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Pablo José Quintana Barcia

Submitted to the Department of Electrical Engineering, Electronics,
Computers and Systems

in partial fulfillment of the requirements for the degree of

Master of Electrical Energy Conversion and Power Systems

at the

UNIVERSIDAD DE OVIEDO

June 2013

c© Universidad de Oviedo 2013. All rights reserved.

Author . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Certified by. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Jorge Garćıa Garćıa
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Abstract

This Master Thesis is intended to propose a methodology to improve the line current THD
of a given distribution line configuration, with multiple non-linear loads (in this case conven-
tional line frequency public lighting systems). The control scheme avoids the use of current
sensors, aiming for a low-cost implementation of the algorithm. The implementation of
these active filters has been considered for a case of study of correction of the harmonic
content generated by a given number of 150W HPS lamps. In addition to the HPS lamp,
each lamppost has certain microgeneration capability, by means of a dedicated solar PV
panel. In order to compare, different control schematics for the active filter would be stud-
ied as part of the internship at the Microgrid Lab of the Department of Energy Technology
at Aalborg University in Denmark: two power converters for single-phase microgrids in dq
and αβ reference frame will be evaluated for the use in the proposed active filter. The final
objectives are the following:

1. Build a complete model in Matlab/Simulink of the initial public lighting system.

2. Develop a control algorithm for compensation of the line current harmonics of the
system.

3. Integrate both the original lighting system and the active filtering system, to attain
current harmonics compensation

4. Establishing the limits for the current compensation as a function of the system
constraint

5. Evaluate different control schematics for acting as Active Filter connected to the grid.

Thesis Supervisor: Jorge Garćıa Garćıa
Title: Professor at University of Oviedo

Thesis Supervisor: Josep Maŕıa Guerrero Zapata
Title: Professor at Aalborg University
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Chapter 1

Introduction

Energy efficiency in lighting applications is a crucial component of the response to cli-

mate change. A considerable amount of energy is wasted through inefficient lighting

from many sources across the world, including street lighting, commercial, domestic,

and office lighting systems. Nearly all of the greenhouse gas emissions from the resi-

dential and commercial sectors can be attributed to energy use in buildings. Lighting

accounts for about 11% of all the use of energy in residential energy consumption and

18% in commercial buildings [1].In recent years, high frequency electronic ballasts

are increasingly used to drive discharge lamps or LED lamps in lighting applications.

This replacement began to occur because electronic ballasts present less weight and

less volume, besides having an efficiency of about 75% while the conventional electro-

magnetic ballasts present an efficiency of about 50% maximum [2]. Another benefit

of using electronic ballasts is the power factor correction applied to each load (lamps

or sets of lamps). In large electrical plants, this approach eliminates the use of big

capacitor banks for power factor correction of the whole system [2].

However, currently a number of public lighting systems, based on line frequency

conventional electromagnetic ballast are still in use [2–5]. This issue implies high

current distortion and current harmonics flowing through distribution lines. These

ballasts are formed by a high inductor in series with the lamp, plus a capacitor for

improving power factor in the ballast.

The final current drawn by those conventional ballasts has a high THD and sig-
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nificant current harmonics content. The lower frequencies (3rd, 5th, 7th...) contain

a considerable amount of energy. Potential problems directly related to excessive

harmonic currents in the power system are [6]:

• Excessive heating of conductors due to circulating harmonic currents throughout

the system.

• Overheating of transformer due to harmonic currents, insulation damage and

failure.

• Intermittent electrical noise from connections loosened by thermal cycling.

• Voltage distortion which implies computer ride through capability.

• Power factor correction capacitor failure.

1.1 State of the art of Active Filters

The Active Filter (AF) technology is now mature for providing compensation for

harmonics, reactive power, and/or neutral current in AC networks. It has evolved in

the past quarter century of development with varying configurations, control strate-

gies, and solid-state devices. AF’s are also used to eliminate voltage harmonics, to

regulate terminal voltage, to suppress voltage flicker, and to improve voltage balance

in three-phase systems. This wide range of objectives is achieved either individu-

ally or in combination, depending upon the requirements and control strategy and

configuration which have to be selected appropriately [6].

There is a large number of publications covering the power quality survey, mea-

surements, analysis, cause, and effects of harmonics and reactive power in the electric

networks and several methods to reduce current harmonics content [7–19]. The in-

creased severity of this kind of pollution in power networks has attracted the attention

of power electronics and power system engineers to develop dynamic and adjustable

solutions to the power quality problems [15–19]. Different topologies to correct the

current harmonics distortion can be found in the literature [7–19]. The main schemes

18



can be classified based on converter type, topology, and the number of phases [6].

Basically, there are two types of converters used in the development of AF. In Fig-

ure 1-1(a), the current-fed Pulse Width Modulation (PWM) inverter bridge structure

is shown. It behaves as a non-sinusoidal current source to meet the harmonic cur-

rent requirement of the nonlinear load [6]. The other converter used as an AF is a

voltage-fed PWM inverter structure, as it is shown in Figure 1-1(b). It has a self-

supporting DC voltage bus with a large capacitor. It has become more dominant,

since it is lighter, cheaper, and expandable to multilevel and multistep versions, to

enhance the performance with lower switching frequencies [6]. It is worth noting that

being controller with an inner current control loop, it behaves as a current source

from the point of common coupling (PCC) point of view.

