)
after enabling the APF

2.41

Current (A)

2.36 2.37 2.38 2.39 24
Time(sec)
(c)Filter Current for unbalanced nonlinear load (type-2)

Figure 4-9 System currents after enabling the APF with nonlinear
and unbalanced load type-2

Table 4-2 summarises the THD and the current values of the

system (nonlinear unbalanced load type-2) before and after enabling
the APF.
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Table 4-2 The simulation results for the THD and currents values
before and after enabling the APF for unbalanced nonlinear load type-2

Before enabling

the APF After enabling the APF

load/generator Load Generator

THD % Amp THD % Amp THD % Amp

Phase-A 22.3 44.92 23.4 53.29 3.96 50.55
Phase-B 22.3 44.86 25.3 47.74 2.71 49.58
Phase-C 22.3 44.82 25.3 47.88 3.56 50.54

As can be concluded from the Table 4-2 the APF supplied the
single-phase load and kept the generator current balanced where in
load side the phase-A current (highest current) is higher than phase-
B current (lowest current) by 11.63%, while in the generator side
the APF maintained this difference to just 1.96 %

4.3 Series Active Filter:

This filter is connected in series with the generating windings.
To compare the operation of the active series filter with the proposed
generator and the proposed generator alone in one simulation, a
switch installed between the series filter and the generating
windings. In the beginning of the simulation the switch is ON and
the filter is OFF, at the desired time the situation is reversed (i.e.
switch OFF and filter ON). In simulation the DC-link of voltage of the

active filter was fed by a DC voltage source as shown in Figure 4-10.

Figure 4-10 shows the different component of active series filter
such as the inverter power module, the controller module and
voltage sensors which send the feedback signals to the control
module. It also shows how the active series filter connected to the

proposed generator.
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Figure 4-10 Series active filter simulation circuit

Control Method of Series Active Filter

The control method of the Series Active Filter (SAF) is shown in

the schematic diagram Figure 4-11, and explained as follows:

1.

Sensing the generator winding voltages as a feedback signal
to the control module helps to calculate the phase angle of the
voltage space vector (by using DSOGI as discussed in section
3.5.3).

. Starting from the measured voltage signals in the abc

reference frame and the computed angle derived in point 1,
the Park’s transformation can be applied and the
representation of the measured voltages in the d-q rotating
reference frame can be achieved, as shown in the schematic

diagram.

3. The d-q signals represent both, fundamental and undesired

harmonics components of the measured winding voltages. The

main idea behind the series active filter is to generate these
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undesired harmonic signals in the opposite phase to the

original waveforms to cancel them.

Therefore, in the control module, a Low Pass Filter (LPF) has
been used to separate the fundamental from the undesired

harmonics of the d-q voltage signals.

Vabc—filter = Vabc_ratedf — Vabc_measured (4'1)

4. Then, the inverted undesired harmonics signals are used as
reference signals to the Pulse-Width Modulation (PWM)
algorithm. The control module then computes the switching
pattern that used to drive the power module switches (IGBTs)
of the ASF inverter.
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The simulation were done for two different types of loads, linear
load and nonlinear load during the simulation generator output
voltage an current were saved and analysed. The following two
section a detailed discussion about the simulation for both kind of

loads.

4.3.20utput Power Quality Improvements of Synchronous
Generator with Linear Load

A linear resistive load connected to the proposed generator, the

load was (35 kW and nominal phase to phase voltage 415 V). To

simplify the simulation, the active series filter was implemented by

three controlled voltage sources fed by the reference voltage in all

active series filter simulations.

4.3.2.1 Compensation Procedure:

The simulation was started with no series active filter, at t=3.0
sec, the series active filter switched ON and connected in series with
the generator windings. The simulation results are shown in Figure
4-12.

As can be seen from the figure the series active filter switched
ON improved the output voltage (regulated the output voltage and
compensate its harmonics) of the proposed generator and because
the connected load is linear the output current of the generator also
improved. The THD in the proposed generator voltages dropped
from 2% to 0.3%.

As a linear load is connect to the generator, the THD has a low
value (2%), Although, this small value of the THD sees a further
reduction by about 1.7% after connecting the ASF, as can be noted
in Table 4-3.
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Table 4-3 The Total Harmonic Distortion (THD) in the output
voltage of the proposed generator feeding linear load

THD% 2% 0.3%
>
o 900
S
§ 0
.GEJ -500 -
-
288 2.89 29 2.91 292 293 294 295
Time(sec)
(a) Generator Line voltage Feeding Linear Load
without the ASF
g 1 1 ] 1 1 1
o 200
o
§ 0
GEJ -500 [ [ L [ [ [
-
3.04 305 3.06 3.07 3.08 3.09 3.1 3.11
Time(sec)
(b) Generator Line Voltage Feeding Linear Load
with the ASF
>
]
()]
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S
2
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Time(sec)

(c) The Injected/Compensating Voltage Prodused by the ASF

Figure 4-12 The Proposed Generator Output Voltage with and

without Active Series Filter feeding Linear Load
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4.3.3 Output Power Quality Improvements of Synchronous
Generator with Nonlinear Load

In this simulation a nonlinear load (three phase diode bridge
rectifier with RL load, R=6 Q , L=15 mH). The simulation started
with unloaded generator scenario to capture the back EMF harmonic
distortion. Then, at t=3 the nonlinear has been connected to the
generator. At time t=6 sec the active series filter was connected to
in series with the generator windings to compensate both back EMF

harmonics and nonlinear load harmonics.

4.3.3.1 Compensation Procedure:
The operating principle of the compensation method is the as

presented in the subsection 4.3.2.1

The simulation result is shown in Figure 4-13. As can be seen
from the figure, connecting the nonlinear load to the generator, the
harmonic content of the voltage waveforms is higher than those of
the unloaded generator as shown in Figure 4-13 (a) and (b). The
series active filter has improved the output voltage of the proposed
synchronous generator, as shown in Figure 4-13 (c). The THD in the
output voltage of the proposed generator dramatically decreased
from 30.2% to 4.8%.

From the simulation results, the series active filter has improved
the output power quality (current and voltage waveforms in the
same time) of the proposed generator in case of linear load was
connected to the generator. However in case on nonlinear load the
series active filter just compensate the harmonic in the generator

voltages.

The THD in the generator running without connecting the load

has a low value (5.3%), as reported in Table 4-4. This is due to the
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generator design (space/spatial harmonics). Connecting the non-
linear load adds more harmonics (time harmonics) due to the high
harmonic content of the current, and this increases the THD to
30.2%. The ASF significantly reduced the THD from 30.2% to 4.8%

after connected it to the generator.

Table 4-4 The Total Harmonic Distortion (THD) in the
output voltage in the proposed generator feeding non-
linear load for different operation condition

Unloaded Loaded Loaded
generator generator generator
THD 5.3% 30.2% 4.8 %

From table 4-3 and table 4-4, it can be noted that the THD of
unloaded generator (5.3%) is higher than that of the loaded
generator (2%). This is because the THD has inverse relationship

with the generator loading.

Furthermore, several simulations have been done in my model
for different values of the resistive load, and these values was
percentage from the original value for the loaded generator
(R=4.920) and THD has been calculated in each simulation and

reported in the following table
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Table 4-5 The THD of the output voltage of the proposed
generator for different values of loading

4.92%0.1 1.25%

4.92 2% The case study for loaded generator

4.92%50 4.7%

4.92%100 5%

Very high load represent (open
4.92*%1000 5.3% circuit). The case study for unloaded

generator

As can be seen from the table the THD in the loaded generator
(R=4.920) output voltage was 2% and this value increase to 5.3%

in the unloaded generator.
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Figure 4-13 The Proposed Generator Output Voltage with Active
Series Filter feeding Nonlinear Load

Therefore, to improve the output power quality of the proposed
generator, the two proposed filters (shunt and series) must be
connected with the proposed generator at the same time and work
together to improve the output power quality of the proposed

generator.
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4.4 The Proposed Generator with Shunt and Series

Active Filters Simulation:

The effect of adding active power filters to the proposed
generator has been presented in the previous two section. Where in
section 4.2, the shunt active power filter was discussed, and the
simulation results showed that the shunt filter improved the output
current more than the output voltages especially in nonlinear load.
While in section 4.3 the active series filter was introduced, and the
simulation results showed that the active series filter improved the
output voltage and of the proposed generator, however in nonlinear
load did not improved the generator current. So the both filters
should be operated at the same time with proposed generator to

improve the output power quality of this generator.

This section will present the effect of both filters connected to

the proposed generator at same time as shown in Figure 4-1.

