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Abstract  

Electric loads, such as computers, lamps, refrigerators and heaters connected to low-voltage distribution 

systems in homes and offices differ widely in how their current responds to changes in the applied voltage. 

These voltage changes could be a total collapse of the voltage, a weak or strong reduction of amplitude, 

or a sudden phase-shift.  

This thesis investigates the currents into some modern power-electronic interfaced loads, at sub-cycle 

timescales, in response to sudden changes of AC voltage magnitude.  One reason for this interest was an 

earlier project about fault-location methods in which the necessary level of modeling of loads was 

questioned [1].  A related issue that is also investigated is the response of such loads when Wye-connected 

in a three-phase system with a high-impedance neutral such as a broken conductor.  

Several related matters have been studied a lot in other work. For example, active and reactive power 

consumptions of loads can change in response to the variation of voltage magnitude and frequency. 

Studies of power system oscillations, and angle and voltage stability, typically make use of such models. 

At distribution level, the relation of power consumption of loads to the feeder voltage has been included 

in studies of Conservation Voltage Reduction (CVR).  In these examples, the variation of voltage is typically 

small, and the result is a value that summarizes an entire cycle (active or reactive power) without giving 

information about the current’s faster changes.  Studies of voltage dip tolerance have instead worked 

with larger changes of voltage, and short and variable durations, but without the resulting current being 

the interest. 

This thesis starts with a literature survey about different types of modern loads with different 

characteristics, especially electronic loads which have become a far greater proportion of the total 

distribution-system load over the past several decades. It is known that the number of the electronic 

devices has increased significantly due to the boom in the consumer electronic market.  The most common 

examples of these loads include: computers, monitors, TVs and DVD players. Based on a survey of load 

behaviors and models, the current response of these loads to the voltage dips or recoveries are modeled 

by circuit simulation.  Measurements of the currents into some computer equipment were performed 

with voltage dips and recoveries, and compared to the results from models. The voltage amplitude drops 

to 25%, 50% or 75% of its original value, and recovers afterwards. The current response is studied, focusing 

mainly during a short time period up to a few AC cycles.  A similar mixture of simulation and measurement 

is then used to study the situation of the potential that arises at the neutral point of a three-phase 

connected electronic load when the neutral conductor has a high resistance. 

  



Sammanfattning  

Elektriska laster i hem och kontor, såsom datorer, lampor, kylskåp och värmare, anslutna till  

lågspänningsdistributionsnätet, varierar kraftigt i hur deras strömmar reagerar till förändringar i 

spänningen, vilka kan exempelvis vara en svag eller stark minskning av spänningsamplituden eller en 

plötslig fasförskjutning.  

Denna avhandling undersöker strömmarna i vissa moderna slags laster, vilka har effektelektronisk 

gränsnitt mellan nätet och effektförbrukningen.  Strömmarna betraktas även på tidsskalor mindre än en 

period av nätfrekvensen. En anledning till intresset var ett tidigare projekt om fellokaliseringsmetoder 

som ifrågasatte den nödvändiga nivån av lastmodellering [1]. En relaterad fråga som också utreds är 

beteendet av sådana laster när de är Y-anslutna i ett tre-fas system med hög impedans i nolledaren. 

 

Flera aspekter av lastmodellering har studerats i tidigare arbete. Aktiv och reaktiv strömförbrukning av 

laster som konsekvens av spänningsamplitud och frekvensen har studerats för modellering av elsystemets 

svängningar samt vinkel- och spänningsstabilitet.  I distributionsnätet har förhållandet mellan lasters 

strömförbrukning spänningsamplituden inkluderats i studier av ”CVR” (conservation voltage reduction). I 

dessa exempel är variationen av spänningen vanligtvis små och resultatet är ett värde som sammanfattar 

en hel cykel (aktiv eller reaktiv effekt) utan att ge information om snabbare förändringar. Studier av 

tolerans av laster till spänningssjunkningar har istället arbetat med större ändringar av spänning och kort 

och variabel varaktigheter, men utan att ta intresse på den resulterande strömmen. 

 

Avhandlingen inleds med en litteraturstudie om olika typer av moderna laster med olika egenskaper, 

särskilt elektroniska laster som har blivit en mycket större andel av distributionnätets belastning under de 

senaste decennierna. Antalet elektroniska enheter har ökat betydligt: vanliga exempel av sådana laster är 

datorer, bildskärmar, TV och DVD-spelare. Baserat på litteratur om sådana laster och deras modeller, har 

responsen av dessa laster till spänningssjunkningar eller återställningar modelleras genom 

kretssimuleringar. Mätningar har också utförts, av strömmarna i några  datorutrustningar, vid spänningar 

som sjunker med 25%, 50% eller 75% av det ursprungliga värdet och återställs efteråt.  Dessa mätningar 

jämförs med resultaten från modellerna. Tidsramen av intresse är från millisekunder upp till några 

perioder av nätfrekvensen. En liknande kombination av simulering och mätning har också använts för att 

studera situationen där faror kan uppstå vid bruten nolledare i ett trefassystem.   
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Chapter 1 Introduction 

This chapter gives general introduction of modern loads in a home or office environment. The background 

and purpose of this thesis are presented, and the structure is outlined. 

 

1.1 Background 

The composition of loads has been changing continuously for long time. According to the development 

and trends of the electric power consumptions today, it is obvious that DC is more and more used in end-

user equipment. During the past decades, many types of power electronic supplies have started to be 

used in everyone’s house. For example, personal computers, televisions, monitors, light-emitting diode 

lamps (LED) and some other electronic loads are normally fed low voltage power by a single-phase diode 

rectifier converting AC voltage to DC and a DC regulator connected. In some cases, electronic loads are 

equipped with a power factor correction (PFC) circuit to reduce the impact of non-sinusoidal currents in 

the grid.  

The topologies and operating voltage ranges of these electric loads connected to low-voltage distribution 

systems in homes and offices are different, which result in a wide variety of ways in their response to 

changes in the applied voltage. Such kind of voltage changes could be a total interruption of the voltage, 

a weakly or strongly reduced amplitude or a sudden phase-shift [2]. The operating voltage ranges may 

affect the load behavior a lot, especially for sensitive loads, e.g. PCs may reset in the case of a sufficiently 

large and long-lasting reduction of voltage.  

One of the aims of this thesis is to simulate the behavior of different loads’ currents to sudden voltage 

changes, including timescales less than the AC cycle.  The interest in this subject arose from earlier studies 

at KTH of the influence of loads on fault-location systems; for this, the sub-cycle and several-cycle 

behaviors of load currents in response even to deep voltage dips are of interest.   

From various reference sources, models of some common used loads, such as different types of desktop 

computers and monitors, have been found, and implemented for simulation.  Measurements have also 

been performed on some IT equipment in the laboratory, in order to compare measured and simulated 

currents during sharp voltage dips and recoveries.   

Many previous works have studied related questions, but not with this focus on currents at sub-cycle 

timescale and on severe changes in voltage. For example, active and reactive power consumptions of 

loads change in response to the variation of voltage magnitude and frequency, and this is extensively 

studied for system modeling purposes, considering only moderate changes [3]. Another example is some 

interest of how the energy consumption of load reduces by controlling the feeder voltage on a distribution 

circuit, which has been of interest within the technology of Conservation Voltage Reduction (CVR) [4].  

Here again the range of voltage is moderate, only of the order of some percent or ten percent, and the 

power (a per-cycle average) instead of the current is studied.  

Having developed simulation models and verified them with measurements, a separate subject studied 

in this thesis is the situation where multiple power-electronic loads in a polyphase system interact with 

each other because of a non-stiff neutral point.  The practical case studied by a simple setup in the 
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laboratory is a “lost neutral” in a three-phase system.  This situation can be damaging to loads that are 

connected line-neutral, and to people who may suffer serious electric shocks if touching conductive parts 

connected to a combined neutral / protective-earth conductor that has lost its connection to the system’s 

neutral.   There are two reasons to believe that the replacement of mainly linear resistive loads with 

modern power electronic loads, such as PC, monitors and TVs can make this situation worse. One is that 

third-order harmonics are produced by common, small power electronic loads,  and these lead to 

significant currents in neutral even in a three-phase system with balanced loads; it is well known that the 

harmonic current flow into the neutral may cause the neutral current to exceed the phase current in 

extreme cases.  The other reason is that power electronic loads such as computer and audio/video 

equipment often operate over a wide range of input voltage, such as 90 V to 250 V, leading to the 

possibility of nearly constant-power behavior down to below 50% of the normal voltage in a 230 V system; 

this makes the connected loads exacerbate any shift of the neutral potential away from the mean of the 

line potentials in contrast to the stabilizing effect of a constant-impedance load. 

 

1.2 Objectives 

In the research, the objective of this project is mainly to study the transient current response of different 

modern loads to sudden voltage step. In order to complete the objective, the following key objectives of 

the project are: 

1) To summarize the common kinds of load based on their load response and other characteristics. 

2) To study and compare models of these loads that can be used for simulating their response in the 

further parts of this study. 

3) To simulate the steady-state load response of current with suitable models.   

4) To simulate the transient load response of current with suitable models to sudden voltage steps.   

5) To carry out measurements on some selected modern loads, regarding the response to sudden 

voltage steps. 

6) To study the ‘lost neutral’ problem by simulation and measurement.  

 

1.3 Methodology 

The project methodology in the master thesis is mainly based on literature and simulation, with some 

verification by measurements.  The literature study has been by reviews of published papers found in 

databases like IEEE and Inspec and papers, standards and some other information found on the Internet. 

The simulations work is have been implemented and run in using a mixture of Pspice and Matlab-Simulink. 

The data measurement devices and methods are designed and performed by the author of this thesis. 

 

1.4 Outline 

This thesis is divided into six chapters and some additional contents, figures and tables are provided in 

the Appendixes.  The outline of the report is shown as follows. Chapter 1 gives an introduction of all the 

work.  
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Chapter 2 describes some basic principles and definitions for load classification and modelling. Based on 

the load modelling reviews, different kinds of loads are classified and modelled in different ways, which 

includes constant resistive or power loads, along with harmonic-based considerations for loads. The load 

models made in this chapter are of interest for the further simulation and measurement work and 

problem to be solved in this thesis. 