AC Mains
Non-linear 

load

iL

iC

iG

iD

AF
AF

VD

AC Mains
Non-linear 

load

iL

iC

iG

(a) (b)

Figure 1-1: (a) Current-fed-type AF (b) Voltage-fed-type AF

These techniques [12–14], [17] for multiple non-linear loads used to have an ac-

tive filter based on a single-phase inverter with four controllable switches, a standard

H-bridge inverter [6] or a three-phase one [18], [19]. The AC side of the inverter is

connected in parallel with the other nonlinear loads through a filter inductance. The

DC side of the inverter is connected to a filter capacitor [6]. The inverter switches are

controlled to shape the current through the filter inductor such that the line current,

assuming no reactive power is required, is in phase with, and of the same shape as,

the input voltage [6]. All these topologies have in common the line current measure-

ment [7–18]. The necessary sensors for a proper current measurement with enough
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bandwidth implies a significant cost over the full system and reduced reliability. On

the other hand, for some reasons, sometimes it is difficult to access to the current

measurement, for example, in the case of streetlamps. In this Master Thesis, a system

of current harmonics compensation without current sensing is proposed and tested

by simulations.
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Chapter 2

Model of the initial public lighting

system

2.1 Lighting systems based on electromagnetic bal-

lasts

Figure 2-1 shows a basic diagram, considering a case of study, from the substation

to the load that represents how they will be connected. The load in the simulation

represents 250 ballasts with their respective lamps, in this case 150W High-Pressure

Sodium (HPS) Lamps.

These 250 ballast and lamps simulate a group of streetlamps (see Figure 2-2)

with a solar PV panel and a Savonius wind turbine providing energy that could be

used to feed the lamp or to be injected in the grid. As the converter topology would

be an H-bridge, the active and reactive power are fully decoupled, so the harmonic

compensation is feasible. Every ballast of each streetlamp would have an electronic

ballast to develop this aim, but in this thesis, a unique equivalent system, with the

total rated power is considered (e.g. 250x150W) in order to simplify the problem.
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BALLAST

LAMP

BALLASTBALLAST

Converter1

1

Figure 2-1: Basic scheme of the simulation

Figure 2-2: Example of public lighting post based on photovoltaic modules and small
wind generators, incorporated into the fixture aesthetics

2.2 Model of the electromagnetic ballast

The model of the conventional low frequency electromagnetic ballast and the 150W

HPS lamp was taken from real devices and built in Simulink. This model is needed

to simulate the line current demanded by the real loads, which would be several

conventional streetlamps, and then study how to compensate its effect in the grid

and possible solutions.

From the real ballast and lamp, real data was taken and it is summarized in

Table 2.1:
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Table 2.1: Real ballast information

Ballast current (A) Ballast voltage (V ) Rballast (Ω) Lballast (mH ) Cballast(µF )
1 320 5.5 325 20

Table 2.2: Group of 50 ballast information

Rmodel (Ω) Lmodel (mH ) Cmodel(mF )
0.11 6.50 1.00

And from Table 2.1, the model can be implemented, taking into account that every

group of lamps is formed by 50 elements, so the values of each group are gathered in

Table 2.2:

The model of this group of ballast is represented in Figure 2-3:

BALLAST

BALLASTBALLAST

Figure 2-3: Implemented model of the ballast

2.3 Model of the HPS lamp

2.3.1 Previous models

In [20–22] are presented different techniques and models for HPS lamps. The behavior

of these models is accurate but generally complex to develop.

Much effort has been devoted to the development of sophisticated High-Intensity

Discharge (HID) lamp models based on advanced diagnostic techniques in the last few

decades. However, most of these models are complicated and there is a lack of practi-

cal HID lamp models that are accurate enough and yet can be easily implemented in
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circuit simulation software. In fact, HID lamps are extremely complex devices, which

have many variables and parameters to be determined for optimum performance.

In [20], based on the physical laws of plasma discharge, a simplified but accurate

model is presented. Figure 2-4 shows the model in PSpice of the HID model.
YAN AND HUI: A UNIVERSAL PSpice MODEL FOR HID LAMPS 1597

Fig. 4. PSpice HID lamp model structure.

Fig. 5. Sawtooth waveform for generating repeatable waveform in PSpice.

The computation procedure starts at the time when GA
randomly chooses its initial population in the space of potential
solutions. Each individual (chromosome) in the population rep-
resents a potential solution to the problem, i.e., it represents one
set of expected model constants. By putting each chromosome
back into (1) and (2), one can solve the equations numerically
by any suitable numerical integration algorithm. Since the ini-
tial guesses of the model constants are chosen randomly by GA,
there is a possibility that the system equations are stiff, leading
to possible numerical instability. Therefore, the backward Euler
algorithm is used to solve the equations since it is numerically
stable. Equations (1) and (2) were numerically solved with an
initial arbitrary discharge temperature Tt=0 and current it=0.
At each time step, the discharge temperature is incremented
using (1) and then a new current level is calculated using (2).
Iteration algorithm is used in each time step until a convergent

result is obtained. Then GA will evaluate each solution of (1)
and (2) by its evaluation or objective function based on (7). The
evaluation function distinguishes between better and worse
chromosome according to the fitness of each chromosome. The
relatively “good” solutions reproduce while the relatively “bad”
solutions are eliminated. Then, a new population is formed by
selecting and reproducing the more fit chromosomes.

These new chromosomes will replace old ones in (1) and
(2), then solutions for (1) and (2) will be obtained again. The
iteration process will repeat until, eventually, GA converges to
the best chromosome that represents the optimum solution to
(1) and (2).

After the optimum solution is obtained, one can build up a
complete HID lamp model. The model can be easily adapted
into any circuit simulation software such as PSpice and Saber.
The flowchart of the model computation procedure is shown
in Fig. 3.

IV. THE STRUCTURE OF A PSPICE HID LAMP MODEL

In PSpice, the feature of ABM offers a flexible way for users
to incorporate a new model by giving mathematical relationship
instead of electronic component. The equivalent parts such as
E part and G part in the ABM of PSpice are very useful in
the modeling. E part is used for voltage output and G part is
used for current output. The part’s transfer function can contain
any mixture of voltages and currents as inputs. Hence, there is

Figure 2-4: PSpice HID lamp model structure [20]. Permission to include it granted.