4.4.1 Output Power Quality Improvements of the proposed
Generator with Linear Load

In addition to the simulation in section 0 a shunt active filter

was connected to the system between the generator and the load,

at simulation time t=3sec the both filter switched ON. And the result

was saved and analysed.

4.4.1.1 Compensation Procedure:

For the series active filter the procedure was as described in
section 4.3.2.1, for the shunt active filter the procedure was as
described in section 4.2.2.1. The simulation results shown in Figure
4-14
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iy

(a)Generator Line voltage for Linear Load before and after
Switching ON both Filters

L

(b)Generator Current for Linear Load before and after
Switching ON both Filters

Figure 4-14 The Proposed Generator Output Voltage and Output
current with both Filters for Linear Load
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As showed in the figure the harmonic distortion in the output
voltage of the proposed generator was decreased and the output
current slightly improved. The THD in the generator voltage was
decreased from 3% to 0.6% while the THD in the output current of

the proposed generator dropped from 2% to 1.7%.

As can noticed the in case of linear load, just series active filter
has improved the output power quality of the proposed generator
better than when there are the filter connected because the effect
of the shunt filter.

4.4.2 Output Power Quality Improvements of the proposed
Generator with Nonlinear Load

In addition to the simulation in section 4.3.3 a shunt active filter

was connected to the system between the generator and the load,

at simulation time t=3sec the both filter switched ON. And the result

was saved and analysed

4.4.2.1 Compensation Procedure:
The operating principle of the compensation method is the as

presented in the subsection 4.4.1.1

The simulation result is shown in Figure 4-15. As can be seen
from the figure the both filters have improved the output voltage
and the output current of the proposed synchronous generator. The
THD in the output voltage of the proposed generator dramatically

decreased from 30.2% to just about 2%.

Compared to section 4.3.3 where was just series active filter
was used, when the shunt active filter was added the system, the
output power quality of the proposed generator has dramatically

improved.
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It can be noted that the THD of the proposed generator voltage
without connecting any active filter has a significant value (30.2%).
From Table 4-6, it can be noted that the active series filter is more
effective than the shunt active filter in reducing the THD of the
generator winding voltage. Combining both active series and shunt
filters together yields a further reduction in the THD of the generator

winding voltage which reaches 2%, as reported in Table 4-6.

Table 4-6 The Total Harmonic Distortion (THD) in the output
voltage in the proposed generator feeding non-linear load for
different Connected filters

Both (Shunt
+ Series)

Shunt Series

THD 30.2% 21.7% 4.8% 2 %
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Figure 4-15 The Proposed Generator Output Voltage with both

Filters feeding Nonlinear Load
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4.5 Conclusion

The effect of using an active power filters to compensate for the
poor harmonic output of a simplified synchronous generator has
been investigated. The simulation results show that the APFs can
be integrated with a simplified synchronous generator to provide an
acceptable level of power quality (voltage and current) from a simple
generator with a poor quality output waveform at the point of

common coupling (PCC) for any kind of loads.

This chapter presented the simulation for both active filters. For
the shunt active power filter alone, balanced linear load, the THD in
the load after enabling the shunt APF was 2.1% while without the
shunt APF it was 4.5% as show in Figure 4-3 . In the second case,
balanced nonlinear load, the shunt APF supplied the nonlinear load
harmonics and reduced the THD in the generator current from
22.3% before enabling the shunt APF and to 3.43% after enabling it
as shown in Figure 4-5. Finally in the third case, unbalanced
nonlinear load and this is done for the two types of unbalance
loading, type-1 and type-2, in type-1 the shunt APF decreased the
THD in the generator current from 20.1% to 3.8% (in phase-c) by
supplying the nonlinear load harmonics, and balanced the generator
currents as shown in Figure 4-7 and Table 4-1. In type-2 The THD
was significantly improved, as can be seen from Figure 4-9 and Table
4-2, the shunt APF decreased THD in the generator current from
22.3% to 3.65% and supplied the single-phase load, in addition, it
maintained the proposed generator currents balanced. For series

active filter, in balanced linear load, the THD

In addition, when the just series active filter was connected, in
case of linear load, the THD in the proposed generator voltage and

current decreased to 0.6% and 1.7% respectively. In the second
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case, nonlinear load, the THD in the proposed generator voltage and

current decreased to 2% and 3.5% respectively.

Finally, the simulation results were presented in this chapter
showed that the active power filter can be used with simplified
synchronous generator to improve the output power quality of the
generator and balance the generator current for different kind of

loads.
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Chapter-5 Dynamics performance

Improvements of Synchronous Generator

without Damper bars
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Chapter-5 Dynamics Performance Improvements

of Synchronous Generator without Damper Bars

This chapter studies the dynamic effect of the APF on synchronous
generator without damper. The APF is used to improve the dynamic
response of a synchronous generator without damper bars when there is a
sudden change in the generator loading. The chapter started with an
introduction about the damper bars and their function in section 5.1.
Section 5.2 studies the dynamic performance of synchronous generators
with and without damper bars. Section 5.3 discusses the proposed control
approach of APF for Dynamic performance Improvements of Synchronous
Generator and section 5.4 presents simulation procedure and results.

Finally, the conclusion of this chapter is given in section 5.5.

5.1 Introduction

In the transient condition the current induced in the damper bars helps
the generator to reach a steady state faster. When there is a sudden change
in SG load, the SG speed will drift from the synchronous speed. This change
in synchronous speed induces currents in the damper bar circuit and these
currents produce torque, which acts to drive the rotor towards synchronous
speed. When the SG does not have damper bars, sudden changes in load
will cause more fluctuation in SG speed and load angle and can potentially
lead to SG desynchronization with the grid and pullout of the system. To
maintain a generator without damper bars stability, an active power filter
is proposed to improve the dynamic stability of this generator and decrease

speed fluctuation during a sudden change in the generator loading.
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5.2 Study of Dynamic Performance of Synchronous

Generator with and without Damper Bars

When there is a step change in generator loading, the rotor of the
generator will accelerate or deaccelerate with respect to the synchronous
rotating magnetic field, and relative motion will appear between them. This
relative motion can be described by the swing equation. The following two
subsections presented this equation in the two cases, with and without

damper bars.

5.2.1Swing Equation without Damper Torque:
When the damping and frictional torque are neglected, the
electromechanical system equation in the synchronous machine during the

disturbance is given by equation (5-1) [38, 94].

d?6,, (5-1)
dt?

Typ—Te=]X

Where T, is the mechanical torque in N.m, T, is the electrical torque in
N.m, J is the total moment of inertia of the generator and the prime mover
in kgm? and 6,, is the angular displacement of the rotor to stationary

reference axis on the stator in rad/sec.

It is more convenient to use the torque angle (§,,), which is the angle
between the rotor position and the synchronous rotating reference frame
rotating with angular constant velocity w,,, , and it is given by equation
(5-2)

O, = Oy + Wt (5-2)

do déd 5-3
on = 1t = g+ s o
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d?6,, d?*&, (5-4)
dt?  de?

Equation (5-1) can be written as function of §,,as presented in equation
(5-4)

d*8,y, (5-5)

Tn—-T, =] X a0

By multiplying equation (5-5) by rotor mechanical speed w,, (rad/sec)

the following equations are extracted

d?s 5-6
a)me—a)mTe =](1)m><?2m ( )
d2s (5-7)
Bpn — P = Jowp, X ?Zm
d?s (5-8)
Pm—Pe=M><dt;’1

Where M is called the inertia constant. The kinetic energy of the

synchronous generator rotor and the prime mover W, is given by:

1 1 -
szzja),zn:EMwm (5 9)
2W, -
M= — k (5-10)

Despite M being called the inertia constant, in fact, when the rotor
speed diverges from the synchronous speed it is not constant. However,

because the change in w,, is small before the generator became unstable,
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M is calculated at synchronous speed and assumed to be constant and

equation (5-10) become

2W, -
M =22k (5-11)

(‘)S m

To express the swing equation in in terms of electrical power angle (6),

equation (5-12) is used.

P -
5="26, (5-12)

P 5-13
we=zwm ( )

Where P is the number of poles of a synchronous generator.
The swing equation in equation (5-8) becomes

2 4% (5-14)
Pm—Pe =EMXW

To convert equation (5-14) to per unit system, it is divided by the base
power in MVA (Sg).

Pn P 2 2W, _d?*¢ (5-15)

= — X ——
Sy S; Pwg,Sz  dt?

The H constant (per unit inertia constant) is given be equation (5-16)

and it is unit in second.