Chapter 3 gives an overview of configurations of electronic dc power supply loads with some components 

introduced in detail. The power factor correction (PFC) topologies are analyzed, both for  passive PFC and 

active PFC. Since different PFC topologies have different impacts on the power efficiency, harmonic 

emissions and the shape of output current and voltage, different designs of electronic dc power supply 

loads are simulated in PSPICE in this chapter. Three PFC topologies and two kinds of loads, constant power 

load and resistive load, are included in the simulation work. The simulation is conducted in steady-state 

and the load responses are compared and analyzed so as to compare these different designs. 

Chapter 4 presents simulations of some different ranges of voltage dips based on the cases in Chapter 3. 

Such kind of sudden voltage change can be a complete or an 80% or 40% reduction. According to the 

simulation, the load responses are compared and analyzed in detail so as to see how they depend on the 

types of load, range of voltage dips and configurations of power supply loads.   

Chapter 5 consists of the measurement and simulation results of some selected electric appliances with 

power-electronic input, when various voltage dips and recoveries happen. 

Chapter 6 studies the lost-neutral problem in a three-phase system. When different electronic loads 

installed in phases, the load current response and the current flow through the neutral are studied. Some 

electric appliances such as computers, heaters and monitors are used in the measurement work. 

Simulations of the same situations are made, and the results from simulation and measurement are 

compared. 

Chapter 7 presents the conclusion drawn from the thesis and suggestions for future work. 
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Chapter 2  Classification and modelling of loads 

Chapter 2 is a general introduction about the characteristics and modelling of different kinds of loads. In 

this chapter, some basic kinds of loads which is used in the thesis are described and defined. 

 

2.1 Historical development 

Power system load modelling has been a mature area to be studied as the other area both in theory and 

industry at the present [5]. However, during the recent past years, it is becoming an important and 

complex topic again since the increasing appearance of many new types of loads like modern electrical 

and electronic loads. New types of consumer load have appeared in order to provide higher efficiency and 

controllability, or because of widespread use of new types of equipment for computers and audio-video 

equipment.  So a higher standard for load modeling study is required at present. For example some types 

of load are lightning equipment: compact fluorescent lights (CFL) and high-intensity discharge lights (HID), 

heat pumps, air conditioners, freezers and power electronic devices: chargers, TVs, computers and 

monitors. 

In the area of lightning industry, the invention of incandescent bulbs in 1870s marks the biggest lighting 

step in history since the discovery of fire [6]. After that, the types of lighting bulbs and technology lighting 

products have increased and developed continuously. Lighting occupies around 15% of the electricity 

consumption in residential houses and 30% in commercial buildings [7]. Fluorescent lamps were put into 

the market during the 1930s, and have been increasingly used. Until now, fluorescent lighting products 

have become the most commonly used alternative to incandescent bulbs, which have a better efficiency 

of making use of energy. In the 1990s, compact fluorescent light bulbs (CFL) were invented, and the desire 

for energy saving has made this become an important component in the lighting market.  

During the decades of use of fluorescent and other discharge lamps, the lighting industry has experienced 

a big revolution in ballast technology. Electronic ballasts are now more popular than the simpler magnetic 

ballasts; they have a better controllability and color consistency [8]. At the present, new types of lighting 

loads such as induction bulbs and particularly light-emitting diode (LED) lights are displacing incandescent 

and fluorescent lamps due to their excellent efficiency and lighting performance and their lack of mercury. 

 

Other power-electronic loads are displacing traditional resistances and direct-connected motors in other 

areas such as heating and air-conditioning, where heat-pumps with electronic control are now popular.   

Traditional cathode-ray-tube televisions have been mainly replaced by flat screens, and the growth in the 

past two decades of home computer use has resulted in many power-electronic loads for computers, 

monitors, laptops and pads.  

 

2.2 Modern load types  

2.2.1 Resistive loads 

Resistive loads can consume electric energy to heat. The resistive loads can be divided into two groups. 

The loads intended to emit thermal energy are denoted as heaters and the loads intended to emit light 
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are denoted as lighting. The heaters are the loads where the thermal energy of the resistor is used for 

purposes like heating and cooking, such as kettles, stove and coffee machine. The lighting loads are 

incandescent lamps, including tungsten halogen lamps. 

The electric characteristic of a linear resistive load is given by Ohm’s law: 

𝑈 = 𝑅𝐼 

where 𝑈 is the voltage, 𝐼 is the current and 𝑅 is the resistance. When the resistive load operates at high 

temperature, its change in temperature with changes in applied voltage can have significant effect upon 

the resistance, depending on several factors including the temperature coefficient of resistivity of the  

material used.  In such cases the resistive load is not linear, although it may be substantially linear within 

each AC cycle if its thermal capacity prevents significant changes of temperature within this timescale.  

For the heaters, which can produce the heat energy are used in many applications. Based on some 

references [9] and [10], a lot of work has been done for the heaters. Some heaters like coffee maker, 

curling brush and stove are tested and measured in steady state and the results show that all heaters have 

a constant resistance behavior. 

One of the common electric devices used for lighting is the classic incandescent lamp. Based the results 

of some references [9] and [10], the steady-state measurements for the lighting loads show that they do 

not act as a constant resistance load. The lighting loads have a temperature-dependent resistance which 

increases when the current increases. 

In this thesis, the conclusion of the analysis for resistive load can be drawn from a load model of constant 

resistive if it is a heater.  

 

 

2.2.2 Rotating Loads 

Rotating loads are the loads which work by rotating electric machines, i.e. motors. Different electric 

motor-driven appliances and equipment both in residential and commercial sectors use different motor 

types and technologies. Some common used types are single or three phase alternating current induction 

motors, and permanent magnet AC motors.  These, like other types such as dc motors, may instead be 

connected through an electronic controller such as an `inverter drive’, in which case the power-electronic 

interface is what is seen by the grid.  In the following, direct grid-connected motors are considered.  

For the AC induction motors, the principle of electromagnetic induction is used and the stator and rotor 

are the two main components. When a single-phase motor is electrified, there existing a magnetic field 

which rotates at a speed which is dependent on the frequency of input voltage and the number of 

magnetic poles. This magnetic field in the stator interacts with the rotor and introduces a current in the 

rotor, which then produces a magnetic field. The interaction of the fields leads to a motor torque. 

 A single-phase induction motor can be classified according to the way of producing rotating magnetic 

field, such as shaded-pole motor, capacitor start induction run, capacitor start capacitor run and 

resistance start induction run. These kinds of motors do not have many complex structures: their basic 

diagrams are shown below. The resistive start induction run (RSIR) motors are applied in electric 

appliances requiring low starting torque, such as refrigerators and freezers [11]. In a capacitive start 
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induction run motor (CSIR), the auxiliary winding is in series with a capacitor and a switch. When the motor 

is started, a phase shift is created due to the connected capacitor, and the rotor rotates. Once the rotor 

reached the expected speed, the auxiliary winding and capacitor are disconnected. The capacitive start 

capacitive run motor is more expensive than the other motors but with a much higher efficiency. There is 

an additional run capacitor in parallel compared with CSIR motors. 

 

 

Main Winding

M
Resistor

Auxiliary 
Winding

AC-Single Phase 
Supply

Main Winding

M
Auxiliary 
Winding

AC-Single Phase 
Supply

Start Capacitor  
(a) Resistive Start Induction Run motor Schematic                                (b) Capacitive Start Induction Run motor Schematic 

 

Main Winding

M
Auxiliary 
Winding

AC-Single Phase 
Supply

Start Capacitor

Run Capacitor  

(c) Capacitive Start capacitive Run motor Schematic 

Figure 2. 1 Equivalent circuit diagram for single phase induction motors 

 

The universal motor is another commonly used type of motor due to its wide speed range. It is also knowns 

as a commutated series-wound motor. Both AC and DC input are applicable for universal motors but AC 
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is more widely used because of this being the usual commercial power supply. One disadvantage of 

universal motor is the limited life span of brush and commutator. 

Central air conditioners and heat pumps normally contain three motors which are compressor, outdoor 

fan and indoor blower. In Europe, the three-phase power supply is commonly used and power-electronic 

control is normal for compressor and outdoor fan. In North America, both the compressor and outdoor 

fan use permanent split capacitor motors (PSC) in a wide range [11]. As for the refrigerators and freezers, 

three motors are included as well. For example, refrigeration equipment has a compressor, an evaporator 

fan and a condenser fan.  The RSCR and RSIR type motors are used for the compressors. A dishwasher, 

which is one of the most commonly used electric appliance in modern life, pumps water to spray the 

contents when operating, and to drain the wastewater. The pump motors are shaded pole or PSC type. 

Another example is the clothes dryers which normally use induction PSC type motors as well [11]. 

 

2.2.3 Electronic loads 

Electronic loads are the most common devices which can be found everywhere: PC equipment, battery 

chargers, televisions and modern lighting. They are all in our homes and offices and the modern life would 

not be the same without them. Normally, such kind of loads have internal voltages with specific 

amplitudes and frequencies instead of those of the supplying grid. As a result, there is an electronic 

converter for converting the grid voltage to a suitable voltage for the load. 

Due to the large amount of power electronic devices which is in use, this load category is responsible for 
a significant percentage of the electricity consumption all around the world. For example, Figure 2. 2 
shows how in the UK, the consumption by consumer electronics loads has grown strongly since the 1980’s. 
Besides, the demand for computing power also kept increasing which is visible in all load sectors. Even 
though the total amount of electricity consumption has reduced during the recent several years, the 
consumption of power electronic loads is still increasing.  The change from incandescent and inductive-
ballast fluorescent lamps to LED or electronic-ballast fluorescents has reduced the traditional load and 
increased the power electronic load.  Changes from resistance heating and simple heat pumps to inverter-
controlled heat pumps and induction-cooking also increase the proportion of loads with power-electronic 
inputs.  
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Figure 2. 2 Electrical energy consumption of the power electronics load category [12] 

 

In order to convert the supplying AC voltage to a suitable voltage for electronic loads, the supplying 

voltage is typically rectified and then converted to a desired voltage waveform. For the old electronic 

loads, a low-frequency (power frequency) transformer is used to step down the voltage and then a diode 

bridge rectifies the AC to DC voltage. Modern loads with power electronic inputs are switched-mode 

power supplies (SMPS) [7]. They are compact, capable of high efficiency, and very controllable. . The SMPS 

first rectifies the voltage and then regulates the voltage to the level needed by the electronics, with a DC-

DC converter. Isolation is often included, by using a high-frequency transformer. The input rectifier may 

cause a lot of harmonics towards the systems and draw a lot of harmonic power. The “power factor 

correction” topologies (PFC) can be used to reduce the amount of low frequency current harmonics, with 

some increase in complexity.  The SMPSs for   100-240 V and 50-60 Hz, Electronic loads can be divided 

into two groups with respect to their main function: power supply or lighting appliance. 

