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Preface

Power quality is related to magnitude, frequency, and waveform of voltage and current. For
good power quality level, supply voltages and line currents should be within their rated mag‐
nitudes, the frequency close to the prescribed supply frequency and sinusoidal waveform.
There are many events disturbing power quality performance such as over-undervoltages,
harmonic distortion, flickers, unbalance, sags, swells, transients, interruptions and frequency
deviations. In addition, harmonic distortion is recognized as one of the most important power
quality events in the literature since it has many adverse effects on operation and control of
power system equipment.

Harmonic distortion occurs when voltage and currents deviate from the sinusoidal waveform.
For the phasor analysis of these distorted waveforms, using Fourier transform, they are sepa‐
rated to the sinusoidal components, which have the frequencies of multiple integers of the
supply frequency, called harmonics. In modern power systems, the main sources of current
harmonic distortion are the loads and renewable energy generation units, which are all con‐
nected into a system via power electronic interfaces. At the same time, voltage drops on the
line impedances caused by the distorted currents lead to harmonic distortion of the bus vol‐
tages in the system.

The most important impacts of harmonics on the power system equipment are the overheating
and torque oscillations of the induction motors, overheating and decreased power transfer ca‐
pability of the transformers and supply lines and malfunctions of the protection/measurement
devices. Thus, today, several international standards, such as IEEE Standard 519 and IEC
61000, present harmonic limitations for power systems. Accordingly, the harmonic mitigation
has gained importance and passive, active or hybrid filters are widely employed in power sys‐
tems to mitigate the adverse harmonic distortion effects.

This book aims to present harmonic modeling, analysis and mitigation techniques for modern
power systems. It is a tool for the planners, designers, operators and practicing engineers of
electrical power systems involved in the power system harmonics. Likewise, it is a key re‐
source for advanced students, postgraduates, academics and researchers who have some back‐
ground in electrical power systems. The book is sorted out and organized in five chapters.

Chapter 1: This chapter summarizes the power quality events and their mitigation techniques.

Chapter 2: This chapter provides a discussion involving new trends on distribution power
grids with active power filters to improve power quality, increase the reliability of the power
grid and contribute to make feasible the implementation of decentralized microgrids.
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Chapter 3: This chapter focuses on the sequential harmonic elimination method employed for
multimodule multilevel converters. The principles of the sequential selective harmonic elimi‐
nation for MMC topology and amplitude control are described with examples.

Chapter 4: This chapter introduces a general model modified from the conventional control
structure diagram for analysis of the harmonic generation process for photovoltaic (PV) instal‐
lations. Causes of the current harmonics and their relationships with output power levels are
summarized and analyzed.

Chapter 5: This chapter presents a case study about harmonic measurements in high-voltage
networks. The measurements are analyzed and temporal harmonic profiles are studied in detail.
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1. Introduction

Nowadays, electrical utilities and consumers are paying much attention to enhance the qual-
ity of the generated and distributed electrical energy. The main aims are to produce clean 
electrical power and to distribute it to the end customers with acceptable power quality per-
formance in a cost-effective manner. Nowadays, the importance of power quality aspects 
has increased due to the booming developments in power-electronic devices and renewable 
energy resources under the umbrella of smart grids. Besides, the deregulation of the electricity 
market resulted in a competitive market in which multiple utility companies try to deliver the 
best products (generated electrical energy) for the customers who have the chance to choose 
the utility company that provides them with electrical energy with the highest quality level. 
In consequence, power quality will play an essential role in modern electrical power systems. 
However, there are also difficulties before wider applicability is possible for the power quality 
performance limits. One difficulty is that, to date, there is no single commonly approved defi-
nition of power quality because of the various power quality perspectives and phenomena 
[1]. As well, power quality has dissimilar interpretations for people in various electric entities. 
Some express power quality as the voltage quality, others express it as the current quality, 
and some practice power quality as the system reliability. Furthermore, IEEE Std. 1100 [2] 
defines power quality as “the concept of powering and grounding sensitive electronic equip-
ment in a manner suitable for the equipment.” One can say that everyone describes it from 
his own perspective.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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On one side, voltage quality focuses on variations of voltage from its ideal waveform (i.e., 
characterized by a sine wave of constant magnitude and frequency), while current quality is 
concerned with the deviation of the current from the ideal sinusoidal waveform. On the other 
side, discrimination of power quality as a voltage quality or current quality is an ambiguous 
way of thinking as a deviation in voltage can result in a deviation in current and vice versa. 
Thus, in order to keep generality, and as the power is mathematically the voltage times cur-
rent, power quality should be the combination of both voltage and current qualities [3] and 
is signified by a set of electrical limitations (reference boundaries/margins) that enable an 
equipment to operate in its planned manner without major operating losses [4, 5] to long live 
as possible.

2. Disturbances

All electrical equipment may fail or malfunction when come across power quality distur-
bances, depending on the severity of the disturbance. It is essential for engineers, technicians, 
manufacturers, and power system operators to well understand and face the several power 
quality disturbances.

Power quality issues include voltage variations (dips, interruptions, flicker, etc.), transients 
(surges, lightning, and switching events), and grounding issues. Figure 1 summarizes the 
common power quality problems.

Figure 1. The common power quality problems.
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To generalize, power quality issues cover many power system problems like impulsive and 
oscillatory transients, different types of interruptions, voltage sags and swells, imbalance, 
under and over voltages, notching, noise, harmonics and interharmonics, voltage fluctuations 
and flickers, and power frequency variations [6]. In the following sections, these power qual-
ity problems are presented.

2.1. Over voltages and under voltages

Over voltages are defined as any voltage greater than the equipment nominal operating volt-
age when the equipment is specified to operate at for a time period that exceeds 1 min. While, 
the under voltage can be defined as any voltage below the nominal operating voltage of the 
equipment for a time period that exceeds 1 min.

Over-voltage phenomenon has many causes in power system networks such as sudden 
changes in the system operating settings, abrupt load rejection, series/parallel harmonic reso-
nance cases, sudden line-to-ground faults, improper earthing schemes, poor voltage regula-
tion throughout the system, and overcompensation of the reactive power support provided 
by capacitor banks. Under voltages can result from improper power cables sizing, long feeder 
routes with high loading capacities, and large motor starting conditions.

Over voltage has a serious impact on electrical equipment and power systems as it stresses the 
equipment’s insulation and may damage it, in addition to protective devices tripping because 
of dielectric failure. Also, over voltage may lead to flashover between line and ground at the 
weakest point in the system and can cause breakdown of the equipment insulation. On the 
other hand, under voltage causes an increase in the system losses and results in voltage stabil-
ity problems. Also, different operational problems may arise due to under voltages such as 
motor starting problems and protection relay tripping [7].

2.2. Voltage flickers

Voltage flickers are defined as a continuous rapid variation of input supply voltage sustained 
for an appropriate period to enable visual recognition of a variation in electric light inten-
sity. Flicker is a power quality problem in which the magnitude of the voltage or frequency 
changes at a rate that is to be noticeable to the human eye [6]. The main causes of the voltage 
flicker are the loads that draw large starting currents during initial energization such as eleva-
tors, arc furnaces, and arc welders. If load starting cases are rapidly repeated, then light flicker 
effects can be quite noticeable. The severity of voltage flickers is measured using short-term 
and long-term flicker severity terms, where an expected flicker severity over a short duration 
(typically 10 minutes) is known as Pst, and that evaluated over a long duration (typically 2 
hours) is known as Plt. Thus, Plt is a combination of 12 Pst values.

   P  st   =  √ 
______________________________________________________

       (0.0314 ×  P  a  )  +  (0.0525 ×  P  b  )  +  (0.0657 ×  P  c  )  +  (0.28 ×  P  d  )  +  (0.08 ×  P  e  )     (1)

where Pa, Pb, Pc, Pd, and Pe are the surpassed flicker levels during 0.1, 1, 3, 10, and 50% of the 
surveillance period. By definition, a value of one for Pst expresses a visible disturbance, a level 
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of optical severity at which 50% of persons might sense a flicker in a 60-W incandescent lamp. 
Excessive light flicker can cause a severe headache and can lead to the so-called ‘sick building 
syndrome.’

2.3. Voltage unbalance

Voltage unbalance problem is an important power quality issue that can be defined as “a 
condition in a three-phase system in which the root-mean-square (rms) magnitudes and/or 
phase angles of the fundamental components of the phase voltages are not all equal” [7]. 
The principal reason of voltage unbalance in a system is the unbalanced loads among the 
three phases of the network. This asymmetric loading causes unequal phase currents to flow 
through the electrical network, and causes unsymmetrical voltage drop on system feeders [8]. 
Voltage unbalances result in additional power losses in the system and cause more losses in 
electric motors, so that it cannot be completely loaded up to its nominal power. In addition, 
excessive voltage unbalances can lead to protection system tripping and cause electrical sup-
ply interruption.

The IEEE 112 [9] defines the voltage unbalance using a factor called the phase voltage unbal-
ance rate (PVUR), is given in (2), where Vdev expresses the phase voltage variation from the 
average line voltage (Vaverage) [10].

  PVUR =   
 ( V  dev  ) Max

 ________  V  average  
   × 100  (2)

2.4. Voltage sags

Voltage sags or (American English says sag while British English says dip) According to 
the IEEE-1159 [11], voltage sag is defined as “a reduction in the rms voltage from 0.1 to 0.9 
per unit (pu) for a period of 0.5 cycles to 1 minute.” Voltage sag can be categorized into 
three types, according to its time duration, to instantaneous, momentary, and temporary 
sag [12].

Voltage sag results from sudden system faults and switching events of large loads having 
excessive starting currents such as large motors. Voltage sags impact on sensitive electrical 
devices such as personal computers and communication equipment, as well as excessive sag 
events may cause loss of data and nuisance operation of protection devices. In addition, pro-
grammed industrial processes such as paper-making industries, chip-making machinery, etc. 
can suffer from power supply shutdown in case of severe voltage sags.

Voltage sags can be calculated using various formulas. For example, Detroit Edison’s sag 
score (SS) method defines the “sag score” from the amplitudes of the three-phase voltages. A 
larger SS indicates the more the severity of the event [13].

  SS = 1 −  (  
 V  A   +  V  B   +  V  C  

 _________ 3  )   (3)
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2.5. Voltage swells

Voltage swell can be defined as a rise in the root mean square (rms) voltage for periods that 
range from 0.5 cycles to 1 minute. Swells are usually produced by electric faults (single line-
to-ground), upstream supply failures, heavy load rejection events, and switching off shunt 
capacitor banks. Voltage swell is categorized, according to time duration, into three types: 
instantaneous, momentary, and temporary swells. In addition, voltage sags and swells are 
produced when loads are shifted from one supply source to another such as the transfer 
from the utility source to the standby emergency generator during a loss of the normal utility 
power source [14].

Voltage swell has harmful effects on electrical power system operation as it leads to aging of 
electrical connections, flickering of lights, semiconductor damage in power-electronic devices, 
and insulation deterioration of the equipment.

2.6. Transients

In general, most power quality problems are thought as transient events if they exist for 
a short duration. Impulsive and oscillatory are the main categories of transients. They are 
briefed as follows:

A. Impulsive transients

Impulsive transients are abrupt high magnitude actions that cause voltage and/or current lev-
els to rise in either a positive or a negative direction for a very short period fewer than 50 ns.

B. Oscillatory transients

An oscillatory transient is an abrupt variation in the steady-state voltage, current, or both, 
fluctuating at the natural frequency of the system at both the positive and negative directions.

Events causing transients occur from different reasons such as lightning strikes, poor ground-
ing system, electrostatic discharge, inductive load switching, and fault clearance. Transients 
may lead to probable data loss in computers, malfunction of electronic equipment, and micro-
processor-based protection relays.

2.7. Interruptions

Interruption is a randomly event that occurs with zero-magnitude voltage or current for a 
particular time period, where the magnitude of voltage or current is less than 0.1 pu. It is clas-
sified in terms of duration and standards as follows:

A. Classification according to prior planning

According to EN 50160 [15], the electrical interruptions can be categorized into two types, 
namely, pre-organized interruptions at which the customers are informed (planned interrup-
tions) and accidental interruptions at which sudden failure of equipment or transient fault 
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take place and it may take a long time to restore the electrical supply. This may be long inter-
ruption or short interruption based on the fault.

B. Classification according to interruption duration

According to IEEE 1250 [16], the electrical interruptions can be categorized into four types 
according to the duration of the interruption as present in Table 1.

Momentary interruptions may cause a complete loss of voltage, while sustained interruptions 
are generally noticed in case of permanent short-circuit faults.

2.8. Frequency deviation

The fundamental frequency varies from its rated (50 or 60 Hz) value. This frequency devia-
tion is infrequent in stable and stiff interconnected power system networks. However, it can 
be noticed in weak power systems fed from local generators especially during sudden load 
application or rejection conditions.The operating frequency range should be kept within ±1% 
the rated frequency for 95% of week and -6%/+4% for 100% of week [15, 16]. The ratio of fre-
quency deviation (RFD) can be defined as follows:

  RFD =   
  |  f  m   −  f  r   |  

 _____  f  r  
   × 100  (4)

where fm is the measured frequency which is time-varying quantity and fr is the rated system 
frequency.

2.9. Power system harmonics

Most of today’s power system waves are distorted. By definition, “any periodically distorted 
waveform can be represented as a sum of pure sine waves in which the frequency of each 
sinusoid is an integer multiple of the fundamental frequency of the distorted wave. This mul-
tiple is called the harmonic of the fundamental.” The sum of sinusoids is referred to as a 
“Fourier series.”

In the last years, all have focused on power system harmonic distortion, because it has adverse 
impacts on both the utility and consumers, alike. Sometimes, when the terminology of power 

Type of interruption Duration starts at Duration ends at

Instantaneous 0.5 cycles 30 cycles

Momentary 30 cycles 2 s

Temporary 2 s 2 min

Sustained Longer than 2 min

Table 1. Electrical interruptions categorized based on their durations.
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quality arises, some people routinely predict that the issue is related to power system har-
monic distortion. In the past, the terms of power quality and power system harmonics have 
been incorrectly interchanged.

2.9.1. Harmonics sources

At present, as a consequence of the extensive use of power electronic-based components in all 
power system applications, most of today’s loads are nonlinear. To generalize, three catego-
ries can be recognized as primary sources of harmonics in power systems [6]. They are given 
as follows:

• Magnetic core-based equipment as electric motors, power transformers, and generators.

• Arc and induction, and arc welders.

• Power electronic-based equipment.

On one hand, if the power system is characterized by series and shunt elements; thus, the 
nonlinearities exist in the system are mainly introduced by the shunt elements, such as loads. 
On the other hand, a series impedance of the power delivery system (impedance between the 
source and the load) is particularly linear, that is, short circuit or Thevenin impedance of a 
system. Even within a power transformer, the shunt branch (magnetizing impedance) of the 
standard T model is the source of harmonics, while the series leakage impedance is consid-
ered as a linear element.

Today, the most prevailing harmonic sources are:

• Converters (rectifiers and inverters).

• Switch-mode power supplies.

• The different forms of pulse modulation which are employed in active power and voltage 
control in transmission circuits.

• High-frequency converters needed for induction heating.

• Thyristor controlled reactors.

• Rectifiers and inverters of grid-connected solar photovoltaic cells and windmills.

• Magnetizing currents of the transformers.

• Excitation currents of the rotating machines.

• Flexible AC transmission systems (FACTS).

• Uninterruptible power supplies.

• Rectifiers and inverters of HVDC systems.
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control in transmission circuits.
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• Static power converters using thyristor to control speed and torque of variable speed drives.