That model did not require data from lamp manufacturers. Its parameters were

determined from external measurements of the lamps under low-frequency operation

only, but the model is accurate for both low and high frequency operations. The lamp

model is based on the fundamental physical processes inside the arc column and the

electrode sheath. In Figure 2-5 are shown the experimental and PSpice simulated

lamp voltage and current waveform of 50W Philips mercury lamp at 50Hz operating

frequency [20].

On the other hand, in [21], another different kind of model is presented: a non-

linear model of HID lamps based on electrical variables. The proposal, oriented to

the engineering area, has a special application for the design of electronic ballast.

Parameters were obtained from straightforward measurement of electrical variables

as power, current, and voltage in the lamp. The lamp resistance was obtained as a
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(a)

(b)

Figure 2-5: (a) Experimental lamp current wave form and PSpice simulated lamp cur-
rent wave form [20]. (b) Experimental lamp voltage waveform and PSpice simulated
lamp voltage waveform [20]. Permission to include it granted.

function of electrical power. This model takes into account some important dynamic

behaviors of HID lamps, which are normally omitted in some other models suggested

in literature nowadays. In Figure 2-6 can be seen the proposed model implemented

in Simulink.
1660 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 57, NO. 5, MAY 2010

Fig. 8. Proposed model implemented in Simulink.

Fig. 9. Current test in the lamp. (a) Step-up test from a low current value to a
high current value. (b) Step-down test from a high current value to a low current
value.

lamp parameters, which is not easy to implement. The proposed
model includes all operation points, and three time constants
are included as well, which allows a good representation of the
lamp; however it does not incorporate temperature variables.
On the other hand, the required experimental tests are simple
because they are based on current step. The parameters are

Fig. 10. Step-down current for the simulation results of τ1.

easy to obtain within a minute in the computer because simple
equations are used.

VI. CONCLUSION

An electrical dynamic model for HID lamps has been pro-
posed in this paper. This model is based on electrical variables
as power, current, and voltage in the lamp. This model is
able to simulate the dynamic response of the lamp. It also
can be implemented in simulation programs such as Simulink
and Pspice. The parameters were obtained from experimental
measurements from static and dynamic response. The model
was implemented in Simulink and simulation and experimental
results were compared with satisfactory results.

Figure 2-6: Proposed model implemented in Simulink. [21]. Permission to include it
granted.

Figure 2-7 shows a current-step test from a low to a high current value; this test

is useful in order to demonstrate that this model works fine for different operation

points.
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Figure 2-7: Step-up test from a low current value to a high current value [21]. Per-
mission to include it granted.

2.3.2 Developed model

In this thesis, a simpler model was done in order to be easy to simulate in multiple

simulation platforms (PSpice, PSIM, Matlab-Simulink, dSPACE). However, despite

its simplicity, the information given about the harmonics generation in the grid is

reliable and its behavior is precise in comparison with the real values. The lamp model

is based on the voltage-source behavior of the lamp discharge at low frequency. Two

zener diodes in anti-series configuration model the basic behavior of the discharge,

being the zener voltage the arc voltage of the lamp. Two exponential curves used to

model the time constants of the re-ignition peak have also been added to this basic

model. As a result, the final lamp model is presented in Figure 2-8.

Figure 2-8: Model of the lamp.
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In Figures 2-9 and Figures 2-10 is shown the data obtained from the real model,

which are the real measurements and the averaged ones, and the characteristic curve

I-V of the lamp.
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Figure 2-9: Ballast and lamp currents.

−200 −150 −100 −50 0 50 100 150 200
−3

−2

−1

0

1

2

3
Characteristic curve I−V of a lamp

Voltage(V)

C
ur

re
nt

(A
)

Figure 2-10: Characteristic curve I-V of the lamp. Red: real measurements. Black:
model results.

In Figure 2-11, both the real data taken from the lamp and the results of the

model can be seen. This model can be used in the future hence it works as a real

lamp. On the other hand, Figure 2-12 shows the total current demanded in the case

of study of Figure 2-1. It can be seen how this current waveform is not sinusoidal,

what yields to large harmonic content. The THD of this current in Figure 2-12 was

27



calculated and the result was a 21.34% which is a value clearly out of the reasonable

limits of the THD.
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Figure 2-11: Comparison between real data (black) and the model (red).
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Figure 2-12: Current demanded by the loads (250 ballasts).

2.4 Complete model in Matlab/Simulink of the

initial public lighting system

The model of the public system was built using Simulink and the SimPowerSystems

library. In Figure 2-13 can be seen the whole electric diagram, combining together
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the electromagnetic ballasts and the model of the lamps (Figure 2-14) previously

commented.

Figure 2-13: Basic diagram in Simulink.

Figure 2-14: Simulink model of the HPS lamp.
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Chapter 3

Proposed control strategy

In order to mitigate the harmonic content of the line current of a distribution line

like the one shown in Figure 2-1, a technique based on measuring the voltage at

the PCC is proposed. The proposal aims not only to provide a high power factor

correction, but also to reduce the effect of the remaining conventional ballasts of an

existing line of 250 HPS lamps of a rated power of 150W each one. In fact, a new

line of streetlamps fed by renewable energies could be installed in parallel with this

ballasts line and using any kind of lightning system without affecting the behavior

of the existing harmonic correction converter. The implementation of the proposed

method only requires measuring the voltage at the PCC, which is also required for

grid synchronization, and removes the need of the current sensor at the line. The

harmonic distortion of the PCC voltage is calculated, and a current proportional to

this distortion is injected for generating the overall current reference of the system.

The avoidance of the line current sensor will decrease in a noticeable way the cabling

cost and will increase the reliability of the whole system. Thus, to define the operation

of the converter, the reference for the instant input current on the converter must be

defined. The procedure for obtaining this reference waveform is shown ahead:

Firstly, based on Figure 3-1, it can be stated that:

iLINE =
VG − VPCC

s · LG +RG

(3.1)
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Figure 3-1: Proposed electrical model.