Electronic power supplies can be found in various types of loads, such as computer power supplies, 

monitors and battery chargers. For personal computers, power ranging from 300 to 500 W is required 

[13]. Several previous references present models for electronic power supplies models, [9] and [10]. There 

has been some work done on the representation of electronic loads: references [9] and [10] show that 

electronic loads like computer power supply should be represented as constant power loads. Power factor 

correction (PFC) can be used in the computer power supply unit (PSU), to reduce the harmonic content 

and phase-shift of the load current compared to a simple rectifier and capacitor. PFC uses a circuit to 

correct power factor, potentially giving a power factor of over 95%. However, since Active PFC is the more 

complex method of Power Factor Correction, it is more expensive to produce. The most common type of 

PFC is Passive PFC, which uses an extra inductance at the AC input to correct poor power factor. 

Power electronic supplies are more and more used in lighting appliances, as mentioned above. Compact 
fluorescent lamps (CFLs) have a simple electronic control compared to the electronic HF ballast that can 
be used larger fluorescent lamps to keep the light output at a constant level over a range of voltage input. 
In reference [9], eight CFLs were tested, and the steady-state measurements show that they behave as 
constant current loads and the operating range differs between the lamps. 
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2.3 Load modelling 

A load can be regarded as a single device or as an aggregation of one load type connected to the power 

system. A load model is one kind of analytical or mathematical representation of the relationship between 

the bus voltage (magnitude and frequency) and the active/reactive power or current flowing into the load. 

The load model can be the equations of themselves or the equations with specific parameters.  

The work of load modelling and characterization has been conducted for a long time period. In 1973, a 

study has been done which concerns about the representation of distributed loads of mixed composition. 

Four characteristic parameters were considered based on the variations of active/reactive load demand 

to changes in applied voltage and frequency [14]. In 1993, the IEEE Task Force published a paper titled 

“Load Presentation for Dynamic Performance Analysis”, which summarized the state of art of current load 

modelling. Basic load modellings for different conditions for dynamic performance analysis are introduced 

[15]. After that, a lot of studies which focus on the different performance of load modelling have been 

done [16] [17].  Being mainly used for studies of large aggregated loads such as the total load on a bus in 

the transmission system, such models are general, not trying to model the details of specific load devices.  

Generally, the load models can be static or dynamic. The static load model can express the changes of 

active and reactive power at any time with the variation of the bus voltage magnitude and frequency. The 

dynamic load model can express the active and reactive powers at any time as functions of the voltage 

magnitude and frequency at past and present times [18].  

Several static load models are listed as follows [18]. 

Constant impedance load model – this is a static load model where the power is proportional to the square 

of the voltage magnitude; it can be called constant admittance load model as well. It can be expressed in 

the form as below: 

𝑃 = 𝑃𝑜
𝑉2

𝑉0
2, 𝑄 = 𝑄𝑜

𝑉2

𝑉0
2 

where 𝑃 and 𝑄 are the active power and reactive power of load respectively and 𝑉 is the voltage of load. 

𝑃0 and 𝑄0 are the rated active power and rated reactive power load and 𝑉0 is the rated voltage of load. 

Constant current load model – this is a static load model where the active and reactive power varies 

proportionally to the voltage magnitude. It can be expressed as 

𝑃 = 𝑃𝑜
𝑉

𝑉0
, 𝑄 = 𝑄0

𝑉

𝑉0
 

Constant power load model - this is a static load model where the power is constant and does not vary 

with the variations of voltage magnitude. Normally, the constant power devices like motors and electronic 

loads operate in a proper voltage range. Once the bus voltage is lower than the lowest operating voltage 

(typically 80% to 90%), many constant power load can be changed to constant impedance load or get 

tripped below a specified voltage value. It can be represented by 

𝑃 = 𝑃𝑜
𝑉0

𝑉0
0 , 𝑄 = 𝑄𝑜

𝑉0

𝑉0
0 
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The characteristics of the load models shown above are described in the Figure 2. 3. 

 

 

Figure 2. 3 Characteristics of three types of static load models 

 

 

2.4 Classification of loads based on the power quality 
2.4.1 Power factor 

The power factor is a physical quantity in the AC power system. It can be defined as the ratio of active 

power to the apparent power. In a linear power system, both the voltage and current are purely sinusoidal. 

As a result the power factor is only determined by the phase difference between voltage and current. 

Power factor is a value of presenting how effective the power utilization is in a power system. Since the 

power factor is the percentage of the active power in the total power, in any case, the power factor cannot 

be greater than 1. According to the power triangle, when the voltage and current are in the same phase, 

the phase angle 𝜙 = 0° and the active power equals to the apparent power. In this situation, only purely 

resistive load exists in the electric circuit and the circuit inductance and capacitance are the same. If the 

circuit is inductive, the current lags behind the voltage and the power factor is lagging. While when the 

current leads the voltage and the power factor is leading. 
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2.4.2 Non-linear loads 

However, when non-linear loads exist in the power system, the current flow waveform is distorted from 

the sine wave into other wave shapes. Some common power system non-linear loads are rectifiers, 

fluorescent lamps even with traditional inductive ballasts, and electric welders. Since the current flow in 

these systems can change suddenly due to the switching of components, high frequency harmonic 

components will be included in the current, whose frequency is an integer multiple of the power supply 

frequency. These components can be calculated by means of Fourier analysis. The input voltage will be 

assumed to be purely sinusoidal with fundamental frequency, which is  

𝑣𝑠 = √2𝑉𝑠sin𝜔1𝑡 

The harmonic components of line current can be described by the Fourier method as follows, where each 

harmonic has a particular magnitude 𝐼ℎ and phase 𝜙ℎ 

𝑖𝑠 = 𝐼𝑑𝑐 + ∑ 𝐼ℎ sin(ℎ𝜔𝑡 − 𝜙ℎ) 

The degree of the voltage and current waveform distortion can be explained by means of parameter which 

is called total harmonic distortion (THD). The total harmonic distortion of current is [19] 

𝑇𝐻𝐷𝑖 =
√∑ 𝐼ℎ,𝑟𝑚𝑠

2∞
ℎ=2

𝐼1,𝑟𝑚𝑠
 

 If the voltage is purely sinusoidal, then the components of current at harmonic frequencies do not 

produce active power, in which case the power factor can be calculated as follows [20], 

𝑃𝐹 =
𝑉𝑟𝑚𝑠𝐼1,𝑟𝑚𝑠

𝑉𝑟𝑚𝑠𝐼𝑟𝑚𝑠
𝑐𝑜𝑠𝜙1 =

𝐼1,𝑟𝑚𝑠

𝐼𝑟𝑚𝑠
𝑐𝑜𝑠𝜙1 = 𝐾𝑝𝑐𝑜𝑠𝜙1 

Here, 𝑐𝑜𝑠𝜙1 is defined as the displacement power factor (DPF), and 𝐾𝑝 is the distortion factor.  

The relationship between 𝑇𝐻𝐷i and distortion factor 𝐾𝑝 is 

𝐾𝑝 =
1

√1 + 𝑇𝐻𝐷𝑖
2

 

 

2.4.3 Harmonics 

Harmonics caused by the non-linear loads exists in the non-sinusoidal current. They are integer multiples 

of the fundamental frequency. For example, when the frequency of the AC voltage source is 50 Hz, second 

order harmonics of 100 Hz, third order harmonics of 150 Hz and fourth harmonics of 200 Hz are included.  

Loads and system components in a power system cause mainly odd-order harmonics, i.e. third, fifth, 

seventh, etc. order. There are various physical causes of harmonics. For example, the iron core devices 

produce harmonics due to the non-linear magnetic characteristic.  Significant harmonics can come from 
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power electronic loads unless designed to have reduced harmonic current.  Such loads include switch-

mode power supplies in consumer electronics, AC or DC motor drives, and lights other than simple 

incandescent ones.  

The harmonic components in the current or voltage are normally a frequent factor of power quality 

problems [21]. 

The harmonic components in the current or voltage are a frequent factor in power quality problems [21]. 

(1) Overheating in conductor: the “skin effect” happens which is mainly because of the harmonic 

current components in undersized cables  

(2) Power supplies: In the AC or DC drives with silicon controlled rectifiers (thyristors), the harmonics 

can lead to commutation failures. 

(3) Transformers: The magnetic characteristic of iron saturates and becomes non-linear when flux 

density is beyond the certain range. The stray flux losses causes overheating in the windings of 

transformers. 

(4) Telephones: Interference can occur. 

(5) Meters: Wrong data are measured in some designs. 

 

2.4.4 Standard for harmonics and load classification based on IEC 61000-3-2 

Due to the increasing amount of non-linear loads, limits on harmonic currents in load equipment have 

been introduced so as to reduce the risk of problems caused by harmonics.  

IEEE 519-1981, which is titled “IEEE Guide for Harmonic Control and Reactive Compensation of Static 

Power Converters” shows the levels of voltage distortion for non-linear loads in distribution systems [22]. 

The revision IEEE 519-1992, which is “IEEE Recommended Practices and Requirements for Harmonic 

Control in Electric Power Systems" was issued in April 12, 1992. It elaborates the guidelines of individual 

and total distortion for harmonic voltages and currents in distribution systems of North America [23] .  