. Kinetic energy in M] at rated speed W), (5-16)

machine rating in MVA Sp

By using the value of H in equation (5-16) and substituting it equation
(5-15) yields,
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2 2H d?§ (5-17)
= e = o

Where P, is the mechanical power in per unit and P; is the electrical
power in per unit. The electrical angular velocity (w,) and the relation
between it and the mechanical velocity (w,,) depends on generator pole

numbers, and it is given be equation (5-18)

2 (5-18)

The equation (5-17) can be written as function of the electric angular

velocity (wg) by using the relation in equation (5-18) as follows:

2H d?6 (5-19)
PM — PE = w—s X F

The swing equation is often expressed in terms of fundamental
frequency (f,) where (ws = 2nf;). The swing equation, when the electrical

power angle (§) in electrical radian, is given by:

H  d?s (5-20)
PM - PE = T[_fox W

And the swing equation when the electrical power angle (&) in electrical

degree is given by:

H  d25 (5-21)

Py — Pg = X —
M TET180f, T dt?

5.2.2Swing Equation with Damper Torque:
Now let us assume the damping torque in not neglected but the

frictional torque is neglected. The damper torque which produced by the
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damper bars is proportional to the speed difference between the rotor and

the rotating magnetic field and is given by [5].

Td = de(U (5-22)

Where k, is the constant of proportionality in Nm/rad/s, and Aw is the

rotor speed deviation from synchronous speed and given by:

Aw = Wy — Wy (5-23)
Ty = kd(wm - wsm) (5_24)
B do,,
Ty = ka (g~ wm) (5-25)

By substituting equation (5-2) in equation (5-25) yields:

d(d, + went
Td:kd< (mdt Sm)_wsm>

(5-26)

ds,,
Ta=ka=—~ (5-27)

The damping torque in terms of electrical torque angle (&) is given

using equation (5-12)

o Zhads
a7 p at (5-28)

By multiplying equation (5-28) with (w,,) and dividing by the base
power in MVA (Sg) yields:
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Pp=Db—> (5-29)

Where P, is the damping power in per unit and D is the damping

coefficient and equal:

. Z(Umkd

PSB (5'30)

Then the swing equation with damper bar included in electrical radian

is given by:

Py —py =T L0, 40 (5-31)
Mo TE T nf, ” dt? dt

And when the electrical power angle (§) in electrical degree the swing

equation can be expressed as in equation (5-32)

H d?§ ds (5-32)

Py —Pg = X——+D—
M TET180f, FTZPT:

5.3 Proposed Control Approach of APF for Dynamic
Performance Improvements of Synchronous

Generator

The proposed scheme, which is similar to VSG and synchronverters,
based on sharing the power between the synchronous generator and the
APF for short time interval during step load changing. To decrease the effect
of sudden load changes on a SG without damper bars, the active power
filter (APF) is used with the SG to compensate for the load step by
introducing a compensatory filter step current that increase/decays
gradually to allow the generator smoothly to go to the new operating point,

as shown in Figure 5-1.
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SG current S
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V P time

Figure 5-1 Proposed filter, load, and generator currents during a
step load change for the generator without damper bars and APF

As can be seen from Figure 5-1, when the load is connected to the
generator, the APF will supply the transient current component leaving the
SG current and the electromagnetic torque to increase gradually, and when
the generator load becomes equal to load current, the APF current drops to
zero. On the other hand, when the load is disconnected, the APF will absorb
the transient generator current component allowing the generator current
and the electromagnetic torque to decrease gradually until it equals the

load current.

5.4 Simulation Procedure and Results

To study the dynamic performance of the synchronous generator
during load step change, a Matlab/Simulink model was built. The consists
of the synchronous generator model, that was developed in Chapter-2, APF

model, that was discussed in Chapter-3, and two three-phase resistive
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loads, the second load can be connected or disconnected by a circuit

breaker during the simulation. Figure 5-2 shows the block diagram of the

simulated model.

cB

[

g [

L]

SG

RL- RL-
Load Load

Interface
filter

—_——_———d

APF =

T
—
I

Figure 5-2 Block diagram of the proposed system

Due to load change and to see the effect of adding an APF on the
generator speed a speed controller model and exciter model was added in
the simulation circuit to keep the generator speed and generator voltage
constant after the load changing. A description for speed controller and

exciter is presented in the following subsections.

5.4.1Speed Controller and Diesel Engine Dynamic model

When considering transient behaviour and damping, a model of the
mechanical system driving the generator is required. The speed loop
controller consists of a regulator, diesel engine transfer function (throttle

actuator and engine delay)
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Figure 5-3 shows the block diagram of the speed controller. A throttle

actuator and engine delay represent the dynamic model of the diesel engine
[95].

Te
T
1+T;s ~ 1+T3s > 1 m —T .
* K™ 1+T5s S(1+Tgs)(1+Tss)| ™ | 1+Tys Js
W . W
Regulator Throttle Engine Generator
actuator Delay Td Inertia

Figure 5-3 Block Diagram of Speed Controller

The time constant and their values scaled values that taken from

Matlab demo library and their values were given in Table 5-1

Table 5-1 Speed controller time constants and their values

Parameters Description Value in simulation

T:and T: regulator time constants 0.15 and 0.3 (ms)

3.75, 0.135 and

T3, Tsand Ts throttle actuator time constants
0.576 (ms)
Ta Engine delay time constant 0.36 (ms)
J Generator inertia 0.45 kg.m?

5.4.2 Exciter Model
To maintain the output voltage of the generator constant after

generator load changing, an exciter model (IEEE type-1) which is defined
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by IEEE [96, 97], was used to maintain the output voltage constant during

load changes. Figure 5-4 shows the IEEE excitation system.

Saturation
Vier e
VR(MAX)
Vi 1 + 1+sTc Ka 1 Ex
—> 1+STR 1+sTg —> 1+sT, —> % Ke+sTg —>
VR(M/N)
VPSS sK¢

1+sTE

Figure 5-4 IEEE Type 1 (Type DC1A) excitation system

The typical values of IEEE Type 1 exciter is given in Table 5-2[38]

Table 5-2 Typical per unit data for an IEEE Type 1 DC exciter

K, =187 T,=0.89 K:=1.0 Ty=1.15s
Kr=0.058 Tr = 0.62 Ty = 0.06 T, = 0.173
VR(max) = 17 VR(min) = —17 TR = 0015

5.4.3 Simulation Results

To study the effect of the APF a Malab Simulink file was built, with the
simulated circuit as shown in Figure 5-2. The simulation circuit consists of
a synchronous generator models, the models as developed in section 2.4,
active power filter as presented in Chapter-3, and linear RL load (R=5, L=
2.5 mH). All the parameter of the speed controller and the excitation system
in Figure 5-3 and Figure 5-4 were taken from Matlab demo library as given
in Table 5-1.
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The simulation period was 6 sec, the generator is started with a RL load

(R=5Q, L=2.5mH). At time t = 1.5 sec the load was doubled and at time t=3
sec the load was returned back to the initial value. All the currents and

developed electromagnetic torque were recorded and analysed.

When the load was suddenly changed, the APF worked as virtual
synchronous generator and shared the load with the synchronous
generator, then the share of APF gradually decreased until the load is
completely supplied by the generator. This gradually generator loading
makes the developed electromagnetic torque in the generator gradually
increased and then the speed fluctuation will be small. On the other hand,
when the load was suddenly decreased, the APF worked as a load and
instantaneously consumed the current deference between the two loads.
This loading (the APF) gradually decreased until zero loading, so the
generator doesn’t see this sudden change, and the developed
electromagnetic torque gradually decreased and this gradually change in
the developed electromagnetic torque makes the generator speed

fluctuation as small as possible.