VPCC = iLOAD · ZLOAD (3.2)

iLOAD + iBAL = iLINE (3.3)

where ZLOAD is the impedance from the PCC to the lamps, which is not linear, but

a combination of the impedance of the ballasts and effect of the lamp.

The currents and voltages can be separated in two components: the fundamental

harmonic at 50Hz (xy1) and the rest of the harmonic content(xyHF
), where x can be

the current or the voltage and y, the measurement point: load, PCC or the proposed

converter:

iLOAD = iLOAD1 + iLOADHF
(3.4)

iBAL = iBAL1 + iBALHF
(3.5)

VPCC = VPCC1 + VPCCHF
(3.6)

The calculation of the first harmonic, at 50Hz, has been done using a resonant

filter at 50Hz. The main drawback of this filter is that if a sudden change takes place

in the grid frequency, the dynamics of the filter can provide wrong measurements, so

it would need to be well designed and optimized.

In order to calculate the current reference and to achieve the final goal, that is

having a sinusoidal line current iLINE, (3.3), (3.4) and (3.5) can be combined:

(iLOAD1 + iLOADHF
) + (iBAL1 + iBALHF

) = (iLINE1 + iLINEHF
) (3.7)
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3.1 Calculation of the high frequency current ref-

erence

In order to enhance the operation of the full system, in (3.7), iLINE
HF

must be zero,

thus we can state that in (3.8) and (3.9) have to be fulfilled:

iLINEHF
= 0 (3.8)

iLOADHF
= −iBALHF

(3.9)

Combining (3.7), (3.8) and (3.9), we arrive to:

iLOAD1 + iBAL1 = iLINE1 (3.10)

On the other hand, substituting (3.6) in (3.2):

VPCC1 + VPCCHF
= iLOAD · ZLOAD (3.11)

Including (3.4) in (3.11):

VPCC1 + VPCCHF
= iLOAD1 · ZLOAD + iLOADHF

· ZLOAD (3.12)

First harmonic component and the high frequency terms can be splitted in: VPCC1 = iLOAD1 · ZLOAD

VPCCHF
= iLOADHF

· ZLOAD

(3.13)

where ZLOAD is not just a lineal impedance and its value changes for each harmonic.

With (3.9) and (3.13), it can be defined:

VPCCHF
= −iBALHF

· ZLOAD (3.14)
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And substituting (3.14) in (3.6):

VPCC − VPCC1 = VPCCHF
= −iBALHF

· ZLOAD ⇒

⇒ iBALHF
=
−1

ZLOAD

· (VPCC − VPCC1)
(3.15)

where VPCC − VPCC1
is the difference between the voltage at the PCC and the first

harmonic of the same voltage, which will be considered the voltage error, εV PCC
.

Besides, iBAL
HF

will be the high frequency content of current through the converter

and ZLOAD the non-linear impedance from the PCC to the lamps. Up to here it has

been defined the high frequency term of the current reference that would finally be:

iBALHF
= K1 · εVPCC

(3.16)

being K1 = −1
ZLOAD

, the admittance of the load, but like it was commented before,

it depends on many factors and change with every harmonic, so it is not easy to

determine exactly its value.

3.2 Calculation of the 50Hz current reference

Thus, in order to generate the current reference for the proposed filter, and once

the iBAL
HF

component is calculated, the fundamental component iBAL1 is needed.

In order to obtain this value, the following procedure will be done (see Figure 3-2):

Once the input power value is known and the PCC voltage is measured, the value of

.

.

loads

PCC1

sinVPCC

.

ref 50Hz

Figure 3-2: Calculus of the 50Hz current reference.

34



the input current for a unity power factor system can be easily calculated:

PBAL = VPCC1 · iBAL1 · cos θ ⇒ iBAL1 =
PBAL

VPCC1 peak

(3.17)

where PBAL is the power of the lamps system, to simplify the problem, VPCC
1 peak

the peak amplitude of the first harmonic of the voltage at the PCC and iBAL1
the

amplitude of first harmonic of the current reference. The phase needed to generate

the current reference of the first harmonic is selected as the phase of the fundamental

harmonic of the voltage measured at the PCC, as can be seen in Figure 3-2.

Now, the final current reference value can be stated by adding (3.16) and (3.17):

iBALref
= iBAL1 + iBALHF

= iBAL1 +K1 · εVPCC
(3.18)
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Chapter 4

Integration of both systems.

Simulations

Instead of the proposed model based on the non-linear impedance of the load, a

simplification is here assumed for the initial testing of the method. As it was explained

before, knowing the exactly value of K1 is a tough mission, and the reason is that

since it is the admittance from the PCC to the lamps, its value varies between a

big range due to the effect of the harmonics. In fact, if it was feasible to know its

precise value, it would be hard to calculate and also difficult to implement in a Digital

Signal Processor (DSP). Then, ZLOAD term is changed to a gain, thus simplifying the

impedance to a resistance and the value is increased above the theoretical one in order

to achieve the needed bandwidth for the compensation. Thus this simplification and

since (3.18) is based on a proportional gain K1, the bigger value it gets, the better

THD of the line current the system will have because the error is reduced due to it

follows (4.1) and Figure 4-1. If a finite K1 was desired, then a PI controller should

be used, but since the signals are not DC, a traditional regulator like a PI would not

accomplish the final goal. In this case, thinking in resonant converters would be a

better idea. But right now, a first approach based just on a proportional gain will be

done.
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Figure 4-1: Basic diagram of the effect of K1.

lim
k→∞

ε = 0 (4.1)

Nevertheless, there are some limitations that should be mentioned:

The proposed current controlled converter is basically a low cost electronic ballast,

with an input bidirectional PFC stage (i.e. H bridge converter). The measurement

needed is the voltage at the PCC, done by a cheap sensor, so the error between the

first harmonic and the whole signal should not be zero, thus the control will not work

properly. These are limitations for K1.