• Controlled arc welders, controlled furnaces, and ovens.

• Induction motors working in the saturation region.

• Electrolysis loads (aluminum smelters and battery-charging plants).

• Ballasts in high-power fluorescent discharge lamps.

2.9.2. Harmonics effects

Impact on harmonics can range from degradation of performance of equipment to its serious 
failure. The effects of power system harmonics can be clustered into two broad groups: as 
effects on power system networks and equipment and effects on telecommunication systems.

The most common consequences on the different sectors of an electrical system are summa-
rized below [17].

• Excessive energy losses due to the high nonsinusoidal currents, thus leading to high elec-
tricity bills.

• The presence of current in the neutral wire with additional losses. An overheating problem 
may occur.

• Equipment failure, standstill of motors, overloading of conductors, blowing of fuses, and 
blackouts of lamps.

• Errors in metering of energy consumption.

• Interference with telecommunication systems and networks.

• Data loss in data-transmission systems.

• Malfunction of control and protection system performance.

• Series and parallel harmonic resonance, which may cause system component damage, 
equipment failure, and service interruption.

• Harmonic instability which leads to the damage of generator shafts.

• Audible noise in transformers, rotating machines, and motor vibrations.

• Computer and programmable logic controllers’ lockups and in correct operation.

• Malfunctioning of voltage and generator regulators with frequent maintenance issues.

• Premature aging of equipment.

• UPS sizing issues.

• Worsening of loads’ power factor with its adverse consequences and utility’s imposed 
penalties.

Power System Harmonics - Analysis, Effects and Mitigation Solutions for Power Quality Improvement8

3. Solutions

A thorough understanding of electrical system related problems is helpful to implement good 
power conditioners and custom power devices to enhance the power quality. Today, it is 
assumed that the most of our electrical loads become nonlinear in nature. Generally, power 
factor improvement and other power quality-based equipment are the two main groups of 
solutions that can enhance the power quality performance in a system, thus:

A. Power factor improvement equipment [17–24]

• Power factor correction capacitors.

• Harmonic filters, especially passive filters.

These solutions certainly guarantee energy bill savings from reduction of low power factor 
penalties, not power or energy savings [24].

B. Other power quality-based equipment [17, 24–27]

• Inline reactors or chokes.

• Harmonic mitigating and K-factor transformers.

• Neutral blocking filter.

• Negative sequence current reduction.

• Passive, active, and hybrid filters.

• Surge protection.

• Soft starters.

• Zigzag reactors.

• Conservation voltage reduction.

• Green plug filters, FACTS, and D-FACTS.

• Multiple pulse converters.

These solutions can enhance the power quality but with no real savings [24].

Each power quality solution has its own merits and drawbacks at different circumstances. 
Consequently, selection of a precise solution to solve a power quality problem necessitates 
familiarity with the different technologies to ensure that it is the proper techno-economic 
solution for an application.

Besides, as the grids transition toward low-carbon technologies, the use of power electron-
ics becomes widespread. Also, renewable sources may introduce harmonic distortions which 
may adversely affect consumer equipment, but also monitoring and controlling devices that 
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maintain the operational status of the grids themselves, which can lead to large-scale black-
outs and significant losses in power networks. Therefore, it is imperative that novel solutions 
be sought to enable networks to cope with future developments.

Finally, power quality issues cover many power system problems such as under and over 
voltages, voltage sags and swells, transients (impulsive and oscillatory), interruptions, volt-
age unbalance, harmonics and interharmonics, voltage fluctuations and flickers, and power 
frequency variations. In this introductory chapter, a quick brief on power quality concepts 
and issues are presented.
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With the growing use of DC voltage for power transmission (HVDC) and DC links for 
efficient AC motor drives, the R&D efforts are directed to the increase of DC/AC convert-
er’s efficiency and reliability. Commonly used DC/AC converters, based on the carrier-
frequency pulse-width modulation (PWM) to form a sinusoidal output voltage with a 
low level of higher harmonics, have switching time and switching loss issues. The use 
of multimodule multilevel converters (MMC), operating with the fundamental switch-
ing frequency and phase-shift control to form the ladder-style output voltage, reduces 
switching losses to minimum while keeping the low level of higher harmonics in the 
output voltage. The discussed sequential harmonic elimination method for MMC, using 
identical power modules operating with 50% duty cycle and fundamental frequency, is 
based on the combination of the multiple fixed phase shifts to form a ladder-style sinu-
soidal voltage with low total harmonic distortion (THD) and symmetrical variable phase 
shifts to control the output voltage amplitude. The principles of the sequential selec-
tive harmonic elimination for MMC topology and amplitude control are described with 
two examples. The first example is the industrial-frequency DC/AC converter comply-
ing with THD requirements of IEEE 519 2014 standard without the output filter. The 
second example is a high-frequency converter, used as a transmitter, loaded with the 
resonant antenna, where the evaluation criteria are decreasing of the transmitter losses 
and increasing of the reliability or life expectancy at elevated temperature.
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Figure 1. Full-bridge stage and output voltage waveform.

1. Introduction

The conversion of DC voltage into sinusoidal AC voltage at power levels from kilowatts to 
megawatts with low power losses and low higher harmonics in the output voltage is a common 
task for modern power engineering. Multimodule multilevel converter is the best approach to 
generate the high-power sinusoidal voltage from HVDC bus for electrical grid consumers, 
propulsion electrical motor drives, etc. High-efficiency switch-mode modules, used to synthe-
size sinusoidal output voltage, may operate at the fundamental frequency of the sine voltage, 
required for the load, or at higher frequencies (the carrier frequency) using the pulse-width 
modulation to reduce higher harmonics of the fundamental frequency. In the last case, the 
output filters, required for reducing total harmonic distortion (THD) of the output voltage to 
the acceptable level, are significantly smaller [1–20].

The biggest problem with the phase-shift pulse-width modulation, providing the highest qual-
ity of the output sinusoidal voltage with minimum switching losses, is its control methodol-
ogy, which requires complicated calculation of the necessary phase shifts in real time [8, 21, 22].

In this paper a simple method of the sequential selective harmonic elimination and amplitude 
control is discussed. It is based on the combination of the fixed precalculated phase shifts/
delays for harmonic elimination and variable phase shift for amplitude control. Application 
of this method is illustrated using two examples—the industrial-frequency DC/AC converter 
and the high-frequency converter used as a transmitter for the nuclear magnetic resonance 
(NMR) oil/gas well logging tool, operating in harsh conditions. LTspice was used for simula-
tion in time and frequency domains. A simple expression is provided for the resulting THD 
vs. the number of eliminated harmonics to comply with industrial grid voltage of THD stan-
dards without the output filter. For the NMR transmitter, decreasing of conductive losses 
due to the harmonic elimination reduces operating temperature and increases the reliability. 
Improvement of the life expectancy is calculated according to the Arrhenius equation for three 
transmitter cases with the same number of switches but with different harmonic contents.

2. Full-bridge module operation and spectrum of the output voltage

The building block or module for multimodule multilevel converter (MMC) is a full-bridge 
DC/AC converter utilizing maximum voltage and current ratings of the power switches S1–S4 
(Figure 1), powered from bus V0, producing rectangular voltage pulses with 50% duty cycle 

Power System Harmonics - Analysis, Effects and Mitigation Solutions for Power Quality Improvement14

for maximum output power. The bridge load Z is connected directly to the bridge outputs 
or via the output transformer TX. For the industrial frequency 50 Hz–60 Hz and other low-
frequency high-power applications, fully controlled thyristors are the best choice, while for 
the frequency range over few kilohertz, IGBTs are the preferred ones. Operation in the fre-
quency range over 100 kHz requires fast-switching power MOSFETs. To simplify analysis of 
the following circuits, the switches are assumed to be ideal and have zero-switching time and 
zero internal losses.

The Fourier analysis provides the expression for the full-bridge symmetrical 50% duty cycle 
output voltage Vout(t) (Figure 1) as the sum of only odd harmonics Vn (n = 1, 3, 5, 7, etc.):

   V  out (t)    =   
4  V  0   ___ 𝝅𝝅    ∑ n=1       

cos n𝝎𝝎t ______ n    (1)

where n is the harmonic number (only odd harmonics 1, 3, 5, etc.), ω is the angular frequency, 
V0 is the full-bridge inverter DC bus voltage and t is time.

Each harmonic n has its amplitude Vn decreasing with the harmonic number n:

   V  n   =   
4  V  0   ___ 𝝅𝝅n    (2)

Spectrum of the bridge output voltage with amplitude of 1 V and frequency of 1 kHz is shown 
on Figure 2. The vertical axis represents the RMS values of each harmonic starting with the 
first one equal to 0.9Vrms (or 1.273 V peak value). Horizontal axis is frequency.

Converter output current Iout(t) is a combination of the fundamental harmonic and higher har-
monics, each of them being a product of the harmonic voltage Vn(t) and load admittance Yn for 
this harmonic:

   I  out (t)    =  ∑ 
n=1

  
∞
     V  n (t)     Y  n    (3)

Figure 2. Spectrum of the 1 kHz 50% duty cycle signal.
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Several load types such as resistive, inductive, capacitive and resonant ones have different 
current vs. frequency characteristics as shown in Figure 3, which is obtained in LTspice envi-
ronment under 1 V sinusoidal test signal.

Only resistive load current replicates the spectrum of the input voltage. Inductive load 
decreases high-frequency current components, but capacitive and resonant loads significantly 
increase relative values of the high-frequency current harmonics compared to the spectrum 
of the applied voltage. Voltage harmonics and resulting currents affect both load and voltage 
sources (converter) in different ways. Excessive current harmonics increase power losses and 
create electrical noise (EMI) affecting electronic equipment.

Maximum voltage harmonic content for the industrial AC lines is regulated by IEEE 519 2014 
standard [23, 24]. Limits for total harmonic distortion (THD) and maximum amplitude of the 
highest harmonic are provided in Table 1.

THD and individual harmonic maximum values are different for different line voltages. The 
power distributor should keep total harmonic distortion (THD) for voltages <1 kV under 8% 
and individual harmonic value less than 5% of the fundamental one at the point of consumer 
connection (PCC). In the process of conversion of HVDC bus voltage into lower-level AC, the 
switch-mode converters create higher harmonics as unwanted byproduct. For full-bridge DC/
AC converter output voltage spectrum (Figure 2) of THD is 0.483 or 48.3% [25]. To comply 
with THD limits, the simple DC/AC converters include the output filters reducing higher har-
monics to the acceptable level. Those filters introduce additional losses and have significant 
size, weight and cost especially if the filter has to remove harmonics starting with the third one, 

Figure 3. Load current vs. frequency for different loads.
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which is 150 Hz and 180 Hz for the EU and USA, respectively. Eliminating the most powerful 
higher harmonics from the output voltage in the process of DC to AC conversion and reduc-
ing the highest-frequency harmonic leftovers with a simple output filters are the most efficient 
ways to comply with THD standard.

For the high-frequency converters operating as transmitter with the resonant loads at elevated 
temperature, the output current’s higher harmonics cause additional heating, which results in 
the reliability problems. In this case the effectiveness of the harmonic elimination is reducing 
the power component temperature and increasing the converter life expectancy.

3. Multimodule converters and synthesis of the quasi-sinusoidal 
output voltage

Multimodule multilevel converters (Figure 4) have their outputs connected in series to produce 
the so-called modified sinusoidal voltage or ladder-style voltage (Figure 5). DC inputs may be 
connected in parallel with the transformer combining the output voltages or in series for HVDC 

Bus voltage (V) at PCC Individual harmonic (%) Total harmonic distortion (THD) (%)

V ≤ 1.0 kV 5.0 8.0

1 kV < V ≤ 69 kV 3.0 5.0

69 kV < V ≤ 161 kV 1.5 2.5

161 kV < V 1.0 1.5

High-voltage systems can have up to 2% THD where the cause is an HVDC terminal where effects will have attenuated 
at the point in the network where future users may be connected.

Table 1. Voltage distortion limits.

Figure 4. Multimodule converters with different DC line feeds.
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converters or be floating, for example, powered from the photovoltaic batteries, depending 
upon the application. Each module operates with high efficiency producing rectangular pulses 
with controlled timing. The control algorithm for timing calculations is a subject of this analysis.

Commonly used control algorithms are based on the pulse-width modulated signals to control 
multiple modules. The module output voltages are added in series to form the ladder-style 
voltage with optimized width of each pulse to eliminate harmonics and to regulate output volt-
age as shown in Figure 5 (left). The discussed method was developed to operate the identical 
modules, producing 50% duty cycle pulses with the fundamental frequency and equal ampli-
tude, combining their outputs in series and controlled by the phase shift only (Figure 5, right).

Equal ON and OFF time operation of all power switches has the following advantages:

a) Equal conductive losses

b) Guaranteed time to reset snubbers (if used to reduce switching losses)

c) Guaranteed time to build up the lagging current for soft switching (if needed)

d) Guaranteed time to recharge gate drivers (if needed)

4. Harmonic elimination based on the phase shift

Minimal configuration of the DC/AC multimodule converter includes two basic full-bridge 
modules with the output voltages connected in series. Their DC inputs may be connected in 

Figure 5. Forming ladder-style voltage using PWM (left) and phase shift only (right).
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parallel to the same bus V0 or in series (this is used for HVDC lines to share input DC voltage 
according to the module maximum voltage rating).

To simplify analysis two identical modules are connected to the same DC bus, and their out-
puts are connected in series using two ideal output transformers TX1 and TX2 with transformer 
ratio 1:1 (Figure 6). The output voltages have identical amplitude and 50% duty cycle, and their 
relative position in time domain (delay or phase shift) is defined by the controller (not shown).

The relative phase shift (relative to the fundamental harmonic) equal to π/3 or 1/6 of the mod-
ule operation period is shown in Figure 7. For the third harmonic, the relative phase shift is 
π, and combined output signal has the third harmonics subtracted or eliminated. All other 
odd harmonics like 9th, 15th, 21st, 27th, etc., which are multiples of three, are eliminated too.

Two identical periodic signals being combined with the phase shift Φ have eliminated har-
monics n satisfying the following requirement:
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Two module output voltages shifted π/3 and combined output without 3rd, 9th, etc. harmon-
ics are shown in Figure 8. When two signals with eliminated 3rd harmonic are added with 
phase shift π/5, their combined voltage has eliminated the 5th harmonic and also 15th, 25th, 
etc. To eliminate the fifth and seventh harmonics, this process should be repeated as shown in 
Figure 9 where control signals to a set of eight modules are getting additional delay starting 
from sync pulse. This process may be continued to eliminate enough harmonics to comply 
with THD requirements or other special conditions [26–31].

Total delays (or phase shift) αm per module m of a set of modules M (Figure 9) may be cal-
culated as scalar product of matrix C formed by assigned to each module m binary numbers 
(c = m-1) of the modules and set Φ of harmonic canceling delays φ = π/n:
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Figure 5. Forming ladder-style voltage using PWM (left) and phase shift only (right).
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Examples of delay/phase-shift calculation for the eight modules of MMC are provided in 
Table 2.

Number M of modules, needed for eliminating K harmonics

  M =  2   K   (6)

To find THD dependence on the sequential selective harmonic elimination using phase shift, 
seven harmonic elimination circuitries with different numbers of modules, marked A to G, 
were simulated. Example of circuitry topology marked as A, B, C and D, reference A full-
spectrum single module and with eliminated third (B-2 modules), third and fifth (C-4 mod-
ules) and third, fifth and seventh (D-8 modules) harmonics are provided in Figure 10. More 
complicated circuits (E-16 modules, F-32 modules and G-64 modules) were also simulated.