IEC 61000-3-2 is an international standard which is the guidelines of harmonics emitted by electric 

equipment. According to such a standard, electric appliances can be categorized based on different levels 

of current distortion emission. This standard sets the limit for the equipment whose input current ≤ 16 A 

and voltage ≥ 220 V per phase. The electrical equipment whose input current both > 16A and ≤ 75 A 

per phase is referred to IEC/TS 61000-3-12. Based on the standard, equipment can be divided into four 

classes and the criteria applied is shown as follows [24] 

(1) The time for which equipment is typically in operation 

(2) The amount of equipment in use, of any type. 

(3) The amount of electrical equipment which is the same type in operation at the same time 

(4) The harmonic spectrum of each equipment 

The classification of electrical equipment are shown in table B-1 in Appendix B. Normally, if the electrical 

appliances are portable and used for short time, they can be classified into Class B. The lighting equipment 

is categorized as Class C. For the electric equipment which both have an input current with special wave 

shape and input power rated between 75 W and 600 W, they can be classified into Class D. The balanced 

three-phase electric equipment not included in the classed above are Class A. 
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The emission requirements in this standard are up to 49th harmonic which is shown table B-2 in Appendix 

B. The limits for Class B are 1.5 times those for Class A. 

The regulations imply that loads can be expected to behave within the specified limits for their category. 

When   a load, such as the power supply of an electronic device, is modeled, its components are 

constrained to values that fulfill the regulations’ requirements for harmonic currents. . 
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Chapter 3 Designs and model of DC power supply 

The main purpose of this thesis is to study the current responses for loads with different characteristics 

when some severe changes of voltage happen. In this chapter suitable models of various loads are chosen 

and implemented for computer simulation. 

 

3.1 Designs of electronic dc power supply loads 

The commonly used block diagram of a power supply is shown in Figure 3. 1.  Most AC loads with power-

electronic input stages have an initial step of rectification, to produce DC that may be used directly or 

switched into a further converter. Different topologies of the initial AC/DC interface have different abilities 

to control the input current waveform. Normally, the better the power can be controlled, the higher the 

costs are. In the block diagram, the diode bridge rectifier is the standard circuit used for converting AC to 

DC voltage. Since the electronic loads are quite sensitive to the variations of the DC voltage, the final 

output voltage must in many applications be strictly regulated.   A second stage, of a DC-DC switching 

converter, may be used to provide a tightly regulated output voltage.   A simple rectifier draws a highly 

non-sinusoidal (“distorted”) current from an AC voltage source. As a result, an extra circuit stage can be 

introduced for power factor correction (PFC). The higher-performance active PFC is usually performed by 

controlled high-frequency switching that makes the input current as close as possible to a sinusoidal 

waveform which is nearly in phase with the voltage, so as to increase the power efficiency. Several 

different topologies from no control to full control are presented in the project.  

 

AC Source EMI Filter PFC
Diode Bridge 

Rectifier
DC-DC 

Converter
DC Load

Feedback

 

Figure 3. 1 Block diagram of major components in a power supply 

 

3.1.1 EMI-filter 

Electromagnetic interference (EMI) is a disturbance produced by external sources, which affects the 

electrical circuit. It has two kinds of interference phenomenon which are conducted interference and 

radiation interference [7]. Conducted interference means coupling a signal to another electrical network 

through a conductive medium. Radiation interference is coupling the signal interference to another 

electrical network through space. It can be reduced by metal enclosures.  Conducted EMI can be reduced 

by EMI filters. Figure 3. 2 shows the typical topology of a simple EMI filter at the input of an SMPS in 

consumer electronic equipment, to reduce the spread of conducted EMI between the equipment and the 

AC power supply.  
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A standard electromagnetic interference (EMI) filter is a low pass filter circuit which normally consists of 

series inductor and shunt capacitor. 

AC 
Supply

Bridge 
Rectifier

 

Figure 3. 2 Typical topology of SMPS EMI filter circuit [25] 

 

3.1.2 Diode Bridge rectifier 

The typical method to convert AC supply voltage to DC voltage is using the full bridge rectifier. The single 

phase diode bridge rectifier which has four diodes is shown in Figure 3. 3. There four diodes can be divided 

into two groups. When the supply voltage is positive, the diode D1 and D4 will operate while D2 and D3 

are reverse biased. When the supply voltage is negative, the diode D2 and D3 will operate with D1 and D4 

reverse biased. As a result, the output voltage will in the same direction. 

 

AC

D1 D3

D2 D4

Load

 

Figure 3. 3 Single-phase diode bridge rectifier topology 
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One problem is that the output voltage produced by the simple bridge diode rectifier has a big ripple 

component: a smoothing DC link capacitor 𝐶𝑑𝑐 is desired to reduce the ripple component.  

The diode bridge can be generalized into a three-phase bridge which rectifies three-phase AC inputs 

shown in Figure 3. 4. A half-wave rectifier consists of three diodes and a full-wave bridge rectifier consists 

of six diodes.  

 

D3

D6

D5

D2

Load

D1

D4

AC

AC

AC

 

Figure 3. 4 Three-phase diode bridge rectifier topology 

 

3.1.3 Power Factor Correction 

Power factor is defined as the ration of real power to apparent power, which is: 

𝑃𝐹 =
Real power

Apparent power
 

where the real power means the average value of the instantaneous power consumed in a cycle and  the 

apparent power equals the RMS value of current time the RMS value of voltage . The power factor equals 

1 when both the current and voltage are sinusoidal and they are in phase. Poor power factor is mainly 

caused by two aspects. One aspect is that the current leads or lags the voltage, which can happen even 

with linear circuit elements if they are reactive. The other one is nonlinear circuit elements that cause 

distortion. 
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AC voltage source C1 Load

Current 
flow

 

Figure 3.5 Diode bridge rectifier topology 

 

The circuit diagram above consists of a diode bridge rectifier, a constant-power load and a DC link 

capacitor. The input voltage 𝑉1 = 230 Vrms. There are three different situations tested in PSPICE in this 

case. In the first situation, a DC link capacitor of 𝐶1 = 470 𝜇F is used and the load is a constant power 

load 𝑃 = 100 W. In the second situation, the DC link capacitor is 𝐶1 = 68 𝜇F and the load is a constant 

power load P = 100 W. In the third situation, the DC link capacitor 𝐶1 = 470 𝜇F is used and the load is a 

purely resistive load 𝑅 = 500 Ω.  

The input voltage, line current and output voltage are shown below. From Figure 3. 6 (a), it is clear that 

the waveform of the line current is largely the same regardless of whether the load is a constant power 

load or a purely resistive load, as the DC voltage is largely constant. The AC line current is smoother, 

distributed over a larger part of the cycle, when 𝐶1 = 68 𝜇F  comparing with when   𝐶1 = 470 𝜇F . 

According to Figure 3.6 (b), the waveforms of the output voltage are the same. The output voltage ripple 

when 𝐶1 = 68 𝜇F is larger than that when 𝐶1 = 470 𝜇F. This is because a larger output capacitor 𝐶1 can 

charge more power when the input voltage is high and then compensate to supply power to load when 

input voltage is in low amplitude during a duty cycle.  

A computer power supply will process the power from the DC bus through a high-frequency isolation 

stage and a voltage regulator and filter, so a significant voltage ripple from the DC input bus can be 

tolerated.   The input current from the AC source can be improved to be less distorted and less phase-

shifted in its fundamental component, by a PFC circuit; this is described in the next subsection. 
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(a) Line voltage and line current 

 

 

(b) Output voltage 
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(b) Output current 

Figure 3. 6 Steady-state behavior when  𝐶1 = 68 𝜇𝐹 and 𝐶1 = 470 𝜇𝐹 respectively 

 

Active PFC 

The active PFC is the most effective way to control the harmonic emissions and correct the power factor. 

Normally, an active PFC can achieve a high power factor, even up to 98%. It consists of capacitors, 

inductors and electronic devices. The Figure 3.7 shown below is a typical active PFC circuit diagram with 

a switch mode boost converter installed between the diode rectifier and the storage capacitor. The boost 

converter is controlled by a PFC IC (Integrated Circuit). In this circuit diagram, the ac line goes through the 

bridge rectifier and turns into a positive wave output. The boost-stage controlled by the PFC IC controls 

the input current taken through the inductor, to keep it close to sinusoidal and in phase with the voltage. . 
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AC

High
 Frequency 

Power Factor 
Converter

Active
 Power Factor 

Controller
Load

Diode Rectifier DC/DC Converter

Figure 3. 7  Active PFC circuit diagram with a switch mode boost converter [26] 

 

However, this  is not the only type for active PFC. There are many switching-model topologies being used 

for the active PFC. The buck, boost,  buck-boost  and cuk types of converter are applied in the various 

active PFC topologies. 

 

Passive PFC 

The harmonic emissions of loads can be reduced somewhat by additional passive components in the 

circuit, such as capacitors and inductors. One of the simplest ways is to add an inductor at the AC side of 

the diode bridge which is in series with the line voltage. Since inductors oppose the change of current, the 

current pulse will be reduced and the current is smoothed: in other words, the current pulse is spread 

over a longer part of the cycle. 

The passive PFC has the desirable feature of simplicity, but suffers from several disadvantages. Firstly, the 

bulkiness of the inductor limits its usage in a wide range. Secondly, although the passive PFC only needs a 

few components, operating at the line voltage frequency makes it large. 

 

3.2 Simulation of constant power load 𝑷 = 𝟏𝟎𝟎 𝐖 

3.2.1 Passive PFC with an inductor on the AC side 

The inductors and capacitors can be combined together with a diode rectifier bridge so as to improve the 

efficiency of the output current. One of the typical example for passive PFC is shown in Figure 3. 8. In the 

circuit diagram below, a passive PFC topology with an inductor on the AC side is installed. The load models 

a constant-power dc load with a constant power 𝑃 = 100 W. Only if the voltage fed in load is within a 

certain voltage range will the dc load operate normally. The operational voltage range is between 130 V 

and 300 V. The inductor on the AC side is 𝐿1 = 130 mH. The capacitor paralleled with the load is 𝐶1 =

470 𝜇F.  
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AC voltage source
Vrms=220V

D1

D4

D3

D2

C1=470uF

L1=130mH
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Power 
load

Current 
flow

 

Figure 3. 8 Circuit diagram of Passive PFC with AC-side inductor, constant power load installed 

 

 

3.2.2 Passive PFC topology with parallel-resonant band-stop filter 

Besides the examples above, the shape of the line current can be further improved by low-pass filters [7]. 