Several simulations with different values of the gain K1 were made, and the main

results are summarized in Tables 4.1 and 4.2. These data are graphically summarized

ahead. It will be shown the THD value of the current through the distribution line

from the substation, the values of the main harmonics of the same current and finally,

the error between the 1st harmonic and the whole voltage at the PCC and the rms

current through the converter.

It will be shown the THD value of the current through the line, the values of the

main harmonics of the same current and finally, the error between the 1st harmonic

and the whole voltage at the PCC and the current through the converter. Figures 4-

2, 4-3 and 4-4 show graphical representations of the main data of Tables 4.1 and 4.2.

As a conclusion, it can be said that the harmonic content has been reduced because

the most harmful harmonics, 3rd, 5th and 7th, have been decreased and also the THD

of the current through the distribution line decreases continuously for the reason

explained before. The more K1, the more sinusoidal is the current and thus, the

lower the THD. If we continued increasing this gain, the error would become almost

zero, but it would not represent a real case because the voltage sensor is not so perfect.
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Table 4.1: THD and harmonics of the current through the line depending on the
different constants (in Amps), error of the voltage at the PCC and Current through
the converter

K1 THD 1st 3rd 5th 7th 9th εV
PCC

Iconvrms

Current harm (A) harm (A) harm (A) harm (A) harm (A) (V) (A)
Off 0.2133 273.1 47.90 26.01 18.77 2.92 2.50 0
0 0.4053 144.59 48.17 26.17 18.84 7.94 2.52 95.70
20 0.2734 136.01 33.28 14.21 7.40 3.71 2.54 101.21
40 0.1924 138.85 24.45 9.30 4.56 2.41 2.45 113.73
60 0.1351 152.97 19.10 6.86 3.29 1.79 2.38 131.12
80 0.0956 175.48 15.57 5.40 2.57 1.42 2.32 151.99
100 0.0691 203.52 13.10 4.45 2.10 1.17 2.29 175.13
120 0.0517 235.56 11.36 3.80 1.79 1.00 2.26 199.88
140 0.0396 270.38 9.99 3.31 1.55 0.87 2.24 225.46
160 0.0311 307.11 8.92 2.92 1.37 0.77 2.22 251.78
180 0.0249 344.45 8.04 2.62 1.23 0.69 2.20 278.71
200 0.0205 382.72 7.36 2.38 1.11 0.63 2.19 305.91
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Table 4.2: THD and harmonics of the current through the line depending on the
different constants (in % over normalized over the 1st harmonic)

K1 THD 1st 3rd 5th 7th 9th

Current harm (%) harm (%) harm (%) harm (%) harm (%)
Off 0.2133 100 17.54 9.52 6.87 1.06
0 0.4053 100 33.31 18.09 13.02 5.49
20 0.2734 100 24.47 10.44 5.44 2.72
40 0.1924 100 17.60 6.69 3.28 1.73
60 0.1351 100 12.48 4.48 2.15 1.17
80 0.0956 100 8.87 3.07 1.46 0.80
100 0.0691 100 6.43 2.18 1.03 0.57
120 0.0517 100 4.82 1.61 0.75 0.42
140 0.0396 100 3.69 1.22 0.57 0.32
160 0.0311 100 2.90 0.95 0.44 0.25
180 0.0249 100 2.33 0.76 0.35 0.20
200 0.0205 100 1.92 0.62 0.29 0.16
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Figure 4-2: Results of Table 4.1.
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Figure 4-4: Results of Table 4.2
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Chapter 5

Selection of an optimal value for

K1 and analysis of the results

In order to show some results is needed to choose a value for K1. As it was said,

according to the simplification of ZLOAD by a gain, the best value of K1 would be ∞

but it is not feasible. However, a possible value looking at Table 4.1 would be 120,

reducing the THD to a 5%. With this value of K1 it is been reducing the value of the

3rd harmonic in a 13%. That is the reason why we have chosen this constant. There

are several options: for example, having a K1 of 140, the THD is reduced to a 4%

instead of the previous 5%, but, on contrary, the 3rd harmonic is not almost decreased

with respect the previous case and the current the converter is delivering is bigger in

25A, so, for a little improvement in the THD, the effort, in terms of current, is huge.

The following reveal a comparison of the simulation results between normal operation

of the converter, i.e. sinusoidal input current to the ballasts, and the proposed current

compensation operation. In Figure 5-1a it can be seen the difference between the first

harmonic of the current through the distribution line and the overall current when

the converter does not work. In Figure 5-1b, the same plot is repeated for the case the

converter is connected with a constant K1 of 120. It can be seen that the difference

is very significant. The following Figure 5-2 shows the difference in the harmonic

content of the line current.

In Figure 5-3 is shown the current demanded by the loads (red) and the current
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Figure 5-1: (a) Current through the line and difference with 1st harmonic when the
converter is off. (b) Current through the line and difference with 1st harmonic when
K1 = 120.
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Figure 5-2: Harmonic content of the current though the line, in %, normalized to the
1st harmonic: (a) When the converter is off. (b) When K1 = 120. The 1st harmonic
has a value of 100%
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of the converter (black). It is noticeable how the converter tries to correct the peaks

of the load current and do it the most sinusoidal it can (Figure 5-1b).
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Figure 5-3: Current through the converter (black) and through the load (red).

The following Figures 5-4 and 5-6 show the result of using a lower value of K1: 80

in this case. It can be appreciated the change in the error between the first harmonic

of the current and the real current. In this case, it is bigger than the previous case

and it is due to the fact that the amount of current the converter is handling now is

lower. It can be seen in Figure 5-6, where the current of the converter is in black. The

THD is reduced to a 9.5% in this case. The following Figure 5-5 shows the difference

in the harmonic content of the line current.
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Figure 5-4: (a) Current through the line and difference with 1st harmonic when the
converter is off. (b) Current through the line and difference with 1st harmonic when
K1 = 80.
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Figure 5-5: Harmonic content of the current though the line, in %, normalized to the
1st harmonic: (a) When the converter is off. (b) When K1 = 80. The 1st harmonic
has a value of 100%
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Figure 5-6: Current through the converter (black) and through the load (red).
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Chapter 6

Evaluation of different topologies

to compensate the production of

harmonics by the loads

Until this point, a methodology using only voltage measurements at the PCC was

explained. These previous results will be published in the IECON 2013 conference.