THD for each simulated case (A to G) was calculated based on the RMS value of the simulated 
output ladder-style voltage Vout and RMS value of the fundamental harmonic V1 [25]:

  THD =   
 √ 

_______
  V  out  2   −  V  1  2    ______  V  1  

    (7)

Figure 7. Third harmonic canceling.

Figure 8. Forming ladder voltage with two modules with canceled the third harmonic.
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The drawback of any kind of modulation is decreasing of the resulting fundamental harmonic 
V1. Table 3 provides not only THD and maximum value of the biggest voltage harmonic left 
after multiple harmonic eliminations but also a change of the fundamental harmonic compared 
to expected value in case of all phase shifts, which were zero, and combined output voltage rep-
licates 50% duty cycle output voltage of the single module multiplied by the number of modules.

THD value vs. the number of eliminated harmonics starting from the third from Cases A to 
G is presented in Figure 11. The relative amplitude of the fundamental harmonic V1,k after the 
first k higher harmonics are eliminated is calculated as

   V  1,k   =   
4  V  0   ___ 𝝅𝝅    ∏ n=3  k    Sin {  𝝅𝝅 __ 2   (1 −   1 __ n  ) }   (8)

Figure 9. Topology for canceling the third, fifth and seventh harmonics.

Module

number

(m)

Module’s assigned 
binary code

(cm = m-1)

nth harmonic phase shift in 
module

(ϕn = π/n)

Total module phase 
shift

(αm = cm·Φ)

Total module phase 
shift

(αm)

n = 7 n = 5 n = 3

1 0 0 0 0 0 0 0 0

2 0 0 1 0 0 ϕ3 ϕ3 π/3

3 0 1 0 0 ϕ5 0 ϕ5 π/5

4 0 1 1 0 ϕ5 ϕ3 ϕ5 + ϕ3 π/5 + π/3

5 1 0 0 ϕ7 0 0 ϕ7 π/7

6 1 0 1 ϕ7 0 ϕ3 ϕ7 + ϕ3 π/7 + π/3

7 1 1 0 ϕ7 ϕ5 0 ϕ7 + ϕ5 π/7 + π/5

8 1 1 1 ϕ7 ϕ5 ϕ3 ϕ7 + ϕ5 + ϕ3 π/7 + π/5+ π/3

Table 2. Phase shift per module calculation.
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Multimodule converter with eliminated the first four harmonics (Case E, 16 modules) com-
plies with IEEE 519 2014 [23] requirements for voltage <1 kV, with five eliminated harmonics 
(Case F) for 1 kV to 69 kV and with six eliminated harmonics (Case G) from 69 kV to 161 kV 
without using any output power line filters. Eq. (9) may be useful for approximate calculation 
of THD of the MMC output voltage after canceling the first k harmonics using this method:

   THD  k   ≈ 0.5 ∗  e   −0.5k   (9)

Figure 10. Harmonic elimination topology and phase-shift control.

Configuration A B C D E F G

Number of modules 1 2 4 8 16 32 64

Harmonics canceled + 0 3 5 7 11 13 17

Phase shift per next  
module set

0 π/3 π/5 π/7 π/11 π/13 π/17

Relative change of the  
first harmonic

1.0000 0.8660 0.9511 0.9749 0.9898 0.9927 0.9957

Combined output value 
(Vrms)

1.0000 0.8165 0.7528 0.7278 0.7167 0.7108 0.7076

First harmonic k value  
V1 (Vrms)

0.9003 0.7798 0.7415 0.7229 0.7156 0.7103 0.7074

THD 0.4834 0.3103 0.1752 0.1166 0.0575 0.0360 0.0238

Max higher harmonic  
number

3 5 7 11 17 29 29

Max harmonic value  
(Vrms)

0.3001 0.1559 0.0658 0.0526 0.0160 0.0127 0.0113

Max harmonic relative to the 
first harmonic

0.3333 0.1999 0.0887 0.0728 0.0224 0.0179 0.0160

Table 3. Simulation results for voltage THD and maximum high harmonic left.
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Due to the buildup of the module output voltage phase shifts, the resulting quasi-sinusoidal 
voltage fundamental harmonic is shifted to ϕref as shown in Figure 12 which should be taken 
into consideration and if necessary added to the carrier signal.

The additional phase-shift value ϕref is calculated for MMC with M modules as

   𝝋𝝋  ref   =   1 __ 2    ∑ 
m
  

M
     𝜶𝜶  m    (10)

5. Amplitude control

MMC with fixed phase shifts produces low THD sinusoidal output voltage with the amplitude 
proportion to the DC bus voltage. To regulate the output voltage amplitude from zero to maxi-

Figure 11. Voltage THD vs. the number of canceled harmonics starting with the third one.

Figure 12. Buildup of the output voltage additional phase shift (case C vs. case a).
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mum without affecting the harmonic elimination results, two identical voltages V1 and V2 
have to be combined with the variable symmetrical phase shift [32, 33] (Figure 13).

The variable phase-shift symmetry maintains stable phase of the resulting output voltage at the 
load during the amplitude regulation. This method (also known as outphasing) was originally 
developed for AM transmitters and assumed two sinusoidal combining voltages, now widely 
used for high-efficiency communication transmitters [34]. The amplitude of the combined out-
put voltage Vc depends upon the phase shift ϕ as shown on phasor diagram (Figure 13):

   V  c   = 2  V  0   Sin𝝋𝝋  (11)

For the high-power applications, the switch-mode converters are used instead of the sine gen-
erators (Figure 14) where two sets of power modules Mod A and Mod B are controlled from 
two multiple outputs of fixed delay modules A and B. Delay modules may be shift registers 
or digital delay lines (for RF transmitters). Inputs of delay lines controlling leading vector A 
and lagging vector B are connected to the outputs of symmetrical phase-shift modulator with 
amplitude control voltage and sinusoidal carrier voltage inputs. The shown output trans-
formers are the simplest way to combine output voltages and to form regulated output. For 
power conversion with the strict requirements to the harmonic content of the regulated sinu-
soidal voltage at the output, each of two DC/AC converters shall comply with those require-
ments, and the number of modules is chosen based in Figure 11 data.

Sinusoidal carrier voltage (not triangular or sawtooth voltage) provides linear modulation 
characteristic for the resulting fundamental harmonic, which allows direct control of the RF 
output pulses restored at the resonant antenna without the real-time negative feedback. In 
some cases the correction of the total system gain depending on the DC bus voltage may be 
done between RF pulses [29].

Figure 13. Outphasing modulation phasor diagram for the fundamental harmonic.
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6. RF transmitter current harmonics and life expectancy

The simplified schematic of the two module switch-mode outphasing transmitters is shown in 
Figure 15 [35]. Two full-bridge converters, named leading and lagging, have their output volt-
ages combined using their output transformers TX1 and TX2. The load is a resonant antenna 
consisting of the antenna inductor La, parallel-tuned capacitor Ca and resistor Ra representing 
antenna losses and defying antenna Q. The load impedance has its maximum at the operating 
frequency of the parallel resonance equal to Ra. For the higher harmonics of the output volt-
age, antenna impedance is capacitive and drops at higher frequency. Higher harmonics of the 
transmitter output current are limited by the output filters Lf and Cf. This filter is tuned to the 
series resonance at the operating frequency to introduce minimum output filter voltage drop 
which is proportional to the output current.

Figure 14. DC/AC multimodule multilevel converter with outphasing amplitude control.

Figure 15. Switch-mode outphasing transmitter.
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The transferring function transmitter output voltage to the antenna voltage is shown in Figure 16. 
The “saddle characteristic” has two poles reflecting two resonances at lower and higher frequen-
cies than the operating frequency. The amplitude of those peaks depends upon the antenna and 
filter losses as shown for Q = 10 and Q = 100. The box at the operational frequency 0.5 MHz sets 
the acceptable system bandwidth which is necessary for correct restoring of the envelope of RF 
pulses used in NMR tools for the proton excitation. For RF pulses with Hann envelope with dura-
tion of 25us minimum bandwidth to correctly recover amplified antenna pulses, the bandwidth 
of the system output filter plus antenna should be 40 kHz minimum; with reliable margin for 
wide temperature range, it should be 80 kHz with flatness 5% or 0.5db (Figure 17).

Increase of the system bandwidth benefits the metrological parameters of the tool and accuracy 
in the replication of the shortest RF pulses, used for the hydrogen nuclei excitation, and makes 
possible to use the same filter for more than one frequency without the filter capacitor switched. 
But there is another drawback: the higher-frequency resonance (the right pole) amplifies higher 
harmonics of the output current due to the drop of the filter/antenna input impedance (Figure 18). 
The biggest harmonic in the 50% duty cycle module output voltage is the third harmonic, and the 
third harmonic of the output current may significantly exceed the amplitude of the fundamental 
harmonic. The smaller is output filter inductance the higher are values of the unwanted higher 
harmonics in the output current and the higher are conductive losses resulting in the component 
temperature rise. The output filter design is a compromise between the bandwidth and accuracy 
vs. losses and reliability. Higher harmonic elimination removes the cause of the excessive output 
current and significantly reduces power losses for the same number of switches [28].

To assess the advantage of the discussed harmonic elimination method, three 500 kHz trans-
mitters operating identical loads (2uH, 52 nF output filter and 1uH, 100 nF, 90ohm, Q 30 
antenna) and using the same number of power MOSFET switches (32 total) but different 
topologies and control signals corresponding to Case A, Case B and Case C configurations 
(Figure 10) were simulated for the standard for NMR pulse train with 25us and 50us Hann 
envelope, 1000Vmax and 20% duty cycle (Figure 19) [29].

Figure 16. Transferring function filter plus antenna.

Power System Harmonics - Analysis, Effects and Mitigation Solutions for Power Quality Improvement26

Standard NMR excitation pulse sequence consists of the multiple identical pulses with the 
equal period and the first pulse with half duration and the same amplitude Vp =1000 V as 
shown on Figure 19.

The harmonics of the transmitter output current depend upon the voltage harmonics in the 
transmitter output signal. Figure 20 shows the values of the first seven most important har-
monics of the output current for transmitters based on the simplest two module Case A con-
figurations [35], four module-enhanced transmitter Case B with eliminated the 3rd harmonic 
[30] and eight module transmitter Case C with eliminated the 3rd and 5th harmonics. Proper 
waveforms of the leading or lagging voltages marked as A, B and C are provided in Figure 
12. Elimination of higher harmonics decreases the total output RMS current Iout per switch and 
resulting conductive power dissipation Ps:

   P  s   =  P  sw   +  I  out  2   ∗  R  dson    (12)

Figure 17. Bandwidth vs. filter inductance.

Figure 18. Transmitter output current of the third harmonic compared to the first one vs. filter inductance.
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Figure 20. Higher harmonic (blue) elimination decreases total output current (red).

where Ps is the power switch total power dissipation, Psw is the power of switching losses, Iout 
is the RMS value of switch current and Rdson is the switch resistance drain to source, which for 
silicon MOSFET is the function of the temperature and current [36].

Additional temperature rise ∆Tj of the switch die over the ambient temperature TA depends 
on the thermal resistance Rth from the switch die to the ambient temperature TA and current 
Iout:

   T  j   =  T  A   + ∆T =  T  A   +  R  th   ∗  ( P  sw   +  I  out  2  )   (13)

The die temperature Tj affects the switch life expectancy tv according to the Arrhenius law:

   t  v   = C ∗  e     
 E  A  

 ___ k T  j  
     (14)

Figure 19. Antenna voltage (Vp(t)) and RF pulses with Hann envelope.
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where tv is the switch life expectancy in time units, years or hours; T is the absolute tempera-
ture; EA is the apparent activation energy in general depending on T, recommended value 
0.8 eV [37]; C is a constant and k is the Boltzmann constant [38].

Additional temperature rise ∆Tj decreases life expectancy at Tj by the accelerator factor (AF) 
compared to the life expectancy at TA:

  AF =   
 t  v (   T  j )    

  
 ____  t  v ( T  A  )   
   =  e     

 E  A  
 ___ k   (  1 __  T  J  

  −  1 ___  T  A    )    (15)

Implementation of the sequential harmonic elimination decreases output current and related 
temperature rise, which results into the improvement of the transmitter reliability in terms of 
the life expectancy. The life expectancy (shown in Figure 21) changes from 1000 h at 175°C, 
taken as a reference point, down to 296 h for Case A, to 770 h for Case B and to 788 h for Case 
C. All transmitters use 32 power MOSFET switches; the difference is in the topology, control 
method and number of the additional RF output transformers, which easily fit the pressure 
housing and do not generate significant amount of heat.

Switching from classic transmitter topology Case A to Case B increases life expectancy 2.6 
times, from Case A to Case C—2.66 times. It is clear that Case B transmitter is the best solu-
tion in terms of reliability improvement vs. extra cost and complexity. The benefits include 
not only increases of the life expectancy but also increases of tool accuracy, improving EMI 
conditions in the confined space of the power train placed in the high-pressure housing due 
to the spread in time switch operation [29].

7. Conclusion

The sequential harmonic elimination provides a simple method of removing higher harmonics 
from the output voltage of the multimodule multilevel converters operating with the funda-
mental switching frequency and using identical modules, generating 50% duty cycle output 

Figure 21. Life expectancy tv vs. transmitter topology.
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voltages. A simple algorithm for the control circuitries used to eliminate harmonics and regu-
late output voltage from zero to maximum maintaining stable phase is discussed. A simple 
expression for THD of the output voltage vs. the number of eliminated harmonics, derived 
from simulation results, is provided for design evaluation against IEEE 519 standard require-
ments. The application of this method to the NMR transmitters operating in the high-temper-
ature environment eliminates the most dangerous output current harmonics and shows more 
than twice the gain in the life expectancy. This method was validated for NMR downhole log-
ging equipment, and two patents were granted.
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Abstract

This chapter presents a case study about harmonics measurements in high-voltage net-
works. Measurements were conducted at two locations in the main interconnected sys-
tem (MIS) of Oman. Voltage and current THDs were recorded for a period of 1 week. The 
power quality analyzer was set to record required data for a period of 1 week, and the 
observation period for each recorded value is 10 minutes. At the first location, the grid 
station (132/33) is feeding industrial as well as other customers. The second grid station 
(220/132/33 kV) is dedicated to large industrial customers including arc furnaces and 
rolling mills. The power quality analyzer was installed at the 132 kV side of power trans-
formers at both locations. Recorded data are analyzed, and temporal harmonics profiles 
are studied. A clear temporal variation of harmonics similar to that of aggregate load 
and local voltage profiles was observed at the grid station feeding mixed residential and 
industrial loads. However, this correlation between system load and harmonics profile 
diminishes at the grid station dedicated for heavy industrial loads.
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1. Introduction

Harmonics are caused by non-linear loads, which draw a non-sinusoidal current from a sinu-
soidal voltage source. Examples of such harmonic-producing loads, which are used extensively 
in the industry, include inverters, DC converters, electric arc furnaces, static VAR compensators, 
switch-mode power supplies (SMPS), and AC or DC motor drives. Other loads such as photo-
copiers, personal computers, laser printers, fax machines, battery chargers, fluorescent lamps, 
and UPSs are also a source of harmonics that can be found in the commercial sector [1, 2].
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Large industrial loads are often connected to transmission networks due to large power 
requirements. Such loads are often non-linear and may include rolling mills driven by vari-
able speed drives or could be an arc furnace. These non-linear loads are sources of harmonics. 
Harmonics that propagates from the industrial loads degrades the power quality at the electri-
cal system. Harmonics can cause problems to different electrical equipment such as genera-
tors, motors, transformers, capacitors, and cables. In addition, it can lead to reduced capacity 
and efficiency of power systems.