One the methods, which uses resonant networks to reduce the harmonics, is shown as follows. The 

example here is using a band-stop filter of parallel type which consists of an input L-C parallel resonant 

network chosen to present a high impedance to the fourth harmonic input current component.  

In the band-stop filter, the capacitor 𝐶2 = 4.7 𝜇F  and the inductor  𝐿1 = 240 mH . The capacitor in 

paralleled with load 𝐶1 = 470 𝜇F. Here is a constant load 𝑃 = 100 W and the operational voltage range 

is between 130 V and 300 V.  

 

AC voltage source
Vrms=220V

D1

D4

D3

D2

C1=470uF

Constant 
Power 
load

L1=130mH

C2=4.7uF

Current 
flow

 

Figure 3. 9 Circuit diagram of Passive PFC with parallel-resonant band-stop filter, constant power load installed 

 

 

3.2.3 active PFC topology of boost converter controlled by UCC28019 
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In the circuit diagram shown below, an active power factor correction topology is applied. It is a boost 

converter topology which operates in the Continuous Conduction Mode (CCM). The controlled used is 

UCC28019 produced by Texas Instrument [27]. The UCC28019 is a switch-model controller and it is used 

for boost converters acting as boost PFC so that they can operate within a fixed frequency.  The UCC28019 

operates as an active PFC controller with very few external components for help. The internal 5 V 

reference voltage acts for regulating output voltage over from the range between 85 V and 265 V (rms 

AC) to the range between zero and full load. The operation power range is from 100 W  to more 

than 2000 W, which is a wide range. In the boost PFC part of the circuit diagram, the inductor 𝐿1 = 43 mH 

and the capacitor  𝐶4 = 470 𝜇F . Here is a constant load 𝑃 = 100 W  with operational voltage range 

between 130 V and 300 V.  

AC voltage source
Vrms=220V

D1

D4

D3

D2

GND                                         GATE

ICOMP                                       VCC

ISENSE                                 VSENSE

VINS                                    VCOMP

Constant 
Power 
load

L1=43mH

C4=470uF

UCC28019

Current 
Flow

 

Figure 3. 10 Circuit diagram of boost Active PFC controlled by UC28019, constant power load 

 

3.3Simulation of purely resistive load 𝑹 = 𝟓𝟎𝟎 Ω 

3.3.1 Passive PFC with an inductor on the AC side 

The topology of the circuit diagram here is almost the same as the case 3.2.1. The load model is a purely 

resistive load with resistance 𝑅1 = 500 Ω.  



 

24 
 

AC voltage source
Vrms=220V

D1

D4

D3

D2

C1=470uF

L1=130mH

R1-500

 

Figure 3. 11 Circuit diagram of Passive PFC with AC-side inductor, purely resistive load installed 

 

3.3.2Passive PFC topology with parallel-resonant band-stop filter 

The topology of the circuit diagram here is almost the same as the case 3.2.2. The load model is a purely 

resistive load with resistance 𝑅1 = 500 Ω. The example here is using a band-stop filter of parallel type 

which consists of an input L-C parallel resonant network chosen to present a high impedance to the fourth 

harmonic input current component as well. 

 

AC voltage source
Vrms=220V

D1

D4

D3

D2

C1=470uF

L1=130mH

C2=4.7uF

Current 
flow

R1=500Ω

 

Figure 3. 12 Circuit diagram of Passive PFC with parallel-resonant band-stop filter, constant power load installed 

 

3.3.3Active PFC topology of boost converter controlled by UCC28019 

The topology of the circuit diagram here is the same as above. The load model is a purely resistive load 

with resistance 𝑅1 = 500 Ω.  
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AC voltage source
Vrms=220V

D1

D4

D3

D2

GND                                         GATE

ICOMP                                       VCC

ISENSE                                 VSENSE

VINS                                    VCOMP
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Flow
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Figure 3. 13 Circuit diagram of boost Active PFC controlled by UC28019, purely resistive load 

 

3.4 Results 

In this section shows the input current, load voltage and load current of all cases in section 3.3. 

 

 

(a) Input current 
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(b) Output voltage 

 

 

(c)  Output current 

Figure 3. 14 Steady-state behavior for all cases 

 

3.5 Summary 

By comparing the output results shown in section 3.4, it is clear that the input current waveform is 

smoothed when PFC topologies are installed, so that the power factor is improved from very poor to 

acceptable. The output voltage, which normally depends on the characteristics of load becomes a little 

smaller when PFC topologies installed comparing with no-PFC case. When the voltage source turns on, 

the load voltage in the cases that an inductor is on the AC side starts to increase gradually to its operating 

value instead of a rapid growth in the no-PFC case. When the parallel-resonant band-stop filter is installed, 
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the output voltage increases even slower at the beginning. Such kind of PFC topology can protect the 

electric equipment suffering from a sharp voltage increase.  Besides, the low-pass filter topology formed 

by the inductor and DC side capacitor in section 3.2.1 and 3.3.1 reduce the peak-to-peak ripple of output 

voltage. And the ripples are evenly smoothed in the other two PFC topologies. 

According to the simulation, when a constant power load is used, there exists a severe pulse for the load 

current in the no-PFC case at the time that the load voltage reaches the operating value. By both means 

of installing an AC-side inductor or paralleled-resonant band-stop filter, the pulses are significantly 

relieved but still exist and the ripples become smaller comparing with the no-PFC case as well. The 

magnitude of output current becomes smaller which is consumed by the PFC topology. In the case that a 

boost Active PFC installed, the load current pulse disappears. When the output voltage increases up to 

the operating range of the load, the output current is no longer zero and becomes a nearly constant value. 

When a resistance is used, according to Ohm’s law, the load current response is proportional to the load 

voltage response.  
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Chapter 4  Simulation of voltage dips 

In chapter 3, different loads have been modelled and the steady-state simulations have been done. Based 

on the model built in Chapter 3, in this chapter, the current responses of different load models due to 

some voltage sudden changes are simulated. The sudden voltage changes can be a voltage reduction of 

20%, 50%, 70% or 100% (total shutdown) voltage reduction. Different range of voltage dips may leads to 

different results of load response. Many factors such as types of load, range of voltage dips and 

configuration of power supply are considered here by simulation, to see how they affect the load-current 

response. 

   

4.1 Introduction 

All the simulations are conducted in PSPICE and the data are processed in Matlab as was done in Chapter 

3.  The two load models used are a constant power load 𝑃 = 100 W and a resistance 𝑅 = 500 Ω. The 

topologies of circuit simulated are the one with passive PFC with AC-side inductor, the one with passive 

PFC of parallel-resonant band-stop filter on the AC side and the one with boost Active PFC controlled by 

UC28019, which are the same as in chapter 3. The voltage source in the simulation is assumed to be 

interrupted or reduced in different ranges of 25%, 50% and 80% respectively after several milliseconds 

during AC cycles. The input voltage is shown below. 

 

Figure 4. 1 Input voltage 

 



 

30 
 

4.2 Simulation of constant power load 𝑷 = 𝟏𝟎𝟎 𝐖 

 

Figure 4. 2 Input current 
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Figure 4. 3 Output voltage 

 

 

Figure 4. 4 Output current 

 

4.3 Simulation of constant resistive load 𝑹 = 𝟓𝟎𝟎 Ω 

The circuit diagram here is the same as that in 4.1 besides the load model which is replaced by a purely 

resistive load 𝑅1 = 500 Ω.  
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Figure 4. 5 Input current 

 

Figure 4. 6 Output voltage 
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Figure 4. 7 Output current 

 

4.4 Summary 

The simulations in this chapter are divided into two groups: simulations for constant power loads and for 

purely resistive loads. The general models that can describe the behavior of load response are constructed 

in PSPICE. The circuit diagrams along with the loads are shown above. They consist of one full bridge diode 

rectifier in parallel with a PFC topology which is connected to a load.  

The simulation results for constant power load are shown in section 4.1. According to Figure 4. 5, one can 

observe that the input current for all the cases will decrease when suffering a voltage step correspondingly. 

When there is 80% voltage remaining after the voltage dip, which is still within the operating voltage range 

of the constant-power load model, the input current reduces initially and then gets bigger during the next 

two cycles. When the input voltage drops to 50% of its original value, which is close to the minimum 

operating voltage, the input current drops to even smaller value and gets larger gradually. When there is 

20% voltage remaining after the voltage dip, which gives a DC voltage far below the minimum operating 

voltage of the load, the input current drops to nearly zero. 

As can be seen from the voltage responses in section 4.2 and 4.3, when the voltage is supplied with a fast 

voltage step, the output voltages experience a decrease with a slow speed during a time period. This is 

due to the PFC topology and the capacitor paralleled on the DC side which start to discharge when current 

decrease sharply with the voltage dip. The more severely the input voltage drops, the more output voltage 

drops. Since the loads modelled in section 4.2 and 4.3 are different, the output current behaves differently. 



 

34 
 

When the load installed is a constant power load, which is shown in section 4.2, the output current 

increases gradually after a 25% or a 50% voltage drop and goes to another balance. This is because the 

voltage is still within the operating voltage range of the load: when the voltage drops, the current has to 

increase correspondingly so as to maintain the load power constant. When the input voltage drops to 20%, 

the load current goes down after experiencing a slow increase within a short time period. When is load 

installed is a resistance, according to Ohm’s law, the variations of the load current are proportional to the 

load voltage. So the load current response is the same as load voltage which has been explained.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

35 
 

Chapter 5 Measurement of current-response to voltage 

dips 

This chapter mainly focuses on the measurement work of how the voltage dips affect some actual electric 

appliances. Firstly, different measurement setups and different electric appliances used are described. 

Then the measurement procedures are introduced and the results are given. Based on the measurement 

setups, the same situations are simulated in PSPICE as well. The results of load response in both 

measurement and simulation works are then compared and analyzed.  