As can be seen from Figure 5-5, which shows the change in the
generator current during a sudden load change, when the APF was
disconnected, the full load suddenly connected and disconnected to/from
the generators as shown in Figure 5-5 (a). This makes the speed fluctuation
as big as possible, however, when the APF was connected, and when the
load was changed the generator load gradually increased to the new
operating point, and when the load was disconnected, the generator load
gradually decreased to the previous operating point as shown in Figure 5-5
(b). This slow change in generator load makes the speed fluctuation as

small as possible.
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Figure 5-5 Generator current with and without APF during
sudden load change

The APF current and power are shown in Figure 5-6, as can be seen
from the figure the APF worked as power supply and supply the transient
component to the load when the load was connected and worked as a load

and absorbed the transient component when the load was disconnected.
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Figure 5-6 APF current and power

Figure 5-7 shows a comparison between the proposed SSG with and
without damper bars for speed fluctuation during a sudden change in load
as described. As Figure 5-7 shows the disturbance in the generator speed
was increased when damper bars were not present (as expected), but when
the APF was connected the speed disturbance became much smaller even
than that of the SSG with damper bars.
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Figure 5-7 Speed response to sudden change in the
generator loading with and without APF

In addition, the transient electromagnetic torque was reduced when
the APF was connected because the APF supplied the transient component
when the load was connected and absorbed the transient component when
the load was disconnected, as can be seen from Figure 5-8, giving less

generator speed fluctuation with the APF when load steps were applied.
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Figure 5-8 Developed electromagnetic torque at sudden
change in the generator loading with and without APF

5.5 Conclusion

In this chapter, a dynamic study on synchronous generators with and
without damper bars is presented. A proposed scheme based APF to
improve the dynamic performance of a synchronous generator without
damper bars was discussed and the simulation results were presented. The
simulation results showed that the APF can be used to improve the transient
stability of a synchronous generator without damper bars, giving improved
stability compared to systems using damper bars while also allowing for a
significant simplification of the rotor design and construction and improving

the rotor magnetic circuit.
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Chapter-6 Experimental Setup and Experimental

Results

This chapter presents the test rig setup and the experimental validation
of using the APF to improve the power quality of simplified synchronous
generator. In section 6.1 presents the test rig setup and section 6.2
explains the implantation of the APF in the lab. The interference inductance
and DC-link capacitor back is presented in section 6.3. The FPGA/DSP
control platform and measurement boards are presented in sections 6.4
and 6.5 respectively and testing the APF is presented in section 6.6. Section
6.7 presents the experimental validation for harmonic compensation for
balanced linear. Section 6.8 presents the experimental validation for
compensation of balanced nonlinear load harmonic and section 6.9 presents
experimental validation for compensation of unbalanced nonlinear load
harmonic and balancing the generator current. A comparison between the
experimental results and simulation results which presented in Chapter-4
is given in section 6.10. Finally, the conclusion of this chapter is

summarised in section 6.11.

6.1 Test Rig Setup:

A test rig was built in the lab to approve the simulation results, this
test rig consists from a DC motor (as a prime mover), two SKAI module
type converters, an interface inductance, a DC-link capacitor bank, an
FPGA/DSP control platform and measurement boards as shown in Figure
6-1 and Figure 6-2. A brief description for each part is presented in this

section.
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Figure 6-1 The test rig

6.2 Experimental Active Power Filter Implementation

To implement the active power filter in the lab, two commercial SKAI
modules (three-leg IGBT 2 level converter) designed by Semikron for HEV
and EV are used in the test rig to get four-leg inverter as shown in Figure
6-3. The SKAI models that were used in the test are SKAI45A2GD12-W24DI
[98] which have a maximum current rating of 300 A each. These two
converters are connected in parallel with one DC-link capacitor, where only

one leg was used from the second SKAI module
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SKAI modul

"Bl DC-link capacitors |

Figure 6-2 The active power filter

Figure 6-3 SKAI Modules

6.3 Interface Inductance and DC-link Capacitor Bank.

Three capacitors are connected in series to make the DC-link, each
capacitor was 15132uF, 450VDC. An L-filter of 4.2 mH was used as an
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interface between the APF and the PCC point. Figure 6-4 shows a photo for
the DC-link capacitor bank and the L-filter.

Figure 6-4 the Capacitor bank and the interface filter

6.4 FPGA/DSP Control Platform

The control platform that was used to experimentally implement the
active power filer control is FPGA (Field Programmable Gate Array), DSP
(Digital Signal Processor) and HPI daughter card (TMS320C6713 DSK HPI
Daughter card) as can be seen in Figure 6-5.
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Figure 6-5 FPGA and DSP platform controller

The control algorithm is programmed in the DSP using Code Composer
Studio, which calculated the reference signals for the APF. Then the FPGA
takes these reference signals and generate the gate pulses for the APF
switches. The switching frequency was 10kHz. The gate pulses are

transferred to the SKAI modules interface board by using fiber-optic cables.

6.5 Measurement Boards

To implement a closed loop control, a measurement device must be
used in the system to compare the generated signal with the reference
signal. In the test rig, there are ten measurement devices, four for voltage
measurement (one for the DC-link voltage and three for the generator
phase voltages) and six for current measurement. The voltage transducer
are hall-effect transducer LEM LV25-P [99]. The current transducers were
used in this test also which were a hall-effect transducer, three for output
filter current, which are LEM LA55-P[100] and three for the load current,
which are LEM LA125-P[101].

178



Chapter -6 Experimental Results

(C)
Figure 6-6 Measurement Boards, (A) and (B) current transducers,
and (C) voltage transducers

The outputs of these transducers are read by the FPGA through digital
to analogue converters, and then transferred to the DSP to calculate the

corresponding real values of these signals.

6.6 APF Test

Before applying the control algorithm on the proposed generator,
several tests were done to check the measurement board accuracy and the
controller performance. In addition, some harmonic tests were conducted
by using a programmable AC source (Chroma 61511) to validate the
controller and APF operation. When the APF test was done, the work moved
to the proposed generator with different loads and the results are presented

in the following subsections.

6.7 Balanced Linear Load
The first test was done in the lab was linear load test to validate the
simulation was done in section 4.2, a three-phase resistive load (35 kW)
was connected to the generator. The generator is run by using a DC motor
as a prime mover, and the DC motor is driven by an Industrial DC drive
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constructed by Eurotherm Drives (590C/ 0350/6/4/0/1/0/00/000). A
Littlefuse T4500 synchroniser was used to maintain the generator

frequency matching the grid frequency (50 Hz).

The generator/ load current waveform at 35 kW loading is shown in

Figure 6-7, and the frequency spectrum is shown in Figure 6-8.
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Figure 6-7 Generator/ load current at 35 kW loading
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Figure 6-8 Frequency spectrum for the phase-A current

As can be seen from the Figure 6-7 and Figure 6-8 the total harmonic
distortion (THD) in the load current is 4.1%

To reduce the THD in the load current, the APF is activated, and the
current controller was proportional-resonant with harmonic compensator
(PRHC) as described in Chapter-3. Figure 6-9 shows the load current with
APF and as can be seen from the figure the THD in the load current reduced
to just 1.9% and this within the limit in IEEE Std 519 [18]. and it shown in
Table 1-1.

It is clear from the Figure 6-10 that the APF significantly reduces all

the targeted harmonics, and improves the THD in the load current.
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Figure 6-9 Load current with enabled APF
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Figure 6-10 Spectrum analysis of the phase-A load current with and
without APF

6.8 Balanced Nonlinear Load

The second test that was done in the lab on the proposed generator
was a nonlinear load test to validate the simulation was done in section
4.2.2. A three-phase diode bridge rectifier with R-L load (R=9.2 Q and
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L=5.5 mH) was used as nonlinear load for the proposed generator. Figure
6-11 shows the generator/load current without APF and Figure 6-12 shows
the frequency spectrum of this current. The THD in the load/generator

current was 25%.
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Figure 6-11 Generator/ load current with nonlinear load
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Figure 6-12 Frequency spectrum for the generator/load phase-A
current with nonlinear load
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When the APF was enabled, the APF dramatically reduced the THD in
the generator current and THD decreased from 25% before enabling the
APF to just about 5% after enabling the APF as show in Figure 6-13.
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Figure 6-13 Generator current with balanced nonlinear load with
enabled APF

Figure 6-14 shows the frequency spectrum analysis of the phase-A
current for the generator with nonlinear load and with and without APF, as
can be seen from the figure most of the harmonics in the controller range

had been decreased.

184



Chapter -6 Experimental Results

- I, without APF

-Ia with APF

% From the Fundamental

Il_Il Il_ll B =m |
7 11 13 17 19

5 23 25

Harmonic Order

Figure 6-14 Frequency Spectrum analysis of the phase-A generator
current with nonlinear load, with and without APF

6.9 Unbalanced Nonlinear Load (type-2)

The final test in harmonic compensation tests was unbalanced
nonlinear load. To construct a nonlinear load in the lab, a single-phase
resistive load of (30 Q), was connected between the phase-A and the APF
neutral leg in the circuit described in section 6.8. The total power was about
34.5 Kw.

The generator was started with a connected load (the three-phase
diode bridge and the single-phase load) and the APF was disabled. So the
single phase-load is not supplied without the APF, because the single-phase
circuit is still open (the neutral wire was supplied through the APF). The
current waveforms for both the generator and the load were the same as

the waveform shown in Figure 6-11 and has a THD of 25%.