The harmonic content in any network varies with time depending on the share of non-linear 
loads as well as system status. Examining temporal harmonic profile can help understanding 
system performance at different loading conditions. To examine the temporal profile, har-
monics measurements were conducted at two industrial load grid stations of Oman Electricity 
Transmission Company (OETC) network in the Main Interconnected System (MIS) of Oman.

2. Harmonic limits according to the international standards and 
Oman’s national regulations

In this section, the indices conventionally used for measurement of voltage and current har-
monic distortion and the harmonic distortion limits placed in IEEE standard 519, IEC stan-
dard 61000-3-6 and Oman’s national regulations are presented.

2.1. Voltage and current harmonic distortion indices

The total harmonic distortion (THD) is used to define the effect of harmonics on the power 
system voltage. IEEE 519-2014 defines the THD as “the ratio of the root mean square of the 
harmonic content, considering harmonic components up to the 50th order and specifically 
excluding interharmonics, expressed as a percent of the fundamental”. In other words, 
the THD is the contribution of all harmonics to the fundamental. The THD is calculated as 
described by the following formula:

  THD =   
 √ 
________

  ∑ h=2   h  max       M  h  2    _______  M  1  
    (1)

where   M  
1
    is the rms value fundamental component of the voltage or current signal.

To evaluate the current harmonic distortion, the total demand distortion (TDD) is commonly 
used. IEEE 519-2014 defines the TDD as “the ratio of the root mean square of the harmonic 
content, considering harmonic components up to the 50th order and specifically excluding 
interharmonics, expressed as a percent of the maximum demand current”

  TDD =   
 √ 

_______
  ∑ h=2   h  max       I  h  2    ______  I  m     =   

 √ 
____

  I   2  −  I  1  2    ____  I  m      (2)

where   I  
m
    is the maximum demand load current and   I  

1
    is the rms value of the fundamental 

component.
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2.2. IEEE standard 519 harmonic distortion limits

IEEE standard 519 gives harmonic distortion limits for both the current and the voltage sig-
nals in power systems [3]. Tables 1 and 2 show relevant voltage and current distortion limits. 
The allowable voltage THD is based on the voltage level, while the current TDD limit is given 
based on the voltage level and the ratio of the short circuit current to the rated load current.

According to IEEE STD 519-2014, statistical analysis of 1-week short-time harmonic measure-
ments is required to calculate the 95th and 99th percentile values for comparison with the rec-
ommended limits. While current harmonics are evaluated based on 95th and 99th percentiles, 
voltage harmonics are evaluated based on 95th percentile only.

2.3. IEC standard 61000-3-6 harmonic distortion limits

IEC Standard 61000-3-6 specifies the allowable harmonic distortion limits as shown in Table 3 [4].

PCC voltage Individual harmonic magnitude (%) THD (%)

V ≤ 1 kV 5 8

1 < V ≤ 69 kV 3 5

69 < V ≤ 161 kV 1.5 2.5

V > 161 kV 1 1.5

Table 1. Voltage THD limits according to IEEE 519-2014 [3].

Voltage Isc/I(load) TDD (%) <11 11 ≤ h < 17 17 ≤ h < 35 35 ≤ h ≤ 50

<69 kV <20 5 4 2 1.5 0.6

20–50 8 7 3.5 2.5 1

50–100 12 10 4.5 4 1.5

100–1000 15 12 5.5 5 2

>1000 20 15 7 6 2.5

69–161 kV <20 2.5 2 1 0.75 0.3

20–50 4 3.5 1.75 1.25 0.5

50–100 6 5 2.25 2 0.75

100–1000 7.5 6 2.75 2.5 1

>1000 10 7.5 3.5 3 1.25

>161 kV <25 1.5 1 0.5 0.38 0.1

25–50 2.5 2 1 0.75 0.3

≥50 3.75 3 1.5 1.15 0.45

Table 2. Current distortion limits according to IEEE 519-2014 [3].
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Odd harmonics non-multiple of 
three (%)

Odd harmonics multiple of 
three (%)

Even harmonics (%)

h MV HV-EHV H MV HV-EHV h MV HV-EHV

5 5 2 3 4 2 2 1.8 1.4

7 4 2 9 1.2 1 4 1 0.8

11 3 1.5 15 0.3 0.3 6 0.5 0.4

13 2.5 1.5 21 0.2 0.2 8 0.5 0.4

17 ≤ h ≤ 49  1.9   17 __ h    
− 0.2 

 1.2   17 __ h   21 < h ≤ 45 0.2 0.2 10 ≤ h ≤ 50  0.25   10 __ h    
+ 0.22 

 0.19   10 __ h    
+ 0.16 

Table 3. IEC 61000-3-6 voltage harmonic limits [4].

2.4. Harmonic distortion limits according to Oman’s national regulations

Allowable harmonic distortion levels in Oman are dictated by the grid code [5] and the distri-
bution code [6] for high-voltage and medium-voltage networks, respectively. The grid code 
specifies that the maximum THD should not exceed 2% with no individual harmonic greater 
than 1.5% for transmission networks (220 and 132 kV). The distribution code dictates that 
the maximum THD in distribution networks (66, 33 and 11 kV) systems should not exceed 
2.0% with no individual harmonic greater than 1.5%. For low voltage line (415 V), the total 
harmonic distortion limit is 2.5%. Individual harmonic distortion level should be below 1.5% 
for both transmission and distribution networks (Table 4).

3. Harmonics temporal profile at grid station A

3.1. Harmonics measurements at grid station A

Figure 1 shows MIS system and the locations of grid stations under study. The grid station 
A consists of four 132/33 kV parallel transformers (TX1 to TX4). Each transformer is 75 MVA 
capacity. As the grid station is located adjacent to a 600 MW power generation facility, the 
maximum short circuit level on 132 kV side is 27.54 kA. The grid station is supplying electric-
ity to a cement factory, an industrial area, industrial area housing, a university campus, and 
a hospital.

PCC voltage Individual harmonic magnitude (%) VTHD (%)

Low voltage (415 V) — 2.5

Distribution level (11, 33, 66 kV) 1.5 2

Transmission level (132, 220 kV) 1.5 2

Table 4. Voltage THD limits according to national Omani codes.
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Measurements were conducted using Hioki 3196 Power Quality Analyzer Meter [8]. The 
current clamps were installed on transformer one (TX1). Ten-minute average values were 
recoded over a period of 1 week starting from 17th of January 2012. This study was part of 
power quality study in MIS [9–12]. A summary of measurements is presented in Figure 2.

Figure 1. Main interconnected system [7].

Figure 2. Summary of THD measurements at grid station a. (a) Voltage THD (b) current THD.
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For the voltage signals, Figure 1 shows that the average THD at the high-voltage side is 
between 0.84 and 0.68%, the maximum THD is between 1.07 and 0.92%, and the minimum 
THD level is between 0.40 and 0.52%. For the current signals, the THD at the high-voltage side 
(132 kV) ranges between 0.84 and 2.52%.

Histograms of voltage THD and current TDD at grid station A are presented in Figure 3. Since 
the measurements were conducted at 132 kV voltage level, the corresponding voltage THD 
limit is 2.5%. Using the voltage THD histograms presented in Figure 3, the 95th percentiles 
are calculated for different phases. A comparison between the 95th percentile of voltage THD 
and IEEE Std 519 limit is presented in Table 5.

To calculate the current TDD, Eq. (2) is used. The TDD is a function of individual harmon-
ics and maximum demand load current. Using measurements, the maximum demand load 

Figure 3. Histograms of THD measurements at grid station A. (a) Voltage THD (b) current TDD.
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current is 369 A. The short circuit level at grid station A is obtained from OETC capability 
statement. The TDD limit based on   I  SC   /  I  L   = 39  is 4%. A comparison between the 95th and 99th 
percentiles of current TDD and IEEE Std 519 limits is presented in Table 6.

3.2. Harmonics temporal voltage profile at grid station A

When system loading increases, more voltage drop occurs. Therefore, the temporal voltage 
profile reflects the daily load profile. The voltage profile measured at grid station A is pre-
sented in Figure 4.

The voltage THD exhibits a daily profile similar to that of the load as demonstrated in 
Figure 5. Considering individual harmonics, the figure shows that the dominant harmonic 
components are the 5th and the 7th followed by the 3rd and 11th. There is a small trace of the 
13th and 9th harmonics.

3.3. Current harmonics temporal profile at grid station A

Unlike voltage THD, current THD does not exhibit a clear daily profile. Figure 6 demon-
strates that the dominant harmonic components are the 5th and the 3rd. There is a small trace 
of the 7th harmonics. It is worth mentioning that a cement factory is connected to this feeder.

3.4. Reasons for temporal variations

The temporal variations of the voltage and current THD are associated with the variations 
of the harmonic-producing loads. Normally, the individual harmonic distortion is linked to 
specific harmonic-producing loads. Station A is a grid station that is connected to a cement 
factory and an industrial area where many non-linear loads are fed from this station. Such 
loads are variable frequency drive (VFD) and switch-mode power supplies (SMPS), in which 
both are considered main sources of the 5th harmonics (H5). This explains the dominance of 
the 5th and the 3rd harmonic currents contamination.

Phase VTHD P95 VTHD IEEE limits

A 1.03 2.5

B 0.85 2.5

C 1.03 2.5

Table 5. Measured voltage THD 95th percentile versus IEEE Std 519-2014.

Phase TDD P95 TDD P99 TDD IEE limits

A 1.25 1.42 4

B 1.24 1.30 4

C 1.36 1.52 4

Table 6. Measured current TDD 95th and 99th percentiles vs. IEEE Std 519-2014.
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Figure 4. Voltage temporal profile at grid station A.

Figure 5. Voltage harmonics temporal profile at grid station A. (a) Voltage THD and (b) individual harmonics.
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4. Harmonics temporal profile at grid station B

4.1. Harmonic measurements at grid station B

Grid station B consists of two 220/132 kV parallel transformers (TX1 and TX2). Each transformer 
is 500 MVA capacity. The grid station B is located close to two power generation facilities. The 
maximum short circuit level on 132 kV side at the time of measurements is 17.96 kA. The grid 
station is supplying electricity to large industrial customers via 132 kV feeders as well as smaller 
industrial customers via two 132/33 kV transformers. Ten-minute average values were recoded 
using Hioki 3196 Power Quality Analyzer Meter [8]. The current clamps of the analyzer were 
connected to a 132 kV feeder supplying a steel smelter. Measurements were recoded over a 
period of 1 week starting from 28 January 2012. A summary of measurements is presented in 
Figure 7.

For the voltage signals, Figure  7 shows that the average THD at the high-voltage side is 
between 0.97 and 0.90%, the maximum THD is between 0.97 and 0.90%, and the minimum 
THD level is between 0.28 and 0.32%. For the current signals, the THD at the high-voltage 
side (132 kV) ranges between 33.09 and 2.28%. Despite the high-current distortion, the voltage 
THD is small due to the high short circuit capacity.

The current waveform at grid station B is highly distorted as shown in Figures 7–9.

It is worth noting that the dominant harmonic components are the 5th, the 7th, the 11th, the 
13th and the 17th orders. In addition, there is a clear content of the 2nd, the 3rd, and other 
harmonic orders.

Histograms of voltage THD and current TDD at station B are presented in Figure 10. Using 
the voltage THD histograms, the 95th percentiles are calculated for different phases. A com-
parison between the 95th percentile of voltage THD and IEEE Std 519 limit is presented in 
Table 7.

Figure 6. Current harmonics temporal profile at grid station A.
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Figure 4. Voltage temporal profile at grid station A.

Figure 5. Voltage harmonics temporal profile at grid station A. (a) Voltage THD and (b) individual harmonics.
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4. Harmonics temporal profile at grid station B

4.1. Harmonic measurements at grid station B
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harmonic orders.

Histograms of voltage THD and current TDD at station B are presented in Figure 10. Using 
the voltage THD histograms, the 95th percentiles are calculated for different phases. A com-
parison between the 95th percentile of voltage THD and IEEE Std 519 limit is presented in 
Table 7.
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Using measurements, the maximum demand load current is 208 A. The short circuit level at 
grid station B is obtained from OETC capability statement. The TDD limit based on   I  SC   /  I  L   = 91  
is 6%. A comparison between the 95th and 99th percentiles of current TDD and IEEE Std 519 
limits is presented in Table 8.

Figure 7. Summary of THD measurements at grid station B. (a) Voltage THD and (b) current THD.

Figure 8. Current waveform of the 132 kV feeder at grid station B.
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Figure 9. Grid station B current spectrum.

Figure 10. Histograms of THD measurements at grid station B. (a) Voltage THD and (b) current TDD.

Harmonics Temporal Profile in High-Voltage Networks: Case Study
http://dx.doi.org/10.5772/intechopen.72568

45



Using measurements, the maximum demand load current is 208 A. The short circuit level at 
grid station B is obtained from OETC capability statement. The TDD limit based on   I  SC   /  I  L   = 91  
is 6%. A comparison between the 95th and 99th percentiles of current TDD and IEEE Std 519 
limits is presented in Table 8.

Figure 7. Summary of THD measurements at grid station B. (a) Voltage THD and (b) current THD.

Figure 8. Current waveform of the 132 kV feeder at grid station B.

Power System Harmonics - Analysis, Effects and Mitigation Solutions for Power Quality Improvement44

Figure 9. Grid station B current spectrum.

Figure 10. Histograms of THD measurements at grid station B. (a) Voltage THD and (b) current TDD.

Harmonics Temporal Profile in High-Voltage Networks: Case Study
http://dx.doi.org/10.5772/intechopen.72568

45



4.2. Voltage harmonics temporal profile at grid station B

The voltage profile measured at grid station B is presented in Figure 11 below. The daily 
diurnal profile is not clear due to high variability caused by load operations. These voltage 
fluctuations are attributed to fluctuation load current as seen in Figure 12.

Figure 13 presents the voltage THD as well as evident individual harmonics temporal pro-
files. It is worth nothing that no clear diurnal profile exists. Moreover, the dominant harmonic 
components are the 11th, the 13th, the 7th and the 5th. There is a small trace of the 3th and 9th 
harmonics. There is a very small trace of the 2nd harmonic as seen in Figure 14.

A similar observation can be seen in the 2nd location, where individual harmonic distortion 
is related to specific harmonic-producing loads. Station B is a grid station that supplies with 
proximity close to the largest industrial area in Oman. There are many non-linear loads fed 
from this station such as steel factories and aluminum smelters. The arc-furnaces loads, either 
induction furnaces or DC arc furnaces, along with static var compensators (SVCs) contribute 
significantly to the harmonic components of 11th, 13th, 7th, and 5th order.

4.3. Current harmonics temporal profile at grid station B

Figure 15 presents the current THD and individual harmonics profile at grid station B. It is 
worth noting that these profiles are highly fluctuating similar to measured current profile 
shown in Figure 12. It is worth mentioning that the dominant harmonic components are the 
5th, the 11th, the 7th, and the 13th. In addition, there is a clear content of the 2nd, the 3rd, and 
other harmonic orders.

4.4. Reasons for temporal variations at grid station B

Comparing voltage temporal profile at grid station A with grid station B, it can be concluded 
that this variation depends on the type of loads available. While in grid station A, the  variation 

Phase THD P95 THD IEEE limits

A 0.58 2.5

B 0.621 2.5

C 0.641 2.5

Table 7. Voltage THD 95th percentile vs. IEEE Std 519-2014 at station B.