 

5.1 Introduction 

Electronic loads which are the most popular loads today such as TVs, radios, laptops and computers are 

equipped with a rectifier to convert AC to DC, and then usually with further voltage conversion and 

regulation, and possibly isolation. Since the rectifier topology causes harmonic components, which lead 

to higher losses in the system, PFC is introduced so as to minimize the distortion. These are explained in 

more detail in Chapter 4. 

In this chapter, some electronic loads are measured when subjected to voltage dips. Several low voltage 

appliances are used:  four computers and one monitor.  

As for the electronic load such as the computer tested, the conversion from AC to DC can be constructed 

include the load itself. Normally, the construction of a computer regulates its consumption at different 

levels when operating. Different components like the CPU, hard drive and CD-ROM work differently when 

in various stages which draws different power. The power demand of each component relies on the 

current needed so that the current response shows how many components are working in a computer. 

However, it is difficult to characterize a computer since the complicated process it behaves. The four 

computers here are all tested when fully loaded. Two of the four computers measured here are DELL 

OptiPlex 745. Another computer is Dell OptiPlex GX620. The power supply of the other computer 

measured is CORSIR TX650W. In this thesis, four computers are numbered which is shown as Table 5.1. 

The approximate value of power consumption when fully loaded are measured which is presented in Table 

5.1 as well. Another electronic load measured is a monitor, Samsung Sync Master 920N. Its rated power 

is 38 W when in the ON mode and the nominal voltage is 230 V, 50 Hz [28].  

Model Serial 
number 

CPU Power consumption when fully 
loaded 

Dell OptiPlex 745 HTPHW2J Intel Core (TM)2, 2.40 GHz 110 W 

DELL OptiPlex GX620 J681B2J Intel(R) Pentium (R)D CPU 
2.80 GHz 

175 W 

DELL OptiPlex 745 2TP5L2J Intel Core (TM)2 CPU 2.13 
GHz 

110 W 

Power Supply Corsair TX 
650 W 

  265 W 

Table 5. 1 Specification of the four computers used in measurement 
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5.2 Measurement procedure 

During the measurement process, two methods are applied and compared. The circuit diagram of the 

initial method is shown in Figure 5. 1. It is shown in the diagram that a resistive load is in series with 

another resistive load which is in paralleled with an electronic load. The two resistances are a heater and 

a kettle. The rated power of the kettle at 230 V is about 2800 W, and its measured (cold) resistance is 

around 15Ω. The heater has three operating conditions which are rated 750 W, 1250 W and 2000 W  

and the cold resistances of each condition are 65 Ω, 40 Ω and 25 Ω correspondingly.  The resistive loads 

form a voltage divider.  Although this presents a quite high Thevenin resistance of some 10 Ω or more, 

the voltage and current are both recorded, so it can be said that this current is the response to the 

particular recorded voltage.  

The circuit is feed in a AC voltage source of 220 V, 50 Hz. Initially, Switch S1 is on and switch S2 is off. 

Turning on SwitchS1, the voltage source is connected and feeds the electronic load in parallel with 

resistance1. Later, after steady operation is reached, switch S2 is turned on and resistance 2 is in series 

with electronic load in paralleled with resistance 1. At this time, the electronic load will suffer a voltage 

dip. The measurement work here is to see how the electronic load responds to such kind of voltage dip. 

 

AC

S1

Resistance 1 Resistance 2

S2
Electronic Load

 

Figure 5. 1 Circuit diagram of the initial method 

 

By installing both the heater and kettle into different position and switching the heater to different 

operating level, the measurement work can be set up into different situations where the electronic load 

suffers different kinds of voltage dip. The measurement here can be categorized into three cases. In case 

1, resistance 1 in the circuit diagram is the heater operating in 2000 W when the resistance is  25 Ω and 

resistance 2 is the kettle, the computer suffers around a voltage dip of 40% remaining. In case 2, resistance 

1 is the heater operating in 1250 W when the resistance is 65 Ω  and resistance 2 is the kettle, the 
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computer suffers a voltage dip of 70% remaining. In case 3, resistance 1 is the heater operating in 750 W 

and resistance 2 is the kettle, the computer suffers a voltage dip of 80% remaining.  

The second method was used to provide a stiffer voltage source during the dip, and to have a cleaner 

waveform by avoiding using the normal power network waveform.  It is based on the equipment which is 

shown below. An arbitrary waveform generator is applied to produce a low voltage sinusoidal waveform  

5 Vrms, 50 Hz. A power amplifier is connected after that so as to amplify the output voltage from the 

arbitrary waveform generator into a larger value 100 Vrms. The voltage ratio of the variable transformer 

is adjusted to provide 230 Vrms, 50 Hz, which the electronic loads selected for measuring are connected 

to. 

 

 

 
Arbitrary 

Waveform 
Generator

Rout= 50 Ω 

Power Supply 
Amplifier

Techron 7790×20

Auto 
Transformer

 Load

Rdip  

Figure 5. 2 Connection of equipment for measurement work 

 

The voltage dip is realized by controlling the output of the arbitrary waveform generator. The output 

impedance of the arbitrary waveform generator is 50 Ω, so by paralleling different resistances at its 

output, different voltage dips can be produced. Three resistances are used for this, which are 150 Ω, 50 Ω 

and 20 Ω to simulate the voltage dips of 75%, 50% and 25% respectively. 

After comparing the two methods mentioned above, it is know that, in the second method, the output 

sinusoidal voltage waveform is purer, since it does not come from the network: this gives an advantage 

for simpler comparison of the modeled and measured results. Additionally, the second method has a 

better means of controlling various voltage dips, not reliant on high-power resistances. Besides, the 

voltage source impedance in the first method is likely to affect the accuracy of voltage dips. After a set of 

initial measurements using the first method, the second method was chosen to do the measurement work 

reported in this thesis project. 

 

5.3 Results and comparison with simulation 

In the measurement work, firstly, four computers and a monitor are measured respectively. Then the 

aggregative load of the monitor Samsung Sync Master 920N in paralleled with the computer with power 

supply CORSIR TX650W is tested. Finally, another aggregative of four computers are in paralleled is tested. 
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In all cases, the measurement work is mainly focused on the current response when suffering voltage dips 

of 25%, 50% and 75%. The current response when the voltage recovers to its original value is also 

measured in some single electronic-load cases. 

The results of the measurement are plotted together with the results simulated based on the models in 

Chapter 3 and Chapter 4. The model simulated for comparing with the measurement results is shown in 

Figure 3. 8, where an inductor is in series on the AC side of a full bridge rectifier and a capacitor is 

paralleled on the DC side. In this model, the characteristics of different electronic loads differ from each 

other based on different values of the inductor, capacitor and operating voltage range. 

 

Case 1: DELL OptiPlex 745 (PC1 or PC7) 

 

(a) Voltage drops to 25% remaining 
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(b) Voltage drops to 50% remaining 

 

 

(c) Voltage drops to 75% remaining 

 



 

40 
 

 

(d) Voltage recover from 75% to 100% 

Figure 5. 3 transient behavior of the load voltage and load current both in measurement and simulation 

 

 Case 2: DELL OptiPlex GX620 (PC5)  

 

(a) Voltage drops to 25% remaining 
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(b) Voltage drops to 50% remaining 

 

 

(c) Voltage drops to 75% remaining 
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(d) Voltage recover from 75% to 100% 

Figure 5. 4 transient behavior of the load voltage and load current both in measurement and simulation 

 

 

Case 3: PC with power supply CORSAIR TX650W (PC8) 

 

(a) Voltage drops to 25% remaining 
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(b) Voltage drops to 50% remaining 

 

 

(c) Voltage drops to 75% remaining 
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(d) Voltage recover from 75% to 100% 

 

 

(e) Voltage recover from 50% to 100% 

Figure 5. 5 transient behavior of the load voltage and load current both in measurement and simulation 

 

 

Case 4: Monitor Samsung Sync Master 920N 
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(a) Voltage drops to 25% remaining 

 

 

(b) Voltage drops to 50% remaining 
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(c) Voltage drops to 75% remaining 

 

 

(d) Voltage recover from 75% to 100% 

Figure 5. 6 transient behavior of the load voltage and load current both in measurement and simulation 

 

 

Case 5: PC8 in paralleled with a Monitor Samsung Sync Master 920N 
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(a) Voltage drops to 25% remaining 

 

 

(b) Voltage drops to 50% remaining 
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(c) Voltage drops to 75% remaining 

Figure 5. 7 Transient behavior of the load voltage and load current both in measurement and simulation 

 

Case 6: Four computers all in paralleled 

 

(a) Voltage drops to 75% remaining 

Figure 5. 8 Transient behavior of the load voltage and load current both in measurement and simulation 
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5.4 Summary  

The load current responses of all the cases are all shown above. In some way, the electronic load shows a 

similar behavior in general, but with some difference due to different characteristics.  

If suffering from a big dip which makes the voltage lower than the minimum value of the input voltage 

range, the electronic load shut down as soon as the DC voltage has come down this low. That happens 

both in case 1 and case 2. When the input voltage drops to 25%, the DELL OptiPlex 745 and DELL OptiPlex 

GX620 shut down immediately since the voltage is far below the operating voltage range of the two 

computers. Otherwise, when the voltage dip happens, the load current drops correspondingly while the 

input capacitor’s voltage falls to its new level, and then comes back in a larger peak value as the constant 

power load model draws more current from the DC bus when at a lower voltage. When the DELL OptiPlex 

745 and DELL OptiPlex GX620, whose structures are similar, suffer a voltage dip to 50%, the load current 

drops and comes back after several cycles time period. When the voltage drops to 75%, the time period 

when the input current equals zero gets even shorter. At the same time, it is seen that the more the input 

voltage drops, the larger the load current will be when coming back. It is due to the constant power 

characteristic of some electronic load. It is seen in case 3 that the computer with power supply CORSAIR 

TX650W has a good performance on responding to the different voltage dips. Whatever the voltage dip 

is, within its rated operating range, it can maintain the load current in a comparatively gentle state and 

transit into another steady state quickly. None of load current measured in case 3 experiences any time 

period to be zero. This owes to the complex PFC topology of the power supply CORSAIR TX650W. 

The LCD Monitor Samsung Sync Master 920N works for all three voltage steps which show a wide input 

voltage range. The load current goes back after three to five cycles time period and gets higher gradually. 