In order to compare with other techniques and using the equipment of Aalborg Uni-

versity, different simulations were developed.

Before that, it should be explained that as part of the internship at Aalborg

University in Denmark, different control schematics for single-phase microgrids, con-

nected to grid and in island mode, were studied. In Figures 6-1 and 6-2 can be seen

the two different cases previously mentioned. Each case was operated in two different

ways, with and without droop, hence four different simulations were done (all in dq

reference frame and also some in αβ):

• Current Mode-Voltage Source Inverter (CM-VSI) grid supporting with droop

• CM-VSI grid feeding

• VSI grid forming with droop

• VSI grid forming without droop
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The two first CM-VSI work connected to the grid and the last two VSI, in island

mode. CM-VSI control schematics has only one inner current loop but a VSI needs

two loops, one for the voltage and another for the current. CM-VSI grid supporting with droop in single-phase systems
Configuration

Renewable Energy Resources Energy Storage 
Systems

Main Grid UPS
Batteries

Communication

Loads

Power Distribution
Network Intelligent

Bypass Switch
(IBS)

Communication 
System

Josep M. Guerrero joz@et.aau.dk04-06-2013 4

(IBS)

Pablo José Quintana Barcia pqu@et.aau.dk

Figure 6-1: Converter (CM-VSI) connected to the main grid [23]. Permission to
include it granted.

 VSI grid forming with droop in single-phase systems (Islanded VSI)
Configuration
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Systems
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Batteries

Communication
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Network Intelligent

Bypass Switch
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Communication 
System

Josep M. Guerrero joz@et.aau.dk04-06-2013 14

(IBS)

Pablo José Quintana Barcia pqu@et.aau.dk

Figure 6-2: Converter (VSI) working in island [23]. Permission to include it granted.

However, these considered control schematics are not prepared to improve the

harmonic effect of the loads in the line with the actual control strategy. They were

designed just to help the grid or to act in island mode when the loads have not a very

high harmonic content though. Since explaining how the previous four strategies work

is not an objective of this master thesis (more information in [23], [24]), just the part

related to harmonic correction will be commented. But previously, it is important to

say that, though this work have been done previously in Simulink, the results obtained

in the dSPACE (Digital Signal Processing And Control Engineering) environment will

be shown, which is also called ”Hardware in the loop” due to the fact that the variables

50



can be changed in real time and its effects are seen also instantaneously.

6.1 Reduction of harmonic content in dq reference

frame

The first control schematics thought to correct the harmonic content can be seen in

Figure 6-3. It can be observed that there are many band-pass filters (BPF) whose

mission is to extract the desired frequencies from the grid current, which would be

150Hz, 250Hz, 350Hz and 450Hz, corresponding to the 3rd, 5th, 7th and 9th harmonic.

With this information, it will be possible to change to a synchronous reference frame

(dq) and use PI controllers to reduce its effect.
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Figure 6-3: dq topology carried out to reduce the effect of the harmonics.

6.1.1 Unavailability of synchronous reference frame with BPF

As it is depicted in Figure 6-4a, the main drawback comes from the fact that with the

BPF we can not obtain sinusoidal waveforms which make impossible to transform to
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a dq reference frame due to the fact that the filter can not block the rest of frequencies

quick enough.

In order to solve this issue, the BPF filters have been changed by Fast Fourier

Transformations (FFT), that gives the responses shown in Figure 6-4b.

This solution is a bit tricky, because the computational cost that a FFT needs

is much higher than using a BPF. So having four FFT working at the same time

every simulation step will need a powerful CPU. In this case, the simulation has been

done in a dSPACE, so the computational cost is not really a drawback. Nevertheless,

in a real implementation, this topology may not be a good solution, but it is for a

simulation. For a real implementation, the use of the Goertzel algorithm would be a

better idea than a FFT, because the number of operations needed are much lower,

thus the computational cost is also lower.
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Figure 6-4: Difference of output harmonic selected current using a BPF or a FFT.
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Table 6.1: Bandwidth chosen for the regulators

Bandwidth (Hz ) Harmonic frequency (Hz )
90 150
195 250
310 350
400 450

6.1.2 Control strategy

This control strategy was based on a previous work done during the first two months

in Aalborg University. This scheme developed, called Grid Feeding, consists of being

connected to the grid and inject the amount of d and q currents desired by the owner,

always within the limits. Hence, the control strategy for harmonic compensation

would be similar, but having current references equal to zero, as it can be seen in

Figure 6-3.

In order to calculate the PI for a normal Grid Feeding connection, which means,

inject current in the desired axis, but at 50Hz, the mathematical approach was based

on the inductor and resistance of the output LC filter (and then improved with the

dSPACE):

Kpi = 2 · π · bw · Lf (6.1)

Kii =
Rf

Lf

(6.2)

being bw the bandwidth of the controller, and, in this case, 1700Hz.

For the design of the high frequency regulators, the bandwidths have been chosen

a bit lower of the respective frequency of the harmonic in order to keep the system

stable. In Table 6.1 are summarized these values.

While the work was being carried out, an undesirable effect, called Whac-A-Mole,

appeared. The correction of the different harmonics made another ones, which at the

beginning were null, to show up..
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Figure 6-5: (a) Load (blue) and grid (red) current when the converter is off. (b) Load
(blue) and grid (red) current when the converter is off.

6.1.3 Results

The results of the work are shown ahead. Since we have said that this topology was

done previously in Simulink but adjusted in the dSPACE, we will show the results of

the dSPACE and also prove we have worked with it.

In Figure 6-5 can be seen the difference of having the converter switched off or on.