Phase TDD P95 TDD P99 TDD IEEE limits

A 4.92 5.16 6

B 5.02 5.31 6

C 4.84 5.13 6

Table 8. Current TDD 95th and 99th percentiles vs. IEEE Std 519-2014 at station B.
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Figure 11. Voltage temporal profile at grid station B.

Figure 12. Fluctuating load current at grid station B.

Figure 13. Voltage harmonics temporal profile at grid station B.
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Figure 11. Voltage temporal profile at grid station B.

Figure 12. Fluctuating load current at grid station B.

Figure 13. Voltage harmonics temporal profile at grid station B.
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Figure 14. Harmonics bar graph at grid station B.

Figure 15. Current harmonics temporal profile at grid station B. (a) 7th and lower orders (b) 8th and higher orders.
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reflects almost the daily load profile but in grid station B the variation is completely different 
owing to the existing of steel industries. Furthermore, although there is high current distor-
tion in grid station B, the voltage THD is small due to the high short circuit capacity.

5. Conclusions

Harmonics were measured and analyzed for two grid stations in the main interconnected sys-
tem of Oman. The first grid station is feeding both industrial and residential customers, while 
the second grid station is dedicated to large industrial customers including arc furnaces and 
rolling mills. A clear temporal variation of harmonics similar to that of aggregate load and 
local voltage profiles was observed at the grid station feeding both residential and industrial 
customers. However, this correlation between the system load and harmonics profiles dimin-
ishes at the grid station dedicated for heavy industrial loads.
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Abstract

Due to the fast growth of photovoltaic (PV) installations, concerns are rising about the
harmonic distortion generated from PV inverters. A general model modified from the con-
ventional control structure diagram is introduced to analyze the harmonic generation pro-
cess. Causes of the current harmonics are summarized, and its relationship with output
power levels is analyzed. In particular for two-stage inverter, unlike existing models that
assume the direct current (DC)-link voltage is constant, the DC-link voltage ripple is identi-
fied as the source of a series of odd harmonics. The inverter is modeled as a time-varying
system by considering the DC-link voltage ripple. A closed-form solution is derived to
calculate the amplitude of the ripple-caused harmonics. The theoretical derivation and anal-
ysis are verified by both simulation and experimental evaluation.

Keywords: DC-link voltage ripple, harmonics, Matlab/Simulink, PV inverter, single phase

1. Introduction

Among numerous renewable energy sources, solar energy is considered as one of the most
promising resources for large-scale electricity production [1]. In several countries including
Australia, an increasing number of photovoltaic (PV) generation systems are connected to the
distribution network as a result of strong government support. The PV market is growing
rapidly (30–40%), and its price is constantly decreasing. Many countries are trying to increase
the penetration of renewable energy.

The power electronics interface is essential for connecting renewable energy sources to the
grid. This interface has two main functions such as extracting the maximum amount of power
from the PV modules [2, 3] and conversion of direct current (DC) power to an appropriate
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form of alternative current (AC) power for the grid connection. Renewable energy sources such
as solar energy cannot be manipulated in the same way as conventional power sources, so the
operating conditions of PV inverters vary according to the solar insolation [4]. However, utility
standards and manufacturers’ data sheets are only concerned with the full-load condition.

PV systems incorporate power electronic interfaces, which generate a level of harmonics [5],
potentially causing current and voltage distortions. The summations of various higher fre-
quency sinusoidal components are the harmonics of current or voltage waveforms, which are
an integer multiple of the fundamental frequency. These harmonics have a great influence on
the operational efficiency and reliability of the power system, loads, and protective relaying
[6]. Due to the rapid growth of PV installations, attention to harmonic distortion introduced by
PV inverters to the grid is on the rise.

The degree of current total harmonic distortion (THD), as a ratio of the fundamental current
and the real power output of the inverter, vary significantly [7]. At a low power output level,
the current THD becomes higher, especially for generated power below 20% of the rated
power, such as in the morning or evening. Many researchers have reported this phenomenon
and tried to find out the causes. In the control system, the quantization and resolution effects of
the measurement devices have been pointed out as one of the causes [8]. Another explanation
is that the closed-loop current controls, which are intended to minimize the harmonic compo-
nents, stop working at a low power output level [7]. Some researchers have suggested that the
DC-link voltage regulation is highly related to the reference current resolution [9]. However,
the comprehensive and systematic analysis of the generation process of the harmonics in the
PV inverter output current is missing.

The conventional model of current control structure [10] is widely used to design the control
loop and to analyze its stability. However, this model dose not including harmonic informa-
tion, and the model cannot reflect the influence of the control schemes on the resulted har-
monics. Section 2 introduces a general model modified from a conventional control structure
diagram to analyze the harmonic generation process. The “harmonic impedance” concept [10]
is used to quantitatively calculate the harmonic amplitude caused by each source. This is
important because of the growing concern of harmonics generated by these devices and their
effect upon other equipment.

A series of fund odd harmonics cannot be completely explained by the factors usually exam-
ined in such cases. These harmonics are caused by the DC-link voltage ripple, and a time-
varying model is proposed to analyze this phenomenon in Section 4.

In order to analyze and design the PV inverter, the DC-link voltage is assumed as constant in
the traditional model of a PV inverter. However, this is not always the case. The AC instanta-
neous output power exhibits a pulsation at the double-line frequency for single-phase grid-
connected inverters. Under stable insolation conditions, the DC output voltage of the PV
modules is controlled as constant at the maximum power point (MPP). Therefore, the power
pulsation caused by single-phase power generation is converted into the static stored energy
on the decoupling capacitor, and the double-line frequency of voltage ripple can be found at
the DC link [11–13]. By using large electrolytic capacitors, the ripple can be reduced but not
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eliminated. However, the electrolytic parts have far more limited life than the applications [14]
which need to be avoided.

A single-stage inverter is shown in Figure 1(a); an efficient maximum power point tracking
(MPPT) process is realized by a large power decoupling capacitor. Hence, modeling the inverter
can use adaptable constant DC-link voltage assumption in this linear model. However, as two-
stage inverter is shown in Figure 1(b), the power decoupling capacitor is placed at the high-
voltage DC link. In this topology, a larger voltage ripple is allowed to present across a DC link in
order to minimize the decoupling capacitor [15], hence the constant DC-link voltage assumption
is not valid.

The three-phase bridge converter for harmonic transfer is investigated in [16], the voltage
second harmonic on a DC link producing a third harmonic on the AC side can be found.
However, the DC-link voltage also causes output current frequency spectrum for the fifth,
seventh, and a series of odd harmonics [17]. The explanation of this phenomenon cannot be
found in the previous research. Many methods have been proposed to eliminate the current
harmonics caused by the DC-link ripple without analyzing the harmonics generation process.
A specifically designed pulse-width modulation (PWM) control algorithm [18] is proposed to
compensate the DC-link voltage ripple. In [19], a control technique, which allows for 25%
ripple voltage without distorting the output current waveform, has been proposed. The cutoff
frequency of this design is 10 Hz, which could attenuate the voltage ripple in the control loop,
but dynamic performance is decreased in this system. The main purpose of all these works is to
eliminate the effects of the DC-link voltage ripple. However, an understanding of the relation-
ship and the analytical model for qualitative information between the output current har-
monics and DC-link voltage ripple is still missing.

In this chapter, for harmonic analysis studies, a new model of the single-phase full-bridge PV
inverter is proposed by regarding its loading level and the ripple of the DC-side voltage. It is
obtained by adding representation of the DC-link voltage ripple into the conventional linear
model of a grid-connected PV inverter. Thus, it becomes a periodical time-varying model.

This chapter is organized as follows: a general model with harmonic information is introduced
in Section 2. In Section 3, the double-line frequency voltage ripple on the DC link is identified
as the cause of a series of odd harmonics. A time-varying model is proposed to analyze this
phenomenon. Section 4 gives simulation and experimental results, which verify the validity of
the proposed model and solution. Conclusions are given in Section 5.

Figure 1. Block diagram of (a) single-stage inverter and (b) two-stage inverter.
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monics. Section 2 introduces a general model modified from a conventional control structure
diagram to analyze the harmonic generation process. The “harmonic impedance” concept [10]
is used to quantitatively calculate the harmonic amplitude caused by each source. This is
important because of the growing concern of harmonics generated by these devices and their
effect upon other equipment.

A series of fund odd harmonics cannot be completely explained by the factors usually exam-
ined in such cases. These harmonics are caused by the DC-link voltage ripple, and a time-
varying model is proposed to analyze this phenomenon in Section 4.

In order to analyze and design the PV inverter, the DC-link voltage is assumed as constant in
the traditional model of a PV inverter. However, this is not always the case. The AC instanta-
neous output power exhibits a pulsation at the double-line frequency for single-phase grid-
connected inverters. Under stable insolation conditions, the DC output voltage of the PV
modules is controlled as constant at the maximum power point (MPP). Therefore, the power
pulsation caused by single-phase power generation is converted into the static stored energy
on the decoupling capacitor, and the double-line frequency of voltage ripple can be found at
the DC link [11–13]. By using large electrolytic capacitors, the ripple can be reduced but not
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eliminated. However, the electrolytic parts have far more limited life than the applications [14]
which need to be avoided.

A single-stage inverter is shown in Figure 1(a); an efficient maximum power point tracking
(MPPT) process is realized by a large power decoupling capacitor. Hence, modeling the inverter
can use adaptable constant DC-link voltage assumption in this linear model. However, as two-
stage inverter is shown in Figure 1(b), the power decoupling capacitor is placed at the high-
voltage DC link. In this topology, a larger voltage ripple is allowed to present across a DC link in
order to minimize the decoupling capacitor [15], hence the constant DC-link voltage assumption
is not valid.

The three-phase bridge converter for harmonic transfer is investigated in [16], the voltage
second harmonic on a DC link producing a third harmonic on the AC side can be found.
However, the DC-link voltage also causes output current frequency spectrum for the fifth,
seventh, and a series of odd harmonics [17]. The explanation of this phenomenon cannot be
found in the previous research. Many methods have been proposed to eliminate the current
harmonics caused by the DC-link ripple without analyzing the harmonics generation process.
A specifically designed pulse-width modulation (PWM) control algorithm [18] is proposed to
compensate the DC-link voltage ripple. In [19], a control technique, which allows for 25%
ripple voltage without distorting the output current waveform, has been proposed. The cutoff
frequency of this design is 10 Hz, which could attenuate the voltage ripple in the control loop,
but dynamic performance is decreased in this system. The main purpose of all these works is to
eliminate the effects of the DC-link voltage ripple. However, an understanding of the relation-
ship and the analytical model for qualitative information between the output current har-
monics and DC-link voltage ripple is still missing.

In this chapter, for harmonic analysis studies, a new model of the single-phase full-bridge PV
inverter is proposed by regarding its loading level and the ripple of the DC-side voltage. It is
obtained by adding representation of the DC-link voltage ripple into the conventional linear
model of a grid-connected PV inverter. Thus, it becomes a periodical time-varying model.

This chapter is organized as follows: a general model with harmonic information is introduced
in Section 2. In Section 3, the double-line frequency voltage ripple on the DC link is identified
as the cause of a series of odd harmonics. A time-varying model is proposed to analyze this
phenomenon. Section 4 gives simulation and experimental results, which verify the validity of
the proposed model and solution. Conclusions are given in Section 5.

Figure 1. Block diagram of (a) single-stage inverter and (b) two-stage inverter.
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2. Modeling of the PV inverter for harmonic analysis

In this section, PWM inverter framework with current feedback control for single-phase full-
bridge PV inverter, which is generally used in the commercial products, conventional model of
the current regulation scheme for that kind of inverter, and general inverter model proposed
for the harmonic analysis are presented.

2.1. Single-phase full-bridge PV inverter with current control

An example of PWM inverter framework with current feedback control is shown in Figure 2.
It is the most common structure which used by the commercial products. The inverter is
formed by one output inductor, a DC-link capacitor CDC, and four power switches. The DC-
link voltage VDC presents two different scenarios: one is with voltage ripple and another is
without voltage ripple. The following sections analyze these two different cases separately.
Vinv is the full-bridge inverter output voltage and Vg is the grid voltage, Iout is the inverter
output current. A fixed grid voltage has been applied to the grid-connected inverter output
terminals, and the inverter input voltage is controlled to provide MPP tracking. A current
control scheme is used, since only the AC output current can be controlled. A filter has been
used to connect between the inverter and the grid. In this chapter, a single inductor is used to
simplify the analysis. A feedback control with the PI controller is used for the PWM inverter

Figure 2. PWM inverter framework with current-controlled feedback loop.
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to control the output current Iout to track a reference output current Iref . A phase-locked loop
(PLL) has been used to obtain the phase angle of Iref from the grid voltage Vg. The amplitude

of the reference current Iref
�� �� can be determined by the voltage control loop according to the

MPPT process. The design of the voltage control loop may vary according to different
inverter topologies. The detailed derivation of Iref

�� �� can be found in [10, 20].

2.2. Conventional model of current regulation scheme

Figure 3 shows the conventional control structure diagram of the current-controlled inverter.
This model can be analyzed by using conventional linear analysis methods. It can help the
designer to tune the controller [21] and investigate the control performance and stability [22].
The closed-loop transfer function is given by

Iout ¼
GPIGPWMGinvGf

1þ GPIGPWMGinvGf
Iref �

Gf

1þ GPIGPWMGinvGf
Vg (1)

where GPI, GPWM, Ginv, and Gf are the transfer functions for the PI controller, PWM, inverter,
and filter, respectively. In this model, only the fundamental waveforms are considered, and
harmonic information is required for the harmonic distortion analysis.

2.3. The general inverter model for the harmonic analysis

Figure 4 shows the generalized model which is derived from the conventional current
control structure diagram for a PWM inverter with harmonic information. The location and
types of harmonic sources, which need to be added, are shown in this figure. The output
current S5 is generated based on a reference current by the full-bridge inverter with current
control, as shown in the first trace. The model of current control scheme, which includes the
harmonics information, is shown in the second trace. Compared with Figure 3, the switch
harmonic source Vswitch harmonics in the PWM section is added to generate a pulse waveform on
top of the sinusoidal signal. This harmonic source contains the characteristic of the PWM,
including the type of PWM method and the switching frequency. The voltage difference
between the grid voltage and the inverter output voltage will cause the changes in the output
current. Therefore, in Figure 4, the grid voltage harmonic source is added at the inverter

Figure 3. Conventional control structure diagram of the current-controlled inverter.
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2. Modeling of the PV inverter for harmonic analysis

In this section, PWM inverter framework with current feedback control for single-phase full-
bridge PV inverter, which is generally used in the commercial products, conventional model of
the current regulation scheme for that kind of inverter, and general inverter model proposed
for the harmonic analysis are presented.

2.1. Single-phase full-bridge PV inverter with current control

An example of PWM inverter framework with current feedback control is shown in Figure 2.
It is the most common structure which used by the commercial products. The inverter is
formed by one output inductor, a DC-link capacitor CDC, and four power switches. The DC-
link voltage VDC presents two different scenarios: one is with voltage ripple and another is
without voltage ripple. The following sections analyze these two different cases separately.
Vinv is the full-bridge inverter output voltage and Vg is the grid voltage, Iout is the inverter
output current. A fixed grid voltage has been applied to the grid-connected inverter output
terminals, and the inverter input voltage is controlled to provide MPP tracking. A current
control scheme is used, since only the AC output current can be controlled. A filter has been
used to connect between the inverter and the grid. In this chapter, a single inductor is used to
simplify the analysis. A feedback control with the PI controller is used for the PWM inverter

Figure 2. PWM inverter framework with current-controlled feedback loop.
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to control the output current Iout to track a reference output current Iref . A phase-locked loop
(PLL) has been used to obtain the phase angle of Iref from the grid voltage Vg. The amplitude

of the reference current Iref
�� �� can be determined by the voltage control loop according to the

MPPT process. The design of the voltage control loop may vary according to different
inverter topologies. The detailed derivation of Iref

�� �� can be found in [10, 20].