When the APF was enabled, the single-phase load that connected
between the generator phase-A and forth-leg of the APF was supplied and
this makes the phase-A current in the load side have a higher current than

the other two phases (phase-B and phase-C) as shown in Figure 6-15.
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Figure 6-15 Generator/ load current with unbalanced nonlinear
load before enabling the APF

The RMS value and the total harmonic distortion of each phase of the load

current is given in Table 6-1.

Table 6-1 The RMS value and the THD of the unbalanced nonlinear

load
Phase RMS value (A) THD %
Phase-A 57.4 22.8
Phase-B 49.3 27
Phase-C 47.5 26.8

The frequency spectrum of the three phase currents of the unbalanced
nonlinear load is shown in Figure 6-16 and as the figure shows phase-A has
a higher current with 75.36 V fundamental peak value and phase-B and

phase-C 63.32 V and 62.62 V fundamental peak values respectively.
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Figure 6-16 Frequency spectrum for Generator/ load current with
unbalanced nonlinear load before enabling the APF

However, in the generator side the APF compensated the harmonics
and decreased the THD in the generator current to about 5.6% retained

the generator current balanced as shown in Figure 6-17.

Table 6-2 summarise the RMS values and the THD in the generator and
the nonlinear unbalanced load with and without APF. As can be seen from
the table the maximum difference between the highest phase current and
the lowest phase current in the load side is 9.9 A and in the generator side
is 2.6 A.
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Table 6-2 the RMS value and the THD value of the generator and
the load current before and after enabling the APF

Before enabling After enabling the APF
the APF
Load/generator Load Generator
Quantity
Current  THD % Current THD % Current  THD %
(A) (A) (A)
Phase-A 47.4 25.1 57.4 22.8 51.6 5.7
Phase-B 48.4 24.8 49.3 27 52.8 5.3
Phase-C 46.7 25 47.5 26.8 50.2 5.9
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Figure 6-17 Generator current with unbalanced nonlinear load and
with enabled APF

The frequency spectrum of the generator and the load current for the
unbalanced nonlinear load with APF is shown in Figure 6-18, the figure
shows that the APF compensates the harmonics in the generator currents
and reduces the THD from 22.8% to 5.7 (for phase-A) and retains

generator current balance.
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Figure 6-18 Frequency Spectrum analysis of the generator current
and the load current with nonlinear unbalanced load with APF

6.10 Comparison Between the Simulation and the

Experimental Results:

In Chapter-5 and this Chapter the simulation and experimental results
were presented, and the experimental results have supported the
simulation results in the three cases. For the first case, balanced linear
load, the THD in the load current after enabling the controller in the
simulation was (2.1%) and it is close to the experimental result which was
(1.9%) as shown in Figure 4-3 and Figure 6-9 respectively. In the second
case, balanced nonlinear load, also the simulation results and experimental
results had good agreement, where in the simulation the THD in the
generator current was (3.4%), while in the experimental result was (5%),
as can be seen from Figure 4-5 and Figure 6-13. Finally in the third case,
unbalanced nonlinear load (type-2), also the THD in the simulation result
was (3.65%) and in the experimental result was (5.8%) as shown in Figure
4-9 and Figure 6-17 respectively, and the APF supplied the single-phase
load while maintaining the generator current balance as shown in Table
6-2. Table 6-3 summarises the comparison between the simulation results

and experimental results in the three different cases. As can be seen from
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the table the THD in the experimental results for the nonlinear loads were
slightly higher than the simulation results due to the nonlinearity and

saturation effect.

Table 6-3 Comparison between the simulation results and the
experimental results for the THD in the load/generator current

Before enabling After enabling

the APF the APF
Sim. Exp. Sim. Exp.
Balanced Linear load 4.5% 4.1% 2.1% 1.9%
(Load)
Balanced Nonlinear Load 22.3% 25% 3.4% 5.0%
(Generator)

Unbalanced Nonlinear 22.3% 25% 3.6% 5.8%
Load (Generator)

6.11 Conclusion

In this chapter, the method of adding an active power filter to a
simplified synchronous generator to improve its output quality was
experimentally validated. It was shown that adding APF to simplified
synchronous generator could improve the output power quality of the
generator. In case of linear load, the APF reduced the THD in the load
current within the limit in IEEE Std 519 [18]. In addition, compensation of
nonlinear load harmonic was investigated, the simulation result and
experimental tests showed that adding APF to the simplified synchronous
generator had improved output current of the generator and dramatically
decreased the THD in generator current. Furthermore, balancing the
generator current in case of unbalanced and nonlinear load was discussed,
and the results showed that the APF balanced and compensate the

generator current.
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7.1 Conclusion

The application of power electronics in electrical power systems and
electrical machine is in increasing trend, such as, motor drives, coupling
renewable energy sources with the grid, and harmonic and reactive power
compensation in micro grids. The synchronous generator is considered the
workhorse of power generation, and synchronous generator designers use
different approaches to make the output voltage of these generator
sinusoidal (less harmonics), i.e. efficient but complex. However, these
approaches complicate the design and/or decrease the output power. This
research investigated another usage of power electronics, which is
improving power quality of a simple design synchronous generator

(efficient and simple).

Chapter-2 presented the proposed synchronous generator model
including the harmonic content in the generator. The active power filter
topology and control were discussed in Chapter-3. The harmonic
compensation for different kind of loads were presented in Chapter-4. The
dynamic response improvement of synchronous generator without damper
bars by using the active power filter was presented in Chapter-5. The
experimental results were presented in Chapter-6, and good correlation

between experimental and simulation results was achieved.

This thesis has presented the effect of using an active power filters
(shunt and series) to compensate for the poor harmonic output of a
simplified synchronous generator by both simulation and experiment. The
proposed generator has full-pitch winding and unskewed stator to increase
the generator output power and make the manufacturing process easier

and less expensive. The shunt active power filter is controlled using a
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proportional resonant controller cascaded with harmonic compensator

tuned at the targeted harmonics.

The experimental results have validated the simulation results, and
shown that the active power filters (shunt and series) can be integrated
with a simplified synchronous generator to provide an acceptable level of
power quality to the load from a simple design generator with a poor quality

output waveform at the point of common coupling (PCC).

The novelty of this work is the use of a combination of active power
filters (shunt and series) to allow the simplification of the design of the
synchronous generator, allowing the generator capacity and/or efficiency
to be increased, and further permitting a simplified design that is both less
expensive and faster to produce while maintaining an acceptable level of

power quality at the load.

With the use of the active filters and the proposed generator, a good
quality power were delivered to the linear and nonlinear load and generator
harmonics were compensated .In addition, the shunt active power filter
maintained the proposed generator current balanced despite the load being

unbalanced.

As well as the benefits defined above, the use of active power filters
to compensate for poor generator output power quality was particularly apt
for the use of fractional slot concentrated windings, allowing for decreased
end winding length and fully automated coil winding and placement, while
compensating for the windings natural high harmonic content. The active
power fitters may also be used to improve transient response during
sudden changes in generator loading and improve fault ride-through
capability. Therefore it can be concluded that the active power filters can
be integrated with a simple design synchronous generator to deliver a good

quality power and improve the dynamic response.

193



Chapter -7 Conclusions and Future work

7.2 Future Work

The work that has been presented in this thesis could be considered as

a base work for the following:

>

The proposed synchronous generator model which developed in
Chapter-2 was a linear model and the damper cage was
neglected, and the model could be developed to take in
consideration the saturation effects and the damper cage.