At the same time, the monitor has a poor sinusoidal output current. Comparing with the three computers 

measured in the first three cases, it is inferred that the monitor has simple topology design. 

Case 5 and case 6 are two aggregated loads. In case 5, the LCD monitor and computer with power supply 

CORSAIR TX650W are in parallel. It was found that the variation of load current response in case 5 is quite 

similar with that in case 3 with only one computer for all three voltage dips tested. This is because the 

power consumption for the computer is larger than that of the monitor which affects more on the current 

response of the paralleled load. As for case 6 that all for computers are in paralleled, the load current 

drops to a lower value and then increase to a new balanced value after next five cycle time when suffering 

a voltage dip to 75%. The reason why load current does not drop to zero is that the supply CORSAIR 

TX650W maintains the current not to change sharply which is similar to case 3. However, the characteristic 

of DELL OptiPlex 745 and DELL OptiPlex GX620 makes the current goes back slowly which is the same as 

case 1 and 2. 

The specific point in time that the voltage dip occurs influences the current response in that cycle. When 

the dip occurs at a peak value, for example in Figure 5. 6 (a) and Figure 5. 7 (a) and Figure 5. 7 (b), the load 

current drops immediately at the same point of time with oscillation which is caused by the components 

in computers. It does not happen when the voltage drops at the point it equals zero, for example in Figure 

5. 5 (c) and Figure 5. 6 (b).  

In the cases of testing a single electronic load, which are case 1, 2, 3, 4 and 5, the load current behavior 

when the voltage goes back from a dip is measured. Generally, it can be observed that for all cases there 

exists a current surge during the first cycle when the voltage goes back. After that the current start to 
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maintain a steady state value which is lower than that when there is 75% voltage remained. It can be 

explain be the constant power characteristic of electronic load. 

Generally, the results measured agree the behavior simulated. Both the results show the same 

characteristics of different loads suffering voltage dips. However, there are still a few small distinctions. 

For example, Figure 5. 7 (b) shows the current response of computer with power supply CORSAIR TX650W 

suffering a 50% voltage dip. The measured current has a larger peak value in the second cycle after the 

dip happens which differs from the results measured. The relatively complex design of this power supply 

means that we cannot expect to explain all observations through the simple models. 
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Chapter 6 Lost neutral problem in three-phase system  

This chapter is about the lost-neutral problem in a three-phase system. In common designs of low-voltage 

networks this can lead to over- and under-voltages on different phases, and to the potentials of the 

neutral conductor on either side of the break becoming dangerous compared to the surrounding earth 

potential.  Traditional studies of this consider simple impedance loads.  With power-electronic interfaced 

loads instead, there may be a larger voltage change.  This is studied both in simulation and measurement 

work.  

 

6.1 Three phase electric power 

Three phase electric power is the usual method of generating, transmitting and distributing electric power 

in power systems.  In a balanced system without distortion, quantities in each phase have the same 

magnitude but are displaced from each other by phase angles of 120°.  

 

AC

 

Figure 6. 1 Three phase transmission line with star configuration 

 

There are two basic configurations for connection in both voltage source side and load side which are 

delta configuration and star (wye) configuration, shown below.  
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L2

                                L1

Neutral (optional)

L3           

L2

                                    L1

L3  

Figure 6. 2 Star Configuration (wye)                                                                      Figure 6. 3 Delta Configuration 

 

The delta configuration only supports connection of three wires. The star configuration  enables a  fourth 

wire to be drawn from the neutral point and used as a circuit conductor to connect the neutral point of 

the voltage source  to neutral points of loads, or to allow single-phase loads with lower (1/√3) voltage 

than the line-line voltage to be connected from line to ground.  Public low-voltage supplies in many 

countries are three-phase four-wire. The ideal condition of power supply is three-phase balance when the 

current carried by neutral is zero if there are pure sinusoidal phase currents.  However, in reality, in a 

system where imbalanced loads and faults can occur, the neutral conductor is essential to keep the 

voltages in all phases close to their intended values [29]. In the imbalanced situation, the phases are 

loaded differently, and the current in the neutral point, the sum of the three phase currents, is not zero.   

If there is a fault that causes the neutral conductor to have a high-resistance point, these currents lead to 

voltages between different parts of the neutral.  The fault could be a break of continuity due to corrosion 

or loose connection.  The neutral of a public low-voltage network is commonly grounded in several places, 

so a break in the conductor can lead to the neutral resistance increasing to the resistance of the ground 

connections on either side of the break.   When the neutral is used as a PEN (protective earth and neutral) 

so that exposed metal parts at customers’ buildings are connected to the supply’s neutral, the broken 

neutral can be a shock hazard.  In any case a broken neutral can damage equipment by giving overvoltage 

on one or two phases.  

 

6.2 Problem description 

In a low voltage distribution networks, the condition of “lost neutral” is usually a normal phenomenon. It 

is dangerous to electric appliances which an overvoltage may be caused. Also, under such a condition, the 

people nearby can be damaged if exposed metal is connected to a neutral conductor that doesn't have a 

good path back to the source. This situation has been studied historically by considering impedances, for 

example, a largely balanced impedance load with some degree of imbalance to represent all the 

customers on one side of a break. 
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AC AC AC Load

Neutral

Earth

Electrode Electrode Electrode Electrode

Load

Figure 6. 4  three-phase system feeding two three-phase loads with star configuration 

 

When a three-phase system feeds balanced linear loads, the sum of the instantaneous current from all 

phases is zero. Only with imbalance between phases will the neutral have current to carry. For modern 

types of load, such as equipment using rectifier-capacitor front-end switch-mode power supplies, 

computers and monitors, harmonics especially the third-order harmonics are produced in all phases. As a 

result, there are significant currents in the neutral even if it is in a three-phase balanced system, star-

connected load. The harmonic current flow into the neutral sometimes may cause the neutral current to 

exceed the phase current [30]. 

Furthermore, it is inferred that the neutral output current will change when the voltage changes. From 

one aspect, the current response is affected by all the converters within one AC duty cycle. From another 

aspect, even if the fast interaction and non-sinusoidal waveforms are ignored, the load model of an SMPS, 

which acts as an impedance that varies to extract constant power from the voltage source over a range 

limit for example from 90 V to 250 V can have influence. When the neutral potential moves away from 

the mid-point of the three phase-potentials due to imbalance in the load, then the action of the constant 

power load is to exacerbate this change by drawing less current in the phase that has had its voltage 

increase, in contrast to a constant-impedance load which helps resist changes of load neutral potential. 

In this chapter, the problem is studied of how different types of load installed in the three-phase system 

affect the condition of lost neutral. 

 

6.3 Measurement process 

In the actual measurement process, a three-phase power outlet is used. The power supply in each phase 

is 230 V, 50 Hz and the phase angles of voltage sources in the three phases differ from each other by 

~ 120°.  Six desktop computers are used to connect in the phases; these computers are listed in Table 

6.1, named PC1 etc.  Because of the desire to make measurements with significant shifts of neutral 

potential, very new computers were not suitable on account of the risk of damage. The computers have 



 

54 
 

two operating conditions: fully loaded and fractionally loaded. The heater which is used in Chapter 5 is 

connected in the neutral so as to model the resistance of neutral. By switching the operating power, its 

resistance can be changed: when it is turned off, it models a fully broken neutral. The circuit diagram for 

measurement is shown as follows. By changing the combination of computers installed and switching 

different levels of operating conditions, the measurement can be divided into several cases.  

 

Number 
 

Version 

PC2 PC5 PC4 PC6 PC7 PC1 

Model DELL 
OptiPlex 
GX620 

DELL 
OptiPlex 
GX620 

DELL 
OptiPlex 
GX620 

DELL 
OptiPlex 
GX620 

Dell 
OptiPlex 

745 

Dell 
OptiPlex 

745 

Serial 
number 

9ZGPW1J J681B2J JB2832J 4LMNT1J 2TP5L2J HTPHW2J 

CPU Intel(R) 
Pentium 
(R)4 CPU 
3.00 GHz 

Intel(R) 
Pentium 
(R)D CPU 
2.80 GHz 

Intel(R) 
Pentium 
(R)4 CPU 
3.00 GHz 

Intel(R) 
Pentium 
(R)4 CPU 
3.00 GHz 

Intel Core 
(R)2 CPU, 
2.13 GHz 

Intel Core 
(TM)2, 2.40 

GHz 

Memory 1 GB 4 GB 4 GB 2 GB 4 GB 2 GB 
Table 6. 1 parameters of the computers used for three phase measurement 

 

AC

AC

AC

RNeutral

Computer

Computer

Computer

Switch

 

Figure 6. 5 Circuit Diagram of the three-phase system for measurement. 

 

In case 1, PC6, PC7 and PC1 are installed in phase A, phase B and phase C respectively. By changing the 

operating conditions of computers (fully loaded and fractionally loaded) and heater (65 Ω and 25 Ω), the 

different neutral current and voltage are measured. In case 2, all three computers installed in case 1 are 

firstly fractionally loaded. The neutral voltage and phase current in balance and imbalance conditions are 

compared when neutral is broken. 