2.2. Conventional model of current regulation scheme

Figure 3 shows the conventional control structure diagram of the current-controlled inverter.
This model can be analyzed by using conventional linear analysis methods. It can help the
designer to tune the controller [21] and investigate the control performance and stability [22].
The closed-loop transfer function is given by

Iout ¼
GPIGPWMGinvGf

1þ GPIGPWMGinvGf
Iref �

Gf

1þ GPIGPWMGinvGf
Vg (1)

where GPI, GPWM, Ginv, and Gf are the transfer functions for the PI controller, PWM, inverter,
and filter, respectively. In this model, only the fundamental waveforms are considered, and
harmonic information is required for the harmonic distortion analysis.

2.3. The general inverter model for the harmonic analysis

Figure 4 shows the generalized model which is derived from the conventional current
control structure diagram for a PWM inverter with harmonic information. The location and
types of harmonic sources, which need to be added, are shown in this figure. The output
current S5 is generated based on a reference current by the full-bridge inverter with current
control, as shown in the first trace. The model of current control scheme, which includes the
harmonics information, is shown in the second trace. Compared with Figure 3, the switch
harmonic source Vswitch harmonics in the PWM section is added to generate a pulse waveform on
top of the sinusoidal signal. This harmonic source contains the characteristic of the PWM,
including the type of PWM method and the switching frequency. The voltage difference
between the grid voltage and the inverter output voltage will cause the changes in the output
current. Therefore, in Figure 4, the grid voltage harmonic source is added at the inverter

Figure 3. Conventional control structure diagram of the current-controlled inverter.
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section. The lowest trace in Figure 4 sketches the waveform of each stage, and the details are
described as follows:

1. S1 is the error between the current reference and the output current of the inverter,
S1 ¼ Iref � Iout ¼ Iref � S5.
2: S2 is the amplitude modulation (AM) ratio, S2 ¼ S1GPI , where the PI controller’s
transfer function is GPI ¼ kp þ ki=s. kp and ki are the proportional and the integral gain.

3: S3 is the gate drive signal. S3 ¼ S2GPWM þ Vswitch harmonics, where GPWM ¼ 1=Cpk and
Cpk is the carrier signal’s peak value.

4: S4 is the output voltage of the inverter Vinv, S4 ¼ S3Ginv, where Ginv ¼ VDC. The VDC

can be either a time-varying or a constant signal; these two cases need to be treated
separately.

5: S5 is the output current of the inverter Iout. S5 ¼ S4� Vg
� �

Gf . The grid voltage Vg may
contain the voltage harmonics Vg harmonics:S4� Vg is the voltage difference between the
output filter. The transfer function of the filter is Gf ¼ 1= Lsð Þ, where L is the filter’s
inductance.

The main causes of harmonic in PV inverter can be summarized into several categories: grid
background voltage distortion, switch harmonics (high frequency), DC-link voltage varia-
tion due to MPPT, and some other causes (PLL blocks, etc.). Harmonic distortion for both
cases, with or without voltage ripple on the DC link, can be analyzed by using this general-
ized model.

Figure 4. Model of current-controlled PWM inverter with harmonic information.
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3. Current harmonic caused by DC-link voltage ripple

In this section, the current harmonics caused by DC-link voltage ripple has been analyzed. The
model for considering the double-line frequency voltage ripple has been built. The closed-form
solution for the current harmonics has been provided.

Figure 5 shows the model of the inverter based on Figure 4, and the DC-link voltage ripple has
been taken into account. The inverter transfer function Ginv shown in Figure 4 is replaced by the
section under the triangle shading, which is a sinusoidal signal Vrip at double-line frequency on
top of the DC component VDC. Since the voltage ripple is time-varying, the transfer function for
this section cannot be derived. In [23], the authors point out that closed-form solutions cannot be
derived when the harmonic ripple components are not neglected. However, numeric solutions
can be evaluated for any particular operating condition by using this model.

The harmonic characteristics of the output current shown in Figure 5 can be identified by qualita-
tively analyzing the simplified loopmodel. The section under the triangle shading is also known as
the amplitude modulation; the feedback loop with unit delay is shown in Figure 6, where Z�1

denotes the delay of a unit sample period. Compared with Figure 6, in this simplified model,
several linear blocks are left out. Due to the system linearity, the signal frequency characteristics
will remain the same. A similar analysis method, which has been used in sound processing
research [24], is adopted in this chapter to analyze this time-varying system. Two discrete-time
sinusoidal example signals Iref n½ � ¼ cos ωonð Þ and Vrip n½ � ¼ cos 2ωonð Þ are used. The output signal
y n½ � can be illustrated as the result of subtraction between the reference signal cos ωonð Þ and the
delayed output signal y n� 1½ � then timed with the AM section, which is cos 2ωonð Þ þ VDC

y n½ � ¼ cos ωonð Þ � y n� 1½ �½ � cos 2ωonð Þ þ VDC½ �
¼ cos ωonð Þ cos 2ωonð Þ þ VDC½ � � y n� 1½ � cos 2ωonð Þ þ VDC½ � (2)

For n ≤ 0, ωo is the angular velocity of a signal in the fundamental frequency, VDCis constant, at
the initial condition, y n½ � ¼ 0,. The delay exists at any point in time n, and we need to store
y n� 1½ � so that it can be used in the computation of y n½ �. The y n� 1½ � is

Figure 5. Model of inverter with the DC-link voltage ripple.
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section. The lowest trace in Figure 4 sketches the waveform of each stage, and the details are
described as follows:

1. S1 is the error between the current reference and the output current of the inverter,
S1 ¼ Iref � Iout ¼ Iref � S5.
2: S2 is the amplitude modulation (AM) ratio, S2 ¼ S1GPI , where the PI controller’s
transfer function is GPI ¼ kp þ ki=s. kp and ki are the proportional and the integral gain.

3: S3 is the gate drive signal. S3 ¼ S2GPWM þ Vswitch harmonics, where GPWM ¼ 1=Cpk and
Cpk is the carrier signal’s peak value.

4: S4 is the output voltage of the inverter Vinv, S4 ¼ S3Ginv, where Ginv ¼ VDC. The VDC

can be either a time-varying or a constant signal; these two cases need to be treated
separately.

5: S5 is the output current of the inverter Iout. S5 ¼ S4� Vg
� �

Gf . The grid voltage Vg may
contain the voltage harmonics Vg harmonics:S4� Vg is the voltage difference between the
output filter. The transfer function of the filter is Gf ¼ 1= Lsð Þ, where L is the filter’s
inductance.

The main causes of harmonic in PV inverter can be summarized into several categories: grid
background voltage distortion, switch harmonics (high frequency), DC-link voltage varia-
tion due to MPPT, and some other causes (PLL blocks, etc.). Harmonic distortion for both
cases, with or without voltage ripple on the DC link, can be analyzed by using this general-
ized model.

Figure 4. Model of current-controlled PWM inverter with harmonic information.
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3. Current harmonic caused by DC-link voltage ripple

In this section, the current harmonics caused by DC-link voltage ripple has been analyzed. The
model for considering the double-line frequency voltage ripple has been built. The closed-form
solution for the current harmonics has been provided.

Figure 5 shows the model of the inverter based on Figure 4, and the DC-link voltage ripple has
been taken into account. The inverter transfer function Ginv shown in Figure 4 is replaced by the
section under the triangle shading, which is a sinusoidal signal Vrip at double-line frequency on
top of the DC component VDC. Since the voltage ripple is time-varying, the transfer function for
this section cannot be derived. In [23], the authors point out that closed-form solutions cannot be
derived when the harmonic ripple components are not neglected. However, numeric solutions
can be evaluated for any particular operating condition by using this model.

The harmonic characteristics of the output current shown in Figure 5 can be identified by qualita-
tively analyzing the simplified loopmodel. The section under the triangle shading is also known as
the amplitude modulation; the feedback loop with unit delay is shown in Figure 6, where Z�1

denotes the delay of a unit sample period. Compared with Figure 6, in this simplified model,
several linear blocks are left out. Due to the system linearity, the signal frequency characteristics
will remain the same. A similar analysis method, which has been used in sound processing
research [24], is adopted in this chapter to analyze this time-varying system. Two discrete-time
sinusoidal example signals Iref n½ � ¼ cos ωonð Þ and Vrip n½ � ¼ cos 2ωonð Þ are used. The output signal
y n½ � can be illustrated as the result of subtraction between the reference signal cos ωonð Þ and the
delayed output signal y n� 1½ � then timed with the AM section, which is cos 2ωonð Þ þ VDC

y n½ � ¼ cos ωonð Þ � y n� 1½ �½ � cos 2ωonð Þ þ VDC½ �
¼ cos ωonð Þ cos 2ωonð Þ þ VDC½ � � y n� 1½ � cos 2ωonð Þ þ VDC½ � (2)

For n ≤ 0, ωo is the angular velocity of a signal in the fundamental frequency, VDCis constant, at
the initial condition, y n½ � ¼ 0,. The delay exists at any point in time n, and we need to store
y n� 1½ � so that it can be used in the computation of y n½ �. The y n� 1½ � is

Figure 5. Model of inverter with the DC-link voltage ripple.
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y n� 1½ � ¼ cos ωo n� 1½ �ð Þ � y n� 1� 1½ �½ � cos 2ωo n� 1½ �ð Þ þ VDC½ �
¼ cos ωo n� 1½ �ð Þ cos 2ωo n� 1½ �ð Þ þ VDC½ � � y n� 2½ � cos 2ωo n� 1½ �ð Þ þ VDC½ � (3)

Substitute Eq. (3) into Eq. (2)

y n½ � ¼ cos ωonð Þ cos 2ωonð Þ þ VDC½ �
� cos ωo n� 1½ �ð Þ cos 2ωo n� 1½ �ð Þ þ VDC½ � cos 2ωonð Þ þ VDC½ �
þy n� 2½ � cos 2ωo n� 1½ �ð Þ þ VDC½ � cos 2ωonð Þ þ VDC½ �

(4)

This feedback expression can be expanded into an infinite summation of products given by

y n½ � ¼ cos ωonð Þ cos 2ωonð Þ þ VDC½ �
� cos ωo n� 1½ �ð Þ cos 2ωo n� 1½ �ð Þ þ VDC½ � cos 2ωonð Þ þ VDC½ �
þ cos ωo n� 2½ �ð Þ cos 2ωo n� 2½ �ð Þ þ VDC½ � cos 2ωo n� 1½ �ð Þ þ VDC½ � cos 2ωonð Þ þ VDC½ �
� cos ωo n� 3½ �ð Þ cos 2ωo n� 3½ �ð Þ þ VDC½ � cos 2ωo n� 2½ �ð Þ þ VDC½ � cos 2ωo n� 1½ �ð Þ½
þ VDC� cos 2ωonð Þ þ VDC½ � (5)

A series of odd harmonics is caused by this amplitude modulation in a feedback loop. In
Eq. (5), the first product term is illustrated as an example. According to Euler’s formula, this
term can be expressed as the sum of sinusoids with angular velocity ωo and 3ωo, which is the
fundamental and third harmonics.

y n½ � ¼ cos ωonð Þ cos 2ωonð Þ þ VDC½ � ¼ cos ωonð ÞVDC þ 1
2
cos 3ωonð Þ þ 1

2
cos ωonð Þ (6)

The closed-form solution is derived based on an idea which is similar to the harmonic balance
method for radio frequency (RF) circuit [25]. The harmonic balance method is a frequency
domain method for calculating steady states of a nonlinear circuit.

All the signals in the control loop can be expressed in polar forms by taking a Fourier transform.
The high-order harmonics will be attenuated by the feedback loop, and only the low-order
harmonics will be considered. The low-pass filter (LPF) can be assumed as an ideal filter, which
can eliminate all the harmonics above a certain order. A finite number of equations can be

Figure 6. Amplitude modulation in unit delay feedback.
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obtained by using this assumption, and a partial linearization for the control loop can be
achieved. The amplitude of the feedback signals can be set as variables. After equating like terms
in the equation of the output current and in the preset amplitude of feedback signal, a number of
equations can be obtained. By solving these equations, the closed-form solution for the ampli-
tude of a certain order of harmonic can be derived. Detailed analysis of the simplified model by
using this method in a time domain is given as follows:

The output signal y tð Þ of the simplified model is the difference between the current reference
Iref tð Þ and the feedback signal Ifb tð Þ multiplied by the DC-link voltage

y tð Þ ¼ Iref tð Þ � Ifb tð Þ� �
Vrip tð Þ þ VDC
� �

(7)

The signals in Figure 6 can be expressed in polar form

Iref tð Þ ¼ Acos ωotð Þ ¼ aejωot þ ae�jωot, a ¼ 1
2
A (8)

Vrip tð Þ ¼ Bcos 2ωotð Þ ¼ bej2ωot þ be�j2ωot, b ¼ 1
2
B (9)

where A and B are the amplitudes of Iref tð Þ and Vrip tð Þ. In order to simplify the analysis to a
level that is suitable for manual calculation, the feedback signal Ifb tð Þ is assumed to include
only fundamental and third harmonics

Ifb tð Þ ¼ C1 cos ωotð Þ þ C3 cos 3ωotð Þ ¼ c1ejωot þ c1e�jωot þ c3ej3ωot þ c3e�j3ωot (10)

where C1 and C3 are the assumed variables for the amplitude of the fundamental component
and third harmonics, and c1 ¼ 0:5C1, c3 ¼ 0:5C3. This can be easily extended to any number of
harmonics with the help of computer-aided calculations.

Eq. (11) can be obtained by substituting Eqs. (8)–(10) into Eq. (7). Since theIfb tð Þ is the low-order
part of y tð Þ, the harmonic amplitude equation can be found by equating like terms in Eqs. (10)
and (11)

y tð Þ ¼ VDC þ bð Þ a� c1ð Þ � bc3½ �ejωot þ VDC þ bð Þ a� c1ð Þ � bc3½ �e�jωot

þ b a� c1ð Þ � VDCc3½ �ej3ωot þ b a� c1ð Þ � VDCc3½ �e�j3ωot � bc3ej5ωot � bc3e�j5ωot
(11)

c1 ¼ VDC þ bð Þ a� c1ð Þ � bc3

c3 ¼ b a� c1ð Þ � VDCc3

(
(12)

All the parameters are fixed values að , b and VDCÞ for a specific inverter; therefore, the harmonic
amplitude can be obtained by substituting these values. By using the same method, the closed-
form solution for the averaged model in Figure 5with PI controller can be derived. Two integral
sections will be involved into the calculation due to the integrator in the controller and the filter.
This calculation for the practical models becomes significantly complicated, and it is impossible
to calculate manually. Matlab can be utilized as an effective tool to conduct these calculations.