While this system achieved a satisfactory level of power quality
in terms of THD, for the systems that require more restricted
THD values such as micro grids, the proposed system THD could
be improved by using an LCL-interface filter instead of L-filter,
increasing the switching frequency above 10kHz or the use of
other types of controllers

Study the possibility of integrating the APFs with the synchronous
generator body to decrease space and increase system efficiency
Experimental validation for all the proposed system and using the
APF with synchronous generator without damper bars to improve
the dynamic response

A coordinated control scheme should be investigated for the two
active power filters, as these two systems both require fast
control actions on the same plant. There is a chance that the two
filter controllers may “fight” against each other during some
operating conditions, including when load transients are applied

and removed.
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A. Appendix-A

The original generator datasheet.

ucCI224F STAMFORD
WINDING 311

CONTROL 5YSTEM SERARATELY EXCITED BY P.M.G.
AVR. W21 MX341
VOLTAGE REGULATICN 205% | £10% [With 4% ENGINE GOVERNING
SUSTAINED SHORT CIRCUIT REFER TO SHORT CIRCUIT DECREMENT CURVES (page 7)
CONTROL 5YSTEM SELF EXCITED
AV SX460 AS44D
VOLTAGE REGULATICN 210% | £10% [With 4% ENGINE GOVERNING
SUSTAINED SHORT CIRCUIT SERIES 4 CONTROL DOES NOT SUSTAIN A SHORT CIRCUIT CURRENT
INSULATION SYSTEM CLASS H
PROTECTION P23
RATED POWER FACTOR 0.5
STATOR WINDING DOUBLE LAYER CONCENTRIC
WINDING PITCH TWO THIRDS
WINDING LEADS 12
STATOR WDG. RESISTANCE [.065 Ohms PER PHASE AT 22°C SERIES STAR CONNECTED
ROTOR WDGE. RESISTANCE 063 Ohms at 22°C
EXCITER STATOR RESISTANCE 20 Ohms at 22'C
EXCITER ROTOR RESISTANCE 0.075 Ohms PER PHASE AT 22°C
R.F1. SUPPRESSION BS EM E1000-5-2 & BS EN £1000-6-2,VDE 05756, VDE 0ST5N. refer to factory for othars
WAVEFORM DISTORTION MO LOAD < 1.5% NON-DISTORTING BALANCED LINEAR LOAD < 5.0%
MAXIMUM OVERSPEED 2250 RewMin
BEARING DRIVE END BALL E312-2RS (150)
EEARING NON-DRIVE END BALL E304-2R3 (150

1 EEARING 2 BEARING
WEIGHT COMP. GEMERATOR 337 kg 350 kg
WEISHT WOUND STATOR 120 kg 120 kg
WEIGHT WOUND RCOTOR 110.65 kg 102.32 kg
WR= INERTIA 0.5071 kgm® 0.5754 kg
SHIPFING WEIGHTS In & crate 350 kg 371k
PACKING CRATE SIZE 105 x 57 x 96{cm) 105 2 57 % 96{cm)

50 Hz 50 Hz
TELEPHOME INTERFERENCE THF<2% TIF=50
COOLNG AR 0215 m*sec 458 cm 0.2B1 mPses 555 cfm
VOLTAGE SERIES STAR 3600220 | 400231 | 415240 | 440254 | 4160240 | 440258 | 4600266 | 4800277
VOLTAGE PARALLEL STAR 1omvii0 | 200115 | 2o0eiz0 | 2o0n27 | zosmzo | 2on27 | 230n33 | 2donas
VOLTAGE SERIES DELTA 20010 | 230115 | 240120 | 254137 | 240120 | 354137 | 266133 | 27138
:r:tj;s% RATING FORREACTANCE | 1o s 725 725 55 838 575 7.5 835
¥d DIR. AXIS SYNCHRONOUS 228 207 192 1.30 252 235 215 712
¥d DIR. AXIS TRANSIENT .18 0.16 0.15 0.1a 021 0.2 018 015
¥d IR AXIS SUSTRANSIENT .12 0.1 .10 0.o7 .14 0.13 iz 012
¥ QUAD. AXIS REACTANCE 1.05 0.55 0.38 053 1.16 1.08 .39 .55
¥'g QUAD. AXIS SUBTRANSIENT Q.16 0.14 0.13 [T 0.13 012 011 0.1
¥ LEAKAGE REACTAMCE 2.07 005 .06 0.4 .08 0.07 007 007
%2 NEGATIVE SEQUENCE .14 0.13 0.12 0.0a 012 0.12 011 0.11
¥oZERC SEQUENCE 211 0.1a 0.08 0.06 0.10 008 T 0.05
REACTANCES ARE SATURATED WALUES ARE PER UNIT AT RATING AND VOLTAGE INDICATED

T'd TRANSIENT TIME CONST. 003 &
T°d SUB-TRANSTIME CONST. 0@ s
T'do C.C. FIELD TIME CCONST. 0756
Ta ARMATURE TIME CONST. 0.0065 5
SHORT CIRCUIT RATIO 17X
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B.Appendix-B

The parameters of dg-model of the synchronous generator are given

as.:

Table B-1 dg-model parameters

Variable Value Unit
VA 72.5 KVA
P 4 -
Wp 314.1592 Rad/sec
Ts 0.065 Q
Xis 0.1324 Q
Xma 4.43586 Q

Xomd 0.06019 Q
Xing 0.0757 Q
Ty 0.0191 Q
Xifr 0.2322 Q
Tar 0.1207 Q
Xlar 0.2207 Q
Tar 0.1265 Q
Xigr 0.1940 Q
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C.Appendix-C
Proof of equation (3-80)

Compensating

current —

Reference
current

Output voltage

v
o of VS

|
I
DTs !
|
|

Ts

Figure C-1 current ripple and symmetrical-aligned modulation
signal

The error between the reference current and the APF output current is
as seen in Figure C-1. When the switching frequency of PWM controller is
sufficiently high, the passing current through the coupling inductor varies
linearly, as given by equation (C-1).

Al* = w T, (C-1)

Where v, is the voltage at the PCC, v;,, is the average output voltage
of the APF in a switching period, L is the inductance of coupling inductor
and T is the PWM time period.

The average output voltage of the inverter during the switching period

is given by:
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Vinv - TS = VDC DTS

(C-2)
Viny = DVp¢
Where D is the duty ratio.
From Figure C-1, the current Al can be expressed as:
-v, 1—D Ve — Vs -v, 1—-D
Al = T. DT, —_—
L 2 ° + L s L 2 s
(C-3)
DVpe — v
Al ===

According equation (C-2) , AI* in equation (C-1) and Al in equation
(C-3)are the same. However, in practice due to control system delay, dead
time and inductor tolerance, these factors might cause errors in the current

value (AI" # Al), but in this derivation is not considered [90].

As can be seen from Figure C-1, the error between the compensating
current and the reference current (the two dashed areas(A . + Acge) ) 1S
symmetrical around the midpoint of the switching period, so the area of the

two triangles is equal. Then the total area is
Serror = Z[Area of Agne + Area of Agpr — Area of Abcg] (C-4)
(Note that: Area of Ayrp= Area of Aypg)

B) &)+

-7 (7) (7 +om)

N[ =

Serror = 2 [
(C-5)
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T, (1-D
Serror = ES (T Al + Alm)

Where Al, is the change of APF output current from the beginning of

switching period to the pulse (i.e. from a to b).

1-D
AL, = % —T, (C-6)

From equations (C-3), (C-5) and (C-6):

T. 1—D (DVpc—v ve 1—D
Serror = ?S < 2 ( I = Ts) + (fs 2 Ts)) (C'7)
T,?
Serror = E (DVDC - DZVDC ) (C_8)

To find the maximum value of the error as a function of the duty ratio
(D), and by assuming all other variables are constants, the derivative of

equation (C-8) with respect to duty ratio is given as:

ds T’
=27 (Vo =2DVpc) =0 (C-9)

As can be seen from equation (C-9) the maximum value of the error

(i.e. maximum ripple) occurs when D=0.5.

From Figure C-1, the ripple current is defined as the maximum
variation of the output current of the APF during the switching period and

is equal:
1-D
Iripple = Alm + T Al (C'].O)

From equations (C-5) and (C-10), the error between the reference

current and the output current is given as:
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Ts

Serror = ? (Iripple) (C-11)

From equations (C-8) and equation (C-11) and for D=0.5 the ripple

current is equal to:

TV,
Iripple = SSXDE (C'].Z)

Therefore, the minimum value of the interface inductance that gives

the maximum current ripple I,y IS given as:

Vi
= (C-13)

L...:
e 8 f:? Iripple

Where f, is the frequency of the carrier signal and equal to( f; = 1/T).
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D. Appendix D

The active power filter code:

function [Vabc ref,yl] = fcn(Vabc,Ilabc,Ifabc,Vdc, SQRTZ, ki, kp,
%#codegen

fs=10000;

Ts=1/fs;
w=2*pi*50;
A=w/SQRT2;

num=A/ (A+M1) ;
den=(A-M1) / (A+M1) ;

wc=7;

Ml l=w/tan(w*Ts/2);

M1 3=(3*w)/tan(3*w*Ts/2);
M1 5=(5*w) /tan (5*w*Ts/2);
Ml_7=(7*w)/tan(7*w*Ts/2);

B2 M1 172+42*wc*M1 14+w"2;
Bl 2% (wh2-M1 172);
BO = M1 172-2*wc*M1l 1+w"2;

