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Executive Summary  
 

This report describes the results from trials, laboratory studies and modelling of the 

effect of distributed energy resources (DER) on the power quality experienced on an 

LV feeder.  The prime focus is the harmonic distortion aspect of power quality. 

Issues of voltage magnitude error are covered in report B4 “Impact of Low Voltage – 

connected low carbon technologies on network utilisation” from the Low Carbon 

London project. 

Three DER technologies were considered, heat pumps, solar photovoltaic inverters 

and electric vehicle chargers and all were considered within a residential context. 

Twenty heat pump installations in a variety (and geographically dispersed) set of 

domestic dwellings were monitored with 18 yielding useful data. The current 

harmonics drawn across a normal operating pattern for a month were observed in 

average and peak form. Data for real and reactive power draw and local connection 

voltage were also gathered.  

Laboratory testing of four individual PV inverters was conducted with current 

harmonics recorded as a function of the DC power provided from a controlled 

source taking the place of a PV panel.  Multiple charging events of several electric 

vehicles were also recorded.  

There was a clear difference between the harmonic distortion of the PV inverters on 

the one hand and the heat pumps on the other. The PV inverters exported largely 

sinusoidal current with relative low levels of low-order harmonic distortion 

compared to the heat pumps. For example, a PV inverter typically produces a mean 

3rd harmonic current of less than 0.3 A whereas the heat pump devices had a mean 

3rd harmonic current of up to 2.2 A. 

The 18 sets of heat pump data showed a wide variation of levels of distortion 

between the devices. All are believed to comply with the EN 61000-3 standard for 

customer products but some are close to the harmonic limits for the low-order 

harmonics whereas others are far below and provide close to sinusoidal current. 

Specifically, the poorest example had a mean 3rd harmonic of 2.3A and a maximum 

THD of 200% and the best 0.25 A and maximum THD of 30 %. There was variation 

between brands, between products within a manufacturer’s range and between 

identical equipment in different dwellings. Some of the large differences are 

believed to stem from quite different types of compressor motor and motor control 

between product types. Some differences may arise between the same products in 

different households because of the different load cycle given that the harmonic 

distortion was