Harmonic Distortion Caused by Single-Phase Grid-Connected PV Inverter
http://dx.doi.org/10.5772/intechopen.73030

59



y n� 1½ � ¼ cos ωo n� 1½ �ð Þ � y n� 1� 1½ �½ � cos 2ωo n� 1½ �ð Þ þ VDC½ �
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Substitute Eq. (3) into Eq. (2)

y n½ � ¼ cos ωonð Þ cos 2ωonð Þ þ VDC½ �
� cos ωo n� 1½ �ð Þ cos 2ωo n� 1½ �ð Þ þ VDC½ � cos 2ωonð Þ þ VDC½ �
þy n� 2½ � cos 2ωo n� 1½ �ð Þ þ VDC½ � cos 2ωonð Þ þ VDC½ �

(4)

This feedback expression can be expanded into an infinite summation of products given by
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� cos ωo n� 3½ �ð Þ cos 2ωo n� 3½ �ð Þ þ VDC½ � cos 2ωo n� 2½ �ð Þ þ VDC½ � cos 2ωo n� 1½ �ð Þ½
þ VDC� cos 2ωonð Þ þ VDC½ � (5)

A series of odd harmonics is caused by this amplitude modulation in a feedback loop. In
Eq. (5), the first product term is illustrated as an example. According to Euler’s formula, this
term can be expressed as the sum of sinusoids with angular velocity ωo and 3ωo, which is the
fundamental and third harmonics.

y n½ � ¼ cos ωonð Þ cos 2ωonð Þ þ VDC½ � ¼ cos ωonð ÞVDC þ 1
2
cos 3ωonð Þ þ 1

2
cos ωonð Þ (6)

The closed-form solution is derived based on an idea which is similar to the harmonic balance
method for radio frequency (RF) circuit [25]. The harmonic balance method is a frequency
domain method for calculating steady states of a nonlinear circuit.

All the signals in the control loop can be expressed in polar forms by taking a Fourier transform.
The high-order harmonics will be attenuated by the feedback loop, and only the low-order
harmonics will be considered. The low-pass filter (LPF) can be assumed as an ideal filter, which
can eliminate all the harmonics above a certain order. A finite number of equations can be
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obtained by using this assumption, and a partial linearization for the control loop can be
achieved. The amplitude of the feedback signals can be set as variables. After equating like terms
in the equation of the output current and in the preset amplitude of feedback signal, a number of
equations can be obtained. By solving these equations, the closed-form solution for the ampli-
tude of a certain order of harmonic can be derived. Detailed analysis of the simplified model by
using this method in a time domain is given as follows:

The output signal y tð Þ of the simplified model is the difference between the current reference
Iref tð Þ and the feedback signal Ifb tð Þ multiplied by the DC-link voltage

y tð Þ ¼ Iref tð Þ � Ifb tð Þ� �
Vrip tð Þ þ VDC
� �

(7)

The signals in Figure 6 can be expressed in polar form

Iref tð Þ ¼ Acos ωotð Þ ¼ aejωot þ ae�jωot, a ¼ 1
2
A (8)

Vrip tð Þ ¼ Bcos 2ωotð Þ ¼ bej2ωot þ be�j2ωot, b ¼ 1
2
B (9)

where A and B are the amplitudes of Iref tð Þ and Vrip tð Þ. In order to simplify the analysis to a
level that is suitable for manual calculation, the feedback signal Ifb tð Þ is assumed to include
only fundamental and third harmonics

Ifb tð Þ ¼ C1 cos ωotð Þ þ C3 cos 3ωotð Þ ¼ c1ejωot þ c1e�jωot þ c3ej3ωot þ c3e�j3ωot (10)

where C1 and C3 are the assumed variables for the amplitude of the fundamental component
and third harmonics, and c1 ¼ 0:5C1, c3 ¼ 0:5C3. This can be easily extended to any number of
harmonics with the help of computer-aided calculations.

Eq. (11) can be obtained by substituting Eqs. (8)–(10) into Eq. (7). Since theIfb tð Þ is the low-order
part of y tð Þ, the harmonic amplitude equation can be found by equating like terms in Eqs. (10)
and (11)

y tð Þ ¼ VDC þ bð Þ a� c1ð Þ � bc3½ �ejωot þ VDC þ bð Þ a� c1ð Þ � bc3½ �e�jωot

þ b a� c1ð Þ � VDCc3½ �ej3ωot þ b a� c1ð Þ � VDCc3½ �e�j3ωot � bc3ej5ωot � bc3e�j5ωot
(11)

c1 ¼ VDC þ bð Þ a� c1ð Þ � bc3

c3 ¼ b a� c1ð Þ � VDCc3

(
(12)

All the parameters are fixed values að , b and VDCÞ for a specific inverter; therefore, the harmonic
amplitude can be obtained by substituting these values. By using the same method, the closed-
form solution for the averaged model in Figure 5with PI controller can be derived. Two integral
sections will be involved into the calculation due to the integrator in the controller and the filter.
This calculation for the practical models becomes significantly complicated, and it is impossible
to calculate manually. Matlab can be utilized as an effective tool to conduct these calculations.
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4. Simulation and experimental results

In this section, the simulation and experiment results are reported. By using Matlab/Simulink,
a single-phase PV inverter is simulated. The switching model simulation provides the most
detailed results including the switch information and all the potential harmonic distortions. By
using the Simulink SimPowerSystems toolbox, the developed model includes both electronic
components and control blocks. The schematic diagram is shown in Figure 7. It is a time-
consuming process. A 0.2-s simulation period takes about 10 min to run on a computer with
average performance (Intel Core 2 Duo CPUs and 4 GB of 800 MHz DDR2 RAM).

The two-stage grid-connected PV system prototype is constructed in the laboratory to verify the
abovementionedanalysis. It includes aboost converter connectedwith the full-bridge inverter as the
second stage. The operating voltage range of the system has been scaled down due to the limitation
in the experimental setup. An AC source with 50 Vrms is used as the grid voltage. The full-bridge
inverter DC-link voltage is 100 V. The capacitor size has been changedwith different capacitance to
create different voltage ripple across the DC link. The experimental setupwith the prototype circuit
is shown in Figure 8, which is the same as in Figure 9, and themain circuit parameters are shown in
Table 1. A dSPACE controller set has been used to control these two stages.

An averaged model has also been built in Simulink. The parameters listed in Table 1 are
substituted into the derived closed-form solution in order to calculate the harmonics. Different
levels of DC-link voltage ripple in simulation and experiment have been created by using
different sizes of capacitors. Only the third-order harmonics from the fast Fourier transform
(FFT) analysis is considered in calculating the THD, in order to simplify the analysis process. In

Figure 7. Simulation schematic model.
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Figure 8. Experimental setup.

Figure 9. Two-stage PV inverter with feedback control.

Parameter Label Value Unit

Switching frequency f sw 20 kHz

Rated output frequency f 50 Hz

Rated output voltage Vg 70 V

DC-link capacitance CDC 770 μF

DC-link voltage VDC 100 V

Inverter-side inductor L1 2.56 mH

Grid-side inductor L2 1.10 mH

Output capacitor Cout 2.2 μF

Damping resistor Rd 1 Ω

Table 1. Specification of the PV inverter.
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Figure 10, the switch model, averaged model, and calculation results agree with one another. It
proves that the closed-form solution can fully represent the switch model for harmonic analy-
sis. Higher-order harmonics also can be analyzed by using the same method.

The same parameters as the simulation have been used in the experiment, and the results are
also plotted in Figure 10. The experimental results show the same trend as the analysis
suggests that the harmonic distortion increases as the DC-link voltage increases.

5. Conclusion

In this chapter, a general model, which is modified from a conventional control structure
diagram, has been introduced to analyze the harmonic generation process caused by single-
phase PV inverter. The causes of the harmonics have been identified. A series of odd harmonics
in the output current on the DC-link capacitor are generated by the double-line frequency
voltage ripple. In this chapter, a nonlinear, time-varying model and its closed-form solution
were provided. The relationship between the amplitude of the harmonics and the DC-link
voltage ripples has been presented. The proposed solutions are proved by both experimental
and simulation results. It is a tool for evaluating the power-quality issues in grid-connected
inverter systems. The designers can also use it to consider the tradeoff between the size of the
DC-link capacitor and the output harmonics in the output current.
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Abstract

From harmonic compensation to interface with renewable energy sources, active filters
are capable to improve power quality, increase the reliability of the power grid, and
contribute to make feasible the implementation of decentralized microgrids. In this
scenario, this chapter provides a discussion involving new trends on distribution power
grids, with active power filters playing an important key role. Considering the afore-
mentioned explanation, part of the chapter covers active filter applications for power
grids. In sequence, we discuss time domain control algorithms to identify power quality
disturbances or other problems that may compromise the power grid reliability, with
simulation results to evaluate the performance of the active filters for compensating
power quality problems under transient- and steady-state conditions. Next, we discuss
the integration of active filters with renewable energy sources (RENs) including a brief
explanation of maximum power point tracking (MPPT) algorithms and other controllers
considering a decentralized microgrid scenario with several active filters connected at
the same grid circuit.

Keywords: active filters, current and voltage compensation, real-time algorithms,
renewable energy sources, microgrids

1. Introduction

In this section, we present a discussion involving basic aspects of the active filters for genera-
tion and distribution grids. It is important to comment that there are also power electronics
compensators for transmission grids presenting different features as, for instance, damping
subsynchronous resonance [1], power flow control [2, 3] and improve the stability of a power
system [4]. These compensators are known as Flexible AC Transmission System (FACTS), and
their study is beyond the scope of this chapter.

Backing to the active power filters, they can be understood as a controlled current sources or
controlled voltage sources capable for compensating different power quality problems as, for
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instance, harmonic and unbalanced components, power factor, voltage sags or swells,
damping low-frequency harmonic oscillations, and so on [5, 6]. Moreover, they are used as an
interface for renewable energy sources in a new concept of distributed generation or even
making the implementation of decentralized microgrids reliable [7–9].

A simplified scheme of the shunt active filter compensating all the harmonic currents drawn by
the load is illustrated in Figure 1. An active filter is comprehended by power and control stages.
The power stage comprises a voltage source converter (VSI), with a storage energy element
(capacitor) at its DC link, inductor filter (Lfp), and small passive filters (Zfp) to provide a low
impedance path to the high-frequency components of the produced current by the VSI (iLfp). The
control stage presents measurement and instrumentation circuits, microcontrollers, and VSI
drivers. As indicated in Figure 1, the reference current produced by the VSI (i*) is determined
based on the applied control algorithms, which presents the load current (iL), grid voltage (vS)
and the DC-link voltage (vDC) as inputs. There is also a pwm controller for keeping iLfp in
conformity with the reference current (i*). A common point (cp) was considered to indicate that,
in a three-phase circuit, the passive filters are connected at this point of the circuit.

It is important to comment that an inductor (LS) is usually applied to represent the grid
impedance, which reflects the inductance characteristics of line cables and power transformers.
Nevertheless, current researches point out to replace its representation by equivalent imped-
ances that are dynamically modified due to a considerable amount of nonlinear loads, which
are dynamically connected and removed from the power grid. This issue becomes more
important nowadays due to the proliferation of renewable energy sources with power con-
verter interface [10–13].

Figure 2 illustrates a simplified scheme of the series active filter compensating harmonics
and voltage sag, with the reference voltage (v*) being determined through the applied
control algorithms, which presents the grid current (iS), grid voltage (vS), and the DC-link
voltage (vDC) as inputs. Moreover, there is a pwm controller for producing the VSI filtered
voltage (vZsf).

Figure 1. Simplified scheme of the shunt active filter compensating all the harmonic currents drawn by the nonlinear
load.
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An additional storage energy element (SEE) is necessary if sag compensation is required. As
depicted Figure 2 with a SEE connected in parallel with the DC-link capacitor, it can be
represented as, for instance, ultracapacitors or batteries [14]. There are also other SEEs as
superconducting magnetic energy storage (SMES) [15] and flywheel [16]. However, once they
are not voltage-source type, it is necessary to use power converters to interface them with the
DC-link voltage.

Other issue involving the power stage of the series active filter corresponds to its series
connection, which may or may not be done through power transformers. A constraint for
implementing active filters without series transformer injection is to avoid short circuits
between the phase circuits, which can be done replacing the three-phase VSI by three single-
phases VSIs with three independent DC-link voltages as introduced in [17, 18]. Other alterna-
tive is the use of high-frequency transformers at the DC-link of the single-phase VSIs, which
are usually applied in isolated DC-DC converters [19].

Other possible active filter topology consists on the combination of the shunt and series active
filters, resulting on the unified power quality conditioner (UPQC). As described in [20], by having
these two conditioners connected to the electrical system, simultaneous compensation of the
current demanded from the utility and the voltage delivered to the load can be accomplished.
As illustrated in Figure 3, the series and shunt active filters compensate at the same time all the
harmonic components of the load currents and grid voltages. Its power stage combines all
the passive components of the series and shunt active filters as previously exploited. In the same
way, its control stage presents all the circuitry, microcontrollers, and control algorithms of both
active filters. Particularly, in this configuration, the shunt active filter is responsible to draw a
controlled current to keep the DC-link voltage (vDC) regulated. A summary of the UPQC com-
pensation capabilities is shown in Table 1, with the functionalities of the series and shunt active
filters well established. Nevertheless, there are proposals in the literature with both active filters
compensating the same power quality problem in a complementary way. For instance [21, 22]
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instance, harmonic and unbalanced components, power factor, voltage sags or swells,
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present a sag compensation proposal through the combined operation of the series and shunt
active filters for the maximum utilization of both active filters.

In next section, we exploit their control algorithms.

2. Overview of active power filters for current and voltage compensation

Due to the power grid dynamics, an instantaneous or, at least, a quasi-instantaneous response
of the active filters is desirable, which leads the use of time domain control algorithms together
with synchronizing circuits. Hence, in this section, we exploit control algorithms to the series-
and shunt-active filters with simulation results.

2.1. Control algorithms for shunt active filter

Basically, control algorithms for shunt active filters can be divided into a set of algorithms for
determining the reference current and other algorithms for controlling the produced current
by the VSI, which depends on the applied switching technique.

Figure 3. Simplified scheme of the unified power quality conditioner (UPQC).

Active filter Functionality

Series active filter Harmonic and unbalanced voltages compensation

Voltage sags/swells compensation

Improvement of the power grid stability

Shunt active filter Harmonic and unbalanced currents compensation

Power factor correction

Table 1. UPQC functionalities.
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Algorithms for determining the reference current are related to which features we expect that
the active filter be able to compensate. It is important to comment that control algorithms for
shunt active filters have been proposed in the literature for more than 30 years. Among all
these proposals, those derived from the instantaneous power theory [23–25], dq reference
frame [26–28], conservative power theory [7], and the active and non-active currents [29–31]
are widely applied.

The instantaneous power theory, or p-q theory, was emerged at the beginning of the 1980s,
with the main purpose to provide new power definitions in time domain for three-phase three-
wire circuits and, in sequence for three-phase four-wire circuits. Based on the αβ0 system
coordinates, the p-q theory has the advantage of instantaneously separating the homopolar
(zero-sequence) from the nonhomopolar (positive- and negative-sequence) components [31].
This issue allowed new proposals on control algorithms to three-phase four-wire active filters.
An enhanced version of the p-q theory, known as the p-q-r theory, was conceived based on a
different coordinate translation, where voltages and currents are translated from αβ0 to p-q-r
system coordinates [32, 33]. Another approach is the use of Park transformation with a syn-
chronizing circuit (d-q coordinate system) to conceive control algorithms based on the dq
reference frame. A comparison involving all of these algorithms for active power filters was
introduced in [33].

A different methodology from the aforementioned corresponds to the active and non-active
currents, which does not present any kind of coordinate translation. It derives from Fryze
active current concept and presents a very simple formulation as introduced in [34]. Essen-
tially, this algorithm determines the minimum (active) current component that transports the
same energy of a generic three-phase load current. Due to its simplicity, we choose the control
algorithms based on the active and non-active currents as basis to exploit the performance of
the active filters, considering a power grid with unbalanced voltages and nonlinear loads.