A2= kp pr*B2+2*ki pr*wc*Ml 1;
Al= kp pr*Bl;
A0 = kp pr*B0-2*ki pr*wc*Ml 1;

A32=2*ki pr*wc*Ml_ 3;

A52=2*ki pr*wc*Ml 5;

AT72=2*ki pr*wc*Ml 7;

B32 = M1 372+2*wc*M1 3+ (3*w) "2;
B31= 2* ((3*w)"2-M1 3"2);

B30 = M1 372-2*wc*M1 3+ (3*w) "2;
B52 = M1 572+2*wc*M1 5+ (5*w) " 2;
B51= 2* ((5*w)"2-M1 5"2);

B50 = M1 572-2*wc*M1 5+ (5*w) "2;
B72 = M1 772+2*wc*M1_ T+ (7*w) "2;

B71= 2% ((7*w)"2-M1_7°2);
B70 = M1 772-2%wc*M1 T+ (7*w) "2;

VdAlpha 1=fb(1); VdAlpha 2=fb(2); QVdAlpha 1=fb(3);
QVdAlpha_ZZfb(4); V_Alpha 1=fb(5); V_Alpha_ZZfb(6);
VdBeta 1=fb (7); VdBeta 2=fb (8); QVdBeta 1=fb(9);
QvdBeta 2=fb(10); V_Beta 1=fb(11); V_Beta 2=fb(12);
Theta=fb (13) ; error theat 1=fb(14); int Vg 1=fb(15);
int w 1 = fb(16); w=fb (17);

ild 1=fb(18); ilg 1=fb(19); ild DC_1=fb (20) ;

ilg DC_1=fb(21);
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Tgd 1=fb(22);

Igg 1=fb(23);

Igg DC 1=fb(25);

error DC link 1=fb(26);

Ialpha PRHC 1=fb(28);

PIDC_1=fb

Ialpha PRHC 2=fb(29);

PRalpha 2=fb(31);

HC3alpha 1=fb(32);
HCSalpha 2=
HC7alpha 1=fb(36);

Ibeta PRHC 1=fb(38);

HC3alpha 2=fb (33);
fb(35);
HC7alpha 2=fb (37);

Ibeta PRHC 2=fDb(39);

PRbeta 2=fb (41);

HC3beta 1=

fb(42); HC3beta 2=fb(43);

HCSbeta 2=fb(45);

HC7beta 1=

Izero PRHC 1=fb(48);

fb (46); HC7 2beta=fb(47);

Izero PRHC 2=fb(49);

PRzero 2=fb(51);

HC3zero 1=

fb (52) ; HC3zero 2=fb(53);

HC5zero 2=fb(55);

HC7zero 1=

v_A= Vabc (

fb (56); HC7zero 2=fb(57);

1);

v_B= Vabc(2);
v_C= Vabc(3);

V_Alpha=
V_Beta

1/3*(v_A-0.5*(v_B+v_C));
0.5*(v_B-v _C)/sqgrt(3);

n21=M1*SQRT2*w;
d21=M1"2+M1*SQRT2*w+w"2;
dll=2*w"2-2*M1"2;

d01=M1"2

-M1*SQRT2*w+w"2;

n22=SQRT2*w"2;
npi2=ki/Ml+kp;
npil=ki/Ml-kp;

Igd DC 1=fb(24);

(27) ;
PRalpha 1=fb(30);

HCS5alpha 1=fb(34);

PRbeta 1=fb (40);

HCS5beta 1=fb(44);

PRzero 1=fb (50);

HC5zero 1=fb(54);

VdAlpha = -(d11/d21)*VdAlpha 1-(d01/d21)*VdAlpha 2 +(n21/d21)* (V_Alpha-
V_Alpha 2);

QVdAlpha= -(d11/d21)*QVdAlpha 1-(d01/d21)*QVdAlpha 2
+(n22/d21)*(V_Alpha+2*V_Alpha_l+V_Alpha_2);

VdBeta= -(d11/d21)*VdBeta 1-(d01/d21)*VdBeta 2 +(n21/d21)*(V_Beta-
V_Beta 2);

QVdBeta= -(dl1/d21)*QVdBeta 1-(d01/d21)*QVdBeta 2

+(n22/d21) * (V_Beta+2*V_Beta 14V Beta 2);

V_Alpha 2=V Alpha 1;

V_Alpha 1=V Alpha;

VdAlpha 2=VdAlpha 1;

VdAlpha 1=VdAlpha;

QVdAlpha 2=QVdAlpha 1;

QVdAlpha 1=QVdAlpha;

V_Beta 2=V Beta 1;

V_Beta 1=V Beta;

VdBeta 2=VdBeta 1;
VdBeta 1=VdBeta;
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QVdBeta 2=QVdBeta 1;
QvdBeta 1=QVdBeta;

Alpha plus= VdAlpha-QVdBeta;

Beta plus = QVdAlpha + VdBeta;

Vpccd = Alpha plus*cos (Theta)+ Beta plus*sin (Theta); %%%* (L (n)-k)
Vpccqg = Alpha plus*sin (Theta)- Beta plus*cos (Theta);

errorVqg = -Vpccqg;

int Vg =int Vg l+npiZ2*errorVg+npil*error theat 1;

int Vg l=int Vg;

error theat Il=errorVvqg;

igplusw=int Vg +2*pi*50;

int w =int w l+igplusw*Ts;
int w 1=int w;

Theta= mod (int w,2*pi);

% wl= Theta;
wo=igplusw;
if (wo>330 || wo<300)
wo=2*pi*50;

end

5555555555555 %555%555%555555%555%5%555%555%55%5%55%5%55%5%5%5%5%%
ila= Ilabc(1l);
ilb= Ilabc(2);
ilc= Ilabc(3);

Zero_seqg=(ila+ilb+ilc)/3;
ilal=ila-Zero_seq;
ilbl=ilb-Zero seqg;
ilcl=ilc-Zero_ seq;

ild = (2/3)*(cos(Theta)*ilal+cos (Theta-
2%pi/3) *ilbl+cos (Theta+2*pi/3) *ilcl) ;
ilg = =-(2/3)*(sin(Theta)*ilal+sin (Theta-

2*pi/3) *ilbl+sin (Theta+2*pi/3) *ilcl);

ild DC -den*ild DC l+num* (ild+ild 1);
ilg DC = -den*ilg DC l+num* (ilg+ilqg 1);

ild 1=ild;
ilg 1=ilg;
ild DC 1=ild DC;
ilg DC _1=ilqg DC;

ila2= ild DC*cos (Theta)-ilg DC*sin (Theta) ;
ilb2= ild DC*cos (Theta-2*pi/3)-ilg DC*sin (Theta-2*pi/3);
ilc2= ild DC*cos (Theta+2*pi/3)-ilg DC*sin (Theta+2*pi/3);

Ilar=ila-ila2;
Ilbr=ilb-ilb2;
Ilcr=ilc-ilc2;

ifa= Ifabc(l);
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ifb= Ifabc(2);
ifc= Ifabc(3);

Igb= ilb-ifb;
Igc= ilc-ifc;

Zero_seqg=(Igat+Igb+Igc)/3;
Igal=Iga-Zero_seq;
Igbl=Igb-Zero_seqg;
Igcl=Igc-Zero_seq;

Igd = (2/3)*(cos(Theta)*Igal+cos (Theta-
2*pi/3) *Igbl+cos (Theta+2*pi/3) *Igcl) ;
Igg = -(2/3)*(sin(Theta)*Igal+sin(Theta-

2*pi/3) *Igbl+sin (Theta+2*pi/3) *Igcl) ;

Igd DC —-den*Igd DC l+num* (Igd+Igd 1);
Igg DC = -den*Igg DC l+num* (Igg+Igg 1);

Igd 1=Igd;
Igg_1=Igqg;
Igd DC 1=Igd DC;
Igg DC 1=Igg DC;

Iga2= Igd DC*cos (Theta)-Igg DC*sin (Theta);
Igb2= Igd DC*cos (Theta-2*pi/3)-Igg DC*sin (Theta-2*pi/3);
Igc2= Igd DC*cos (Theta+2*pi/3)-Igg DC*sin(Theta+2*pi/3);

Igar=Iga-Iga2;
Igbr=Igb-Igb2;
Igcr=Igc-Igc2;

Iar = Ilar+0.65*Igar;
Ibr = Ilbr+0.65*Igbr;
Icr = Ilcr+0.65*Igcr;

8990000000000 0000000000000000000000000000000000000000000000000000000000000

error DC link= 730-Vdc;
PIDC=PIDC 1+ (kp DC+ki DC/M1l) *error DC_ link+ (ki DC/M1l-
kp DC) *error DC link 1;