The results measured are compared with that simulated in Matlab Simulink as well. 
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6.4 Results and comparison with simulation 

Case 1: Three computers installed and a heater connected in neutral  

 

(a) No PC fully loaded, 𝑅𝑁𝑒𝑢𝑡𝑟𝑎𝑙 = 65 𝛺 
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(b) No PC fully loaded, 𝑅𝑁𝑒𝑢𝑡𝑟𝑎𝑙 = 25 𝛺 

 

(c) One PC fully loaded, 𝑅𝑁𝑒𝑢𝑡𝑟𝑎𝑙 = 65 𝛺 
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(d) One PC fully loaded, 𝑅𝑁𝑒𝑢𝑡𝑟𝑎𝑙 = 25 𝛺 

 

(e) Two PC fully loaded, 𝑅𝑁𝑒𝑢𝑡𝑟𝑎𝑙 = 65 𝛺 
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(f) Two PC fully loaded, 𝑅𝑁𝑒𝑢𝑡𝑟𝑎𝑙 = 25 𝛺 

 

(g) Three PC fully loaded, 𝑅𝑁𝑒𝑢𝑡𝑟𝑎𝑙 = 65 𝛺 
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(h) Three PC fully loaded, 𝑅𝑁𝑒𝑢𝑡𝑟𝑎𝑙 = 25 𝛺 

Figure 6. 6 Neutral voltage and neutral current 

Case 2: Three computers installed and neutral is disconnected 
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Figure 6.7 Neutral voltage when three computers installed, neutral broken 

 

6.5 Summary 

As can be seen in case 1, in order to model a moderately balanced three-phase situation, three computers 

DELL OptiPlex GX620 are connected, one to each of the three phases. It is seen in Figure 6. 6 that there is 

still significant neutral current.  One main reason is that these nonlinear loads without high-quality PFC 

draw significant odd-order current harmonics, of third, fifth, seventh, etc order.  The third harmonic 

components of phase current sum in the neutral. Also, although the three computers used in this case are 

of the same model, there are some differences in the power supplies installed and the processor 

specification.  This makes the computers have different operating power and the three-phase system is 

actually a little imbalanced in spite of having one computer per phase. As a result, the imbalanced phase 

current goes through the neutral. It is revealed that by switching the operating condition of the heater in 

neutral, the neutral current will change when the voltage across neutral changes. The heater’s  750 W 

setting gives a resistance around 65 Ω, and the 2000 W setting gives a resistance of around 25 Ω. Figure 

6. 6 shows the neutral voltage getting larger and the current smaller, with the larger resistance. Besides, 

if the neutral is totally broken, the neutral voltage gets larger than ever before. In actual situation, if a 

neutral is broken, the connected metal parts will have a voltage to the general ground due to the load 

currents that goes to neutral. When the voltage is big enough, people touching the metal part will be in 

danger. 
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Normally, in a three-phase wye-connected load with a lost or weakly-connected neutral, if there is some 

imbalance happening then an additional balanced impedance load helps to reduce the shift of neutral 

potential. For example, if the neutral potential comes closer to phase A than the others, the phase A 

voltage is smaller,  so the impedances there consume less current, and on the other phases there will be 

more voltage and more current, meaning that current from the unbalanced load’s neutral can return 

partly through the balanced impedance load. So the changes of current help to reduce the unbalance. On 

the other hand, the modern loads act oppositely. Besides some harmonic components of current which 

cannot be canceled in the neutral, the characteristic of constant load can make the unbalance situation 

even worse. It is shown in Figure 6.7, case 2, when only the computer in phase A is fully loaded, the three-

phase system with comes to an even more unbalanced situation. The both the current in phase A and 

neutral voltage gets larger. This can be explain by the constant power characteristic that if phase A is 

heavily loaded, its voltage to neutral goes down and the load in phase A tries to draw even more current. 

As a result, the voltage in that phase goes down even further. 

Generally, the results measured agree with the behavior simulated. Both the results show the same 

characteristics of the computers. However, there are still a few small distinctions. For example, in case 1, 

the measured neutral voltage has a larger peak value than that simulated in Matlab. Besides, the shape 

of the measured neutral voltage in case 3 is different from that simulated.  This may be due to the complex 

design of the power supply in the computer measured, or to distortion in the voltage waveform in the lab. 
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Chapter 7 Conclusion 

In the thesis, the steady-state and transient behavior of some loads with power-electronic inputs is 

investigated. Different models of the loads are developed and implemented in Pspice and compared to 

the actual measurements. The models are used for both steady-state and transient analysis to see the 

load current responses when suffering different voltage dips. 

 

According to both measurement and simulation work, it is shown in Chapter 4 and Chapter 5 that different 

types of electronic loads have different current responses. This is mainly because the typical circuit designs 

for each load. For example, it can be find in Chapter 5 that the PC with power supply CORSAIR TX650W 

performs much better than the other electronic devices tested when suffering voltage dips. When input 

voltage drops, its load current can recover in a short time and reach another balance, because the complex 

PFC topology of the power supply maintains the current changing more gently. After suffering the voltage 

dips, the load current is finally up to a new balance with a higher value due to the characteristic of constant 

power. Besides, the depth of the voltage dip and the point in the cycle where it occurs (at the peak value 

or zero) also have great impact on the load current response. It is also shown in Chapter 5 that, when the 

input voltage recovers to its original value after a dip, there exists a current surge during the first cycle. 

After that the current starts to maintain a steady state value. 

Another problem is discussed in Chapter 6, about how the neutral voltage at the load changes in three-

phase system if the neutral conductor to the source is broken or replaced with a higher resistance. It is 

concluded that in a three-phase system with balanced line-ground loads including modern power 

electronic loads, there may be significant neutral current due to harmonic currents, at levels depending 

on the resistance across the neutral. And when any imbalance happens, the constant load power 

exacerbates the shift of neutral potential during imbalances, in contrast to traditional constant-

impedance loads. 
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Chapter 8 Future Work 

There are certainly some constraints and assumptions in this project. The following are some of the 

suggested future work to make this topic more comprehensive and solve more of the related problems. 

One potential topic to be studied is to identify the likely position short circuited on a radial power line by 

applying an impedance-based fault location method that according to the measured voltage and current 

at some point upstream of the fault. Then the fault location can be estimated by the ratio of voltage to 

current along with the impedance of power line per kilometer. However, there may be some error existing, 

for example if the line is long and the total load is quite high upstream, the presence of load current as 

well as short-circuit current may have influence. One can try using the current before the fault to estimate 

the load impedance, and make suitable compensation for this when calculating the location of the fault. 

Furthermore, different types of load have different response to the voltage dip arising during a fault: for 

example the constant power load would draw more current after a possible delay of a few cycles. It also 

can be studied how much influence modern types of load could have on the fault-location accuracy, 

compared to plain impedances. 

Another topic is in a low voltage network which fed from a special electronic transformer. The transformer 

cannot provide more current than its normal load rating to short circuit. It is arisen that whether the 

conventional choices of protection devices (e.g. fuses and circuit-breakers) are sufficient to disconnect 

faults in short time required by some regulations. So that the equipment connected does not malfunction 

when suffering voltage dips. Normally, in a network that is already loaded near to its maximum, the 

behavior of loads affect how much of the limited source-current is available to pass into the fault and thus 

protection devices operate.  
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Appendix 
 

Appendix A Single-phase Models in Pspice 

 

Figure A- 1 Typical diode bridge rectifier topology 

 

 

Figure A- 2 Circuit diagram of Passive PFC with AC-side inductor, constant power load installed 
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Figure A- 3 Circuit diagram of Passive PFC with AC-side inductor, purely resistive load installed 

 

 

 

Figure A- 4 Circuit diagram of Passive PFC with parallel-resonant band-stop filter, constant power load installed 
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Figure A- 5 Circuit diagram of Passive PFC with parallel-resonant band-stop filter, purely resistive load 

 

 

Figure A- 6 Circuit diagram of boost Active PFC controlled by UC28019, constant power load 
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Figure A- 7 Circuit diagram of boost Active PFC controlled by UC28019, purely resistive load 
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Appendix B Three-phase power system models in Simulink 

 
Figure B- 1 Circuit diagram of a three phase system in which three electronic load models (see Fig. B-2) are connected. 

 

 
Figure B- 2 electronic load model 
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Appendix C Tables 

 

Class A  Three phase equipment 

 Household appliances, except equipment 
of class D  

 Stationary, fixed tools 

 Dimmers intended to be combined with 
incandescent lamps 

 Audio equipment 

 Other equipment that is not classified as 
class B, class C or class D 

Class B  Portable tools 

 Non-professional arc welding equipment 

Class C  lighting equipment 

Class D  Personal computers 

 Television 

 Laptops 
(The equipment should have power at 
least 75W and not larger than 600W) 

Table C- 1 Electrical equipment classification [24] 

 

Harmonic 
order 

Current limit 

 Class A Class B Class C Class D Class A 

 
 
 
 
 
 
 
n 

 
 
 
 
 
 
 
 
[A] 

 
 
 
 
 
 
 
 
[A] 

Expressed as 
percentage of 
the input cur-
rent at the fun-
damental fre-
quency 
 
[%] 

Permissible 
current per 
watt 
 
 
 
 
 
[mA/W] 

Permissible 
harmonic cur-
rent 
 
 
 
 
 
[A] 

2 1.08 1.62 2 – – 

3 2.30 3.45 3*λ 3.4 2.30 

4 0.43 0.64 – – – 

5 1.14 1.71 10 1.9 1.14 

6 0.30 0.45 – – – 

7 0.77 1.15 7 1.0 0.77 

8 0.23 0.34 – – – 

9 0.40 0.60 5 0.5 0.40 

10 0.18 0.27 – – – 

11 0.33 0.49 3 0.35 0.33 
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12 0.15 0.22 – – – 

13 0.21 0.31 3 0,29 0.21 

14 0,13 0.19 – – – 

15 0.15 0.22 3 0.25 0.15 

16 0.11 0.16 – – – 

17 0.13 0.19 3 0.22 0.13 

18 0.10 0.15 – – – 

19 0.11 0.16 3 0.20 0.11 

20 0.09 0.13 – – – 

21 0.10 0.15 3 0.18 0.10 

22 0.08 0.12 – – – 

23 0.09 0.13 3 0.16 0.09 

24 0.07 0.10 – – – 

25 0.09 0.13 3 0.15 0.09 

26 0.07 0.10 – – – 

27 0.08 0.12 3 0.14 0.08 

28 0.06 0.09 – – – 

29 0.07 0.10 3 0.13 0.07 

30 0.06 0.09 – – – 

31 0.07 0.10 3 0.12 0.07 

32 0.05 0.07 – – – 

33 0.06 0.09 3 0.11 0.06 

34 0.05 0.07 – – – 

35 0.06 0.09 3 0.11 0.06 

36 0.05 0.07 – – – 

37 0.06 0.09 3 0.10 0.06 

38 0.04 0.06 – – – 

39 0.05 0.07 3 0.09 0.05 

40 0.04 0.06  – – 
Table C- 2 Harmonic limit [24] 

 



TRITA EE 2016:204

ISSN 1653-5146

www.kth.se