Figure 6-5a shows the real values of the current demanded by the loads. It can be

appreciated the great amount of harmonics that this load can generate just by taking

a brief look at the signal. When the converter is switched on, and after the setting

time, the line current looks like the red signal of Figure 6-5b. Much more sinusoidal

than the (a) case.

In order to prove what was said before, the THD of the line current will be shown

now (Figure 6-6). It can be observed how the THD is reduced in more than a 15%.

It is also interesting to show some other results interesting from the point of view

of power quality, like the value, in Amps, of the harmonic content of the line current

before and after the use of the converter (Figure 6-7).

Finally, we will show how is the current delivered by the converter when it is

trying to compensate the harmonic content of the line (Figure 6-8) and how does it
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Figure 6-6: (a) THD of the line current when the converter is off. (b) THD of the
line current when the converter is on.

-4

-2

0

2

4

H
a

rm
o

n
ic

s 
(A

)

0.0

0.00 0.01 0.02 0.03 0.04

Time (s)

#1:1

#1:2 #1:3

#1:4

(a) Converter Off

-0.010

-0.005

0.000

0.005

0.010

H
a

rm
o

n
ic

s 
(A

)

0.0

0.00 0.01 0.02 0.03 0.04

Time (s)

#1:1

#1:2

#1:3

#1:4

(b) Converter On
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affect the grid frequency (Figure 6-9). It can be seen that it gives some ripple to the

frequency but, even though it is not very high, it should be taken into account.
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Figure 6-8: Current of the converter when is correcting the harmonic content.

6.2 Reduction of harmonic content in αβ reference

frame

The previously used topology is slightly seen in real world. Most of the works that

can be found in the literature are carried out making use of Proportional-Resonant

(PR) regulators [18], [19]. Thus this assertion, it has been developed a simulation

to accomplish the same objective as in the previous case: reduce the effect of the

harmonic content in a αβ reference frame and using PR regulators. In addition, this

simulation was done in Simulink and also with the dSPACE, but the results that will
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Figure 6-9: (a) Frequency of the grid calculated with a SOGI when the converter is
off. (b) Frequency of the grid calculated with a SOGI when the converter is on.
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be shown are from this last one.

6.2.1 Control strategy

As the power system is a single-phase one, the component β is useless, so the basic

scheme changes lightly. In Figure 6-10 is shown the simplified control topology used

in this simulation. A remarkable issue, comparing with the previous simulation in the

Igrid

50Hz
BPF

Igrid: 1st harmonic Vα_3rd*

Vα_5th*

Vα_7th*

Converter Reference

_
+ iH_error PR

3rd H

3·ωe

PR
5th H

5·ωe

PR
7th H

7·ωe

Figure 6-10: αβ topology carried out to reduce the effect of the harmonics.

synchronous reference frame, is that in this case, a discrete resonant filter works fine

when the 50Hz component of the line current needs to be extracted and no FFT had

to be used. Since this scheme is based on a CM-VSI Grid Feeding in αβ reference

frame, there is only a current loop, so the closed-loop transfer function would be:

vc =

(
−1 / Cs

LCs2 + (CsGi(s)GPWM) + 1

)
io (6.3)

and the transfer function of a PR current controller is:

Gi(s) = kpI +
kiIs

s2 + 2ωcs+ ω2
o

(6.4)

But, as the main point is reducing the harmonic effect, then the PR regulators that

will be used only will consist of a resonant component, because the proportional one

would make unstable the system.

GiH(s) =
∑

h=3,5,7

kIHhs

s2 + 2ωcs+ (ωoh)2
(6.5)
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Instead of using the Matlab functions ”bode” or ”rltools”, we have designed the

resonant regulators with the dSPACE. Due to resonances in the circuit, trying to

correct the 7th harmonic provokes a great disturbance in the 3rd and 5th resonant

controllers. Hence the only harmonics able to correct were these two ones. The study

of the correction of also the 7th harmonic will be done in Section 6.2.3.

6.2.2 Results

The results of the work are shown ahead. We will illustrate how the harmonics 3 and

5 are reduced but not the 7th or higher. Nevertheless, the THD has been reduced in

almost a 15%, which is a noticeable value.

With the previous simulation, the most remarkable issue that should be mentioned

is the final THD value, that finishes being a bit lower in the dq case than in the αβ.

On the other hand, the computational cost is lower in the stationary reference frame

topology, because it does not need any FFT.

In Figure 6-11 can be seen the difference of having the converter switched off or

on. Figure 6-11a shows the real values of the current demanded by the loads. When

the converter is switched on, the line current looks like the red signal of Figure 6-11b.

Much more sinusoidal than the (a) case and with a lower THD, as we will see ahead.

In order to prove what was said before, the THD of the line current will be shown

now (Figure 6-12). It can be observed how the THD is reduced in a 15% even though

the 7th harmonic has not been corrected.

From the point of view of power quality, it is shown now, in Amps, the harmonic

content of the line current before and after the use of the converter (Figure 6-13).

Finally, we will show how the current is delivered by the converter when it is

trying to compensate the harmonic content of the line (Figure 6-14) and how it does

affect the grid frequency (Figure 6-15). It can be seen that it gives some ripple to the

frequency but, even though it is not very high, it should be taken into account.
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Figure 6-11: (a) Load (blue) and grid (red) current when the converter is off. (b)
Load (blue) and grid (red) current when the converter is off.
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Figure 6-12: (a) THD of the line current when the converter is off. (b) THD of the
line current when the converter is on.
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Figure 6-13: (a) Harmonics of the line current when the converter is off. (b) Har-
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Legend: Red: 3rd harmonic. Blue: 5th harmonic. Green: 7th harmonic.
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Figure 6-14: Current of the converter when is correcting the harmonic content.
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Figure 6-15: (a) Frequency of the grid calculated with a SOGI when the converter is
off. (b) Frequency of the grid calculated with a SOGI when the converter is on.