PIDC 1= PIDC;

error DC link 1 = error DC link;
d DC link= PIDC;
g _DC link = 0O; %% when g=0 => no fundametal in filter

A DC link= d DC link*cos(Theta)-gq DC link*sin(Theta);
B DC link= d DC link*cos(Theta-2*pi/3)-q DC link*sin(Theta-2*pi/3);
C DC link= d DC link*cos(Theta+2*pi/3)-q DC link*sin (Theta+2*pi/3);

Alpha DC link = 2/3*(A DC 1ink-0.5* (B _DC link+C DC link));

Beta DC link = (B DC 1link-C DC 1link)/sqgrt(3);
©00000000000000000000000000000000000000000000000000000000000000000000000000
OO0OOOOOODOOOODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODODOO©OOD™O™©

Alfa ref = 2/3*(Iar-0.5* (Ibr+Icr));
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Beta ref = (Ibr-Icr)/sqrt(3);

Zero _ref = (Iar+Ibr+Icr)/3;

Alfa filter= 2/3*(1fa-0.5* (ifb+ifc));
Beta filter = (ifb-ifc)/sqrt(3);

Zero filter (ifa+ifb+ifc)/3;

Ialpha PRHC = Alfa ref - Alfa filter - Alpha DC link;
Ibeta PRHC = Beta ref - Beta filter - Beta DC link;
Izero PRHC = Zero ref- Zero filter;

PR alpha=-(B1/B2) *PRalpha 1-

(BO/B2) *PRalpha 2+ (A2/B2)*Ialpha PRHC+ (Al1/B2)*Ialpha PRHC 1+ (A0/B2)*Ialpha
PRHC 2;

HC3 alpha=- (B31/B32) *HC3alpha 1-

(B30/B32) *HC3alpha 2+ (A32/B32)* (Ialpha PRHC-Ialpha PRHC 2);

HC5 alpha=-(B51/B52)*HC5alpha 1-

(B50/B52) *HC5alpha 2+ (A52/B52) * (Ialpha PRHC-Ialpha PRHC 2);
HC7_alpha=—(B7l/B72)*HC7alpha_l—

(B70/B72) *HC7alpha 2+ (A72/B72)* (Ialpha PRHC-Ialpha PRHC 2);

Ialpha PRHC 2=Ialpha PRHC 1;
Ialpha PRHC 1=Ialpha PRHC;
PRalpha 2=PRalpha 1;
PRalpha 1=PR _alpha;

HC3alpha 2=HC3alpha 1;
HC3alpha 1=HC3 alpha;
HC5alpha 2=HCbalpha 1;
HC5alpha 1=HC5 alpha;
HC7alpha 2=HC7alpha 1;
HC7alpha 1=HC7 alpha;

PR beta=-(B1/B2) *PRbeta 1-

(BO/B2) *PRbeta 2+ (A2/B2) *Ibeta PRHC+ (A1l/B2)*Ibeta PRHC 1+ (A0/B2)*Ibeta PRHC
2;

HC3 beta=-(B31/B32) *HC3beta 1-(B30/B32)*HC3beta 2+ (A32/B32)* (Ibeta PRHC-
Ibeta PRHC 2);

HC5 beta=-(B51/B52) *HC5beta 1-(B50/B52)*HCS5beta 2+ (A52/B52) * (Ibeta PRHC-
Ibeta PRHC 2);

HC7 beta=-(B71/B72) *HC7beta 1-(B70/B72)*HC7 2beta+ (A72/B72)* (Ibeta PRHC-
Ibeta PRHC 2);

Ibeta PRHC 2=Ibeta PRHC 1;
Ibeta PRHC l=Ibeta PRHC;
PRbeta 2=PRbeta 1;
PRbeta 1=PR beta;

HC3beta 2=HC3beta 1;
HC3beta 1=HC3 beta;
HC5beta 2=HCbbeta 1;
HC5beta 1=HC5 beta;

HC7 2beta=HC7beta 1;
HC7beta 1=HC7 beta;

PR zero=-(B1/B2)*PRzero_ 1-

(BO/B2) *PRzero 2+ (A2/B2)*Izero PRHC+ (A1/B2)*Izero PRHC 1+ (A0/B2)*Izero PRHC
2;

HC3 zero=-(B31/B32) *HC3zero 1-(B30/B32)*HC3zero 2+ (A32/B32)* (Izero PRHC-
Izero PRHC 2);
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HC5 zero=-(B51/B52)*HC5zero 1-(B50/B52)*HC5zero 2+ (A52/B52) * (Izero PRHC-
Izero PRHC 2);
HC7 zero=-(B71/B72)*HC7zero 1-(B70/B72)*HC7zero 2+ (A72/B72)* (Izero PRHC-
Izero PRHC 2);

Izero PRHC 2=Izero PRHC 1;
Izero PRHC 1=Izero PRHC;
PRzero 2=PRzero 1;
PRzero 1=PR zero;

HC3zero 2=HC3zero 1;
HC3zero 1=HC3 zero;
HC5zero 2=HCS5zero 1;
HC5zero 1=HC5 zero;
HC7zero 2=HC7zero 1;
HC7zero 1=HC7 zero;

Valpha ref =PR alpha+HC3 alpha+HC5 alpha+HC7 alpha;
Vbeta ref =PR beta+HC3 beta+HC5 beta+HC7 beta;
Vzero ref =PR zero+HC3 zero+HC5 zero+HC7 zero;

Va ref= Valpha ref + Vzero ref;
Vb ref= -0.5*Valpha ref + sqrt(3)/2*Vbeta ref + Vzero ref;
Ve _ref= -0.5*Valpha ref - sqrt(3)/2*Vbeta ref + Vzero ref;
Vn_ref= -3*Vzero ref;
if Va ref >= 240*sqrt(2)
Va_ ref=240*sqrt(2);
end
if Va ref <= -240*sqgrt(2)
Va_ ref=-240*sqrt(2);
end

if Vb _ref >= 240*sqrt(2)
Vb ref=240*sqrt(2);

end

if Vb ref <= -240*sqgrt(2)
Vb ref=-240*sqrt(2);

end

if Ve _ref >= 240*sqrt(2)
Ve _ref=240*sqgrt (2) ;

end

if Ve _ref <= -240*sqgrt(2)
Vc_ref=-240*sqrt (2);

end

if Vn ref <= -240*sqgrt(2)
Vn ref=-240*sqrt(2);

end

if Vn ref >= 240*sqrt(2)
Vn_ref = 240*sqgrt(2);

end

Va_ ref pu=Va ref/

Vb ref pu=Vb ref/

Ve _ref pu=vVc ref/

Vn_ref pu=vn ref/

240*sqgrt ;
240*sqgrt ;
240*sqgrt

240*sqgrt

)) SVd*sqrt (2)
))
));
));

’

—~ e~~~

(2
(2
(2
(2

Va_ref scaled =(Va_ref pu+l)*Up 1im*0.5;
Vb _ref scaled =(Vb_ref pu+l)*Up 1im*0.5;
Vc_ref scaled =(Vc_ref pu+l)*Up 1im*0.5;
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Vn_ref scaled =(Vn_ref pu+l)*Up 1im*0.5;
Vabc ref =[ Va ref scaled Vb ref scaled Vc ref scaled Vn ref scaled];

yl= [VdAlpha 1 VdAlpha 2 QVdAlpha 1 QVdAlpha 2 V Alpha 1 V Alpha 2 VdBeta 1
VdBeta 2 QVdBeta 1 QVdBeta 2 V Beta 1 V Beta 2 Theta...

error_theat 1 int Vg 1 int w 1 wo

ild 1 ilg 1 ild DC 1 ilg DC 1

Igd 1 Igg 1 Igd DC 1 Igg DC 1

error DC link 1 PIDC 1...

Ialpha PRHC 1 Ialpha PRHC 2 PRalpha 1 PRalpha 2 HC3alpha 1 HC3alpha 2
HC5alpha 1 HC5alpha 2 HC7alpha 1 HC7alpha 2

Ibeta PRHC 1 Ibeta PRHC 2 PRbeta 1 PRbeta 2 HC3beta 1 HC3beta 2
HCSbeta 1 HCSbeta 2 HC7beta 1 HC7 Z2beta

Izero PRHC 1 Izero PRHC 2 PRzero 1 PRzero 2 HC3zero 1 HC3zero 2
HC5zero 1 HCS5zero_ 2 HC7zero 1 HC7zero 2];
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