Figure 4 presents a control algorithm for constant instantaneous active power concept,
whereas Figure 5 for sinusoidal grid current concept, with the grid voltages (vSa, vSb, vSc)
replaced by the control signals plla, pllb, pllc. These signals are unitary sinusoidal waveforms
synchronized with the fundamental positive-sequence component of the grid voltages

Figure 4. Control algorithm based on the Fryze active currents for constant instantaneous active power concept.
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(vSa, vSb, vSc), and they were obtained through a PLL circuit [35–38]. It is important to
highlight that when sinusoidal grid currents are required, considering unbalanced or
distorted grid voltages, a circuit capable to extract the fundamental positive-sequence com-
ponent of the grid voltages must be added to the control algorithm of the active filter,
independently of the chosen methodology.

Based on both control algorithms, one can see that the control signal pL presents different
meanings. Indeed, for constant instantaneous power concept (Figure 4), pL derives from the
active power of the grid, whereas for sinusoidal current concept (Figure 5), pL derives from the
active power involving the fundamental positive-sequence component of the load currents
only.

This issue can be better understood through the illustrated results in Figures 6 and 7.
According to the simulation results in Figure 6, for providing constant active power, the
compensated grid current still presents some harmonic components from the load current. It
is important to comment that, according to the definitions proposed by Fryze, pgrid corre-
sponds to the active power, whereas all the other components represent the non-active power.
In this case study, there is only active power due to applied control algorithm.

On the other hand, as shown in Figure 7, the compensated current is sinusoidal even with a
distorted grid voltage. Moreover, once the average component of qgrid is equal to zero, it is
possible to affirm that the compensated current is in phase with the fundamental positive-
sequence component of the grid voltage. A negative aspect of this concept is the presence of
oscillating components at pgrid and qgrid, which may compromise the performance of other
equipment and devices connected to this power grid, where the active power corresponds to
the average component of pgrid, with the remaining components representing the non-active
power.

Particularly, for minimizing the involved costs of the active filter, one can consider selective
harmonic filtering as a feasible possibility. In this case, the compensation of a few harmonic
components, especially the lower harmonic orders (third and fifth harmonics, for instance),
may result in the compensated grid current with a total harmonic distortion (THD) lower than

Figure 5. Control algorithm based on the Fryze active currents for sinusoidal grid current concept.
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Figure 7. Simulation results with the control algorithm based on the sinusoidal grid current concept.

Figure 6. Simulation results with the control algorithm based on the constant active power concept.
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5%, which is acceptable for most of power quality norms and recommendations. Other possi-
bility is to replace the compensation of a specific harmonic component by a harmonic symmet-
rical component, in case of unbalance load currents, as proposed in [39].

2.2. Control algorithms for series active filter

As depicted in Figure 8, the main control algorithms to the series active filter comprehend a
PLL circuit, an algorithm to extract the fundamental positive-sequence component of the grid
voltages, the DC-link voltage controller, and a damping algorithm. With these control algo-
rithms, the series active filter is able to provide full compensation of harmonics and unbal-
anced components; and moreover, it is also capable to improve the power grid stability
through the damping controller. In sequence, the algorithm for determining the positive-
sequence component of the grid voltages and the damping algorithm are exploited.

According to the block diagrams illustrated in Figure 9, one can see a similar methodology for
determining the control signals, vS1 + _a, vS1 + _b, vS1 + _c, when compared with the one applied
for determining the reference currents of the shunt active filter, based on the sinusoidal grid
current concept.

A preliminary result of the series active filter is illustrated in Figure 10. With the introduced
control algorithms shown in Figure 8, the amplitude of the compensated grid voltage is
slightly decreased. It occurs due to the amount of energy necessary for keeping the DC-link
voltage regulated, which is directly related to the power losses of the VSI and the small passive
filters as well.

As alternative to mitigate this problem, one can consider the addition of an algorithm to obtain
a controlled voltage in quadrature with the control signals vS1+_a, vS1+_b, vS1+_c. It is important
to comment that these added voltages do not produce active power with the grid currents,
and, consequently, they do not interfere on the flow of energy between the active filter with the
power grid. A block diagram of this algorithm is shown in Figure 11, where the amplitude

Figure 8. Block diagrams of the control algorithms to the series active filter, with damping controller and DC-link voltage
controller.
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reference of the load voltages is compared with their aggregated value, being the amplitude of
the controlled voltages determined by this algorithm. Furthermore, the control signals pllaq,
pllbq, pllcq are determined through the PLL circuit, which are unitary sinusoidal waveforms
leading the control signals plla, pllb, pllc by 90�.

Figure 10. Preliminary results of the series active filter (a) with the control algorithms introduced in Figure 8 and (b)
adding an algorithm for compensating the drop voltage derived from the DC-link voltage controller.

Figure 11. Block diagrams of the algorithm for determining controlled voltages in quadrature with the fundamental
positive-sequence component of the grid voltages.

Figure 9. Block diagrams of the algorithm to determine the fundamental positive-sequence component of the grid
voltage.
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In case of adding tuned passive filters together with the series active filter, some constraints
must be taken into account. In this topology, the passive filters provide a low impedance path
to some of the harmonic components of the load currents, improving the performance of the
series active filter. On the other hand, instability problems due to resonance phenomena
involving the passive filters with the grid impedance may occur. An alternative to overcome
this problem is to add the damping algorithm [29]. Through this algorithm, the series active
filter produces a controlled voltage that behaves as a resistance to the harmonic currents that
should be drawn by the passive filters.

Based on the block diagrams illustrated in Figure 12, the damping voltages (vSha, vShb, vShc)
results from the direct product involving the non-active components of the grid currents (iSha,
iShb, iShc) with the controlled signal Rh that can be understood as a controlled resistance to the
non-active currents. Nevertheless, note that Rh must be designed for providing a controlled
resistance to the non-active currents only. Otherwise it may compromise the flow of the active
component of the grid current.

In sequence, we provide simulation results from a test case of the series active filter combined
with shunt passive filters, as shown in Figure 13. The nonlinear load corresponds to the six-pulse
thyristor bridge rectifier and the passive filters comprehend two selective passive filters at fifth
and seventh harmonics, plus a passive filter for high-order harmonics. In this test case, while the
active filter was turned OFF, there was a resonance among the passive filters with the grid
impedance with some undesirable effects as, for example, distorted grid voltages (Figure 13a).
When the active was turned ON, the resonance was damped in a time period lower than one
cycle period (Figure 13b), with the active filter providing a controlled resistance to the non-active
components of the grid current and, as a consequence, the active and passive filters presented a
better performance as illustrated in Figure 13c and d, respectively. In this test case, at steady
state, the THD of the grid currents decreased from 35% to less than 5%, which is acceptable by
most of recommendations and norms related to power quality indexes.

2.3. Control algorithms for unified power quality conditioner

Essentially, the UPQC control algorithms combine those from the series and the shunt active
filters with simplifications. Indeed, as illustrated in Figure 14, the UPQC control algorithms

Figure 12. Block diagrams of the damping algorithm.
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comprehend the control algorithms of the shunt active filter, with a PLL circuit and the
damping algorithm. The reference voltages are determined from a combination involving the
grid voltages and the output signals of the damping algorithm and the PLL circuit.

Note that the algorithm to determine the fundamental positive sequence of the grid voltages
was removed, with their outputs replaced by the PLL output signals. Indeed, if the measured
system voltage is normalized such that an unity amplitude represents its nominal value, this
normalized voltage signal can be directly compared with the PLL output to achieve the
compensating voltage references. In this case, the difference between the PLL outputs and the

Figure 13. Simulation results of the series active filter combined with shunt passive filters; (a) load voltages with the
active filter turned OFF, (b) grid and load currents at the transient when the active filter is turned ON, (c) load voltages
with the active filter turned on under steady state, and (d) grid currents with the active filter turned on under steady state.

Figure 14. Block diagrams of the unified power quality conditioner.
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normalized voltages includes also sags or swells, as well as imbalances and distortions, which
may be affecting the grid voltages.

Basically, to cover the power losses of the UPQC converters and the compensation of voltage
sag or voltage swell, the shunt active filter produces a controlled current to keep the DC-link
voltage regulated, with the amplitude of the grid currents being dynamically modified
according to the UPQC power losses and the short duration voltage variations (SDVVs)
compensated the series active filter as well.

Simulation results exploiting the UPQC compensation capabilities are shown in Figures 15
and 16. The nonlinear load corresponds to the 12-pulse thyristor bridge rectifier, and an
unbalanced load was connected and removed from the power grid. One can see the capability
of the shunt active filter compensating the harmonic and unbalance components of the load
currents, with the compensated grid currents with low harmonic distortion (THD lower than
3%) and balanced. There is a dynamics at the amplitude of the grid currents due to the low-
pass filter and the DC-link voltage controller as well. Based on the acquired results, it has taken
more than 100 ms to the grid currents to reach their novel steady-state condition when a
transient at the load current has occurred.

Figure 15. Simulation results of the UPQC shunt converter: (a) distorted load currents at the time transient when the
unbalanced load was connected; (b) compensated grid currents at the transient when the unbalance load was connected;
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Figure 16 illustrates the performance of series active filter compensating harmonic and unbal-
anced components at the grid voltage and a voltage sag occurrence. It can be noted a faster
dynamic response of the series active filter, in comparison with the shunt active filter, once the
series active filter is not affected by the DC-link voltage dynamics, enabling a quasi-
instantaneous capability for transient compensation as shown in Figure 16b and d. In this
section, we could verify the capability of the active filters for compensating most of the power
quality problems. Nevertheless, there is another feature of them considered to be as interface
for renewable energy sources, particularly, to the photovoltaic panels and wind systems as
extremely diffused in the literature. This issue is exploited in the next section.

3. Integrating active power filters with renewable energy sources

Researches on high-performance power electronic converters combined with renewable
energy sources (RENs) capable to extract more energy at a lower cost leads this technology to
become technically and economically feasible to meet all the global energy needs.
Encompassed by this course of events, there is a novel tendency for replacing the conventional
centralized generation systems, with long transmission lines, to the distributed generation
(DG) systems. In this novel concept on DG systems, renewable energy sources and storage

Figure 16. Simulation results of the UPQC series converter: (a) distorted grid voltages at the time transient when they
become unbalanced; (b) compensated load voltages at the transient when the distorted grid voltages become unbalanced;
(c) distorted and unbalanced grid voltages at the transient when a voltage sag occurs; (d) compensated load voltages at
the transient when a voltage sag occurs.
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systems are combined with the existent conventional sources to supply stand-alone or grid-
connected loads. Moreover, it provides a better way of using onsite energy resources, mini-
mizing transmission and distribution costs, which is crucial to reduce obstacles for rural or
remote areas electrification and to encourage sustainable business development.

In this scenario, which comprehends the real modern power grids, active filters play a key role
as an interface for connecting the REN to the power grid. For example, consider the shunt
active filter illustrated in Figure 1 with photovoltaic panels and a DC-DC converter connected
at the DC-link voltage, as indicated in Figure 17, and the shunt active filter presents an
additional feature of controlling the produced energy of the photovoltaic panels to the power
grid. Usually, there is a boost converter between the photovoltaic panels and the DC-link
voltage (vDC), once the terminal voltage on these panels is much lower than vDC.

For extracting the maximum energy of these panels, the maximum power point tracking
(MPPT) algorithm controls the duty cycle of the boost converter. Through the combined
operation between the MPPT algorithm and the DC-link voltage controller, it is possible to
control the exchange of energy from the PV to the power grid [40]. Consider the output signal
of the DC-link voltage controller, labeled in Figure 4 as Ploss, to understand this dynamics. In
this scenario, once the produced current by the PVarrays exceeds the active power losses of the
converters, Ploss becomes naturally negative. In this power balance, the duty cycle control of
the MPPT algorithm increases while the derivative of the PV active power is positive, with the
control signal Ploss becomes more negative to keep the DC-link voltage regulated at its rated
value. This interactive loop stops when the derivative of the PV active power is equal to zero,
which means that the optimal set point (MPPT) was reached. To avoid loss of controllability, it
is recommended to include an enable condition to update the duty cycle output of the MPPT

Figure 17. Shunt active filter as an interface for connecting photovoltaic panels to the power grid.
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algorithm only when Ploss reaches its steady-state condition. Another alternative is to consider
the DC-link voltage controller with a faster dynamics in comparison to the MPPT algorithm.

Another possibility is integrating active filters with Doubly-Fed Induction Generator (DFIG)
wind turbine as illustrated in Figure 18, with one converter connected to the DFIG (RSC—rotor
side converter) and the other one presents shunt connection to the power grid (GSC—grid side
converter). It is notorious that RSC controls the flow of energy from DFIG to the DC-link,
whereas GSC transfers the stored energy on DC-link to the power grid.

In this configuration, the MPPT algorithm is included on RSC control algorithms. Its input is
the mechanical speed (ωdfig) with the corresponding produced active power as the output.
Moreover, the objective of RSC is to control the reactive power in the stator and the total active
power of the DFIG (rotor and stator active powers), controlling the energy flow between the
generator and the DC-link voltage. On the other hand, GSC produces controlled currents in
counter phase with the grid voltages due to the DC-link voltage controller.

Backing to the MPPT algorithm, a possible algorithm corresponds in incrementing the refer-
ence current component related to the rotor active power (i*r_dfig) while the derivative of the
active power of the generator is positive. In the literature, there are several proposals of MPPT
algorithms for wind energy systems as described in [41].

Nevertheless, there are some bottlenecks for connecting RENs to the power grid. One of them
is their intermittent behavior, resulting in voltage- and frequency-deviations, which means an
oscillating energy flow. This feature is usual in weak systems, where low inertia dispatchable
power source and highly variable RENs are expected. This problem can be mitigated, under

Figure 18. Simplified scheme of back-to-back converters with doubly fed induction generator (DFIG) wind turbine.
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side converter) and the other one presents shunt connection to the power grid (GSC—grid side
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In this configuration, the MPPT algorithm is included on RSC control algorithms. Its input is
the mechanical speed (ωdfig) with the corresponding produced active power as the output.
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generator and the DC-link voltage. On the other hand, GSC produces controlled currents in
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ence current component related to the rotor active power (i*r_dfig) while the derivative of the
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algorithms for wind energy systems as described in [41].
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certain limits, through the shunt active filters with an energy storage element, capable to
confine the oscillating energy between the active filter and the load [31].

Other issue is the load power sharing between different power converters in a decentralized
microgrid. An alternative to overcome this problem is extending the droop controller concept
to the shunt active filters connected in the same power grid. In this case, the active filters
modify their output impedance through the virtual impedance method [42]. Basically, once
these active filters share the same grid voltage, they are conditioned to produce controlled
currents such that their output impedance is modified according to the capabilities of sharing
the active- and reactive powers of the load. This issue is one of the most exploited ones by
researchers to make the implementation of decentralized microgrids reliable.

4. Conclusions

Through this chapter, one can see the active filters capability for improving the power quality
indexes due to their capability of producing, in almost real-time, controlled currents and
voltages as verified through simulation results of the shunt active filter, series active filter,
and the unified power quality conditioner compensating different power quality problems.
Moreover, they play a key role integrating RENs to the power grid in a new concept of
distributed generation (DG) systems, conditioning them to produce their maximum available
energy through MPPT algorithms. Finally, the new concepts of virtual impedance algorithms
allow connecting several active powers in the same power grid running autonomously in
decentralized microgrids, in a similar way as the generation systems sharing the load power.
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