6.2.3 Correction of the 7th harmonic

As it was said before, due to resonance issues, correcting the 7th harmonic was impos-

sible, despite of any combination of regulators for the lower harmonics. Nevertheless,

changing the output inductor of LCL filter that connects the grid with the converter,

a possible regulation of the 350Hz component appears. By reducing the inductor

from 1.8mH to 0.18mH, the correction of the harmonic content stays as follows in

Figure 6-19.

The current that the grid supplies to the load is lower and with less high frequency

content, like it can be seen in Figure 6-16.

On the other hand, and unlike the previous cases, the frequency (Figure 6-17) of

the whole system is not affected after the converter is switched on.

And finally, the converter current is shown ahead (Figure 6-18).

The THD of the current given by the grid is reduced to a value of 4.05%, where the
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Figure 6-16: Load (blue) and grid (red) current.
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Figure 6-17: Grid frequency.
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Figure 6-18: Current of the converter when is correcting the harmonic content.
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harmonic content can be seen in Figure 6-19, in % with respect of the fundamental.

Harmonic content of the distribution line current normalized to the 1st (ab ref.frame control schematics −with 7th correction−)
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Figure 6-19: Harmonic content when the converter is off and on (αβ ref. frame with
7th harmonic correction).

6.3 Final comparison between both topologies

In order to see together the final results, the harmonic content, before and after

switching on both converters in synchronous (Fig. 6-20) and stationary (Fig. 6-21)

reference frame will be shown. It can be seen that the converter which uses αβ

coordinates is not able to reduce the harmonic content as much as the dq one. The

other great difference is the order of the harmonics: in the stationary reference frame,

as we could not correct the 7th and higher components (without modifying the LCL

filter), they remain as at the beginning. Nevertheless, in the synchronous reference

frame, all the lower harmonics can be almost completely deleted. The values shown

are normalized to the 1st harmonic and in %.
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Harmonic content of the distribution line current normalized to the 1st (Synchronous ref.frame control schematics)
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Figure 6-20: Harmonic content when the converter is off and on (dq ref. frame).

Harmonic content of the distribution line current normalized to the 1st (ab ref.frame control schematics −no 7th correction−)
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Figure 6-21: Harmonic content when the converter is off and on (αβ ref. frame
without 7th harmonic correction).
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Chapter 7

Conclusions

This master thesis has illustrated a methodology to improve the THD of a distribution

line configuration with multiple non-linear loads, by measuring only the voltage at the

PCC, thus avoiding the use of current measurement. The effect on the distribution

line current distortion of such loads, represented by a group of lampposts with their

respective LF ballasts and the HPS lamps is shown, mainly in the 3rd, the 5th and the

7thharmonics of the line current and in the current THD. The proposed configuration

has reduced significantly those harmonics and also the final THD. More in deep work

should be done to elucidate the real effect of the gain K1 and an exhaustive analysis

of the dynamics of the whole system has to be carried out. As it was mentioned

before, the bigger the value of this gain, the better the THD of the line current, but

physically is impossible to achieve an infinite value, so we need a compromise within

the simulation values and the feasible ones. On the other hand, we have demonstrated

that there are other topologies to correct the harmonic content of the current, but they

need current measurements, that are the ones we are trying to avoid. These different

control schemes carried out, in stationary and in synchronous reference frame, have

shown very good results but with some differences between them, as it was mention

in Chapter 6.
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Chapter 8

Future developments

In this simulation, the converter was represented by a current source. In the future,

it will be implemented using an H-bridge due to the fact that active and reactive

powers have to be fully decoupled. The increase of distributed generation on electric

networks has raised the concern of grid stability, among other issues. In this Master

Thesis, grid stability was not analyzed hence it will be taken into account in future

papers and researches. The proposed control has the needed tools to achieve a total

control of the demanded line current, thus implementing more functionalities should

not suppose great difficulties. The development of the control was done by supposing

the load is known though it does not happen in real life. Future works will include an

algorithm to estimate the loads and adapt the controller in its function. Furthermore,

the controller could be designed as a PI and look for zero steady-state error.

It is important to remind that FFT have been used in a control schematics devel-

oped in this work. These FFT should be change by Goertzel algorithm, which would

reduce the number of calculations needed.

There is also room for improvement in the lamp model. It should be tested in

other operating conditions, as the starting point, the warm-up time or during its

ageing.

The final stage would be implement this topology with real elements and check

its behavior during enough time to ensure it works and does not become unstable.
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Chapter 9

Quality report

Writing this master thesis abroad it has been a great opportunity to develop my skills

working in a new researching group. I have learnt many new things, like topologies

and techniques used in single-phase systems, that will be useful for my PhD or in

my future career. I strongly recommend the following master students to go out of

Spain and see how people work around the world. They will meet new fellows and

will know to work a bit more autonomously, which is important if you don’t want to

depend always on someone. On the other hand, I think there is enough time to write

this thesis and if its quality does not match with the one demanded, I do not really

know what should be done. I suppose it depends on the case. My concrete case was

successful and I have absolutely no regrets.
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Chapter 10

Work done as a guest in Aalborg

University

This Master Thesis has been based on a paper send to IECON 2013, so part of the

work was developed in Spain and part in Denmark. Chapter 6 was done completely

in Aalborg University, at the Department of Energy Technology (Power Electronic

Systems), among other simulations that had no point to be included in this work but

that will be explained ahead:

The first two months we have been doing several simulations of converters work-

ing connected to the grid and in island mode, with and without droop and in a

synchronous reference frame. From now on, we will also do these simulations again

but in a stationary reference frame, which means using PR regulators.

For this thesis, both harmonic correction converters were done (chapter 6), using

PI and PR regulators.

Now, having these control schemes working, we can do more complex simulations,

putting together different types of converters and also going further implementing

them in real devices. We have been asked to try to connect single-phase converters

to three-phase microgrids and see how it helps to compensate and balance that local

grid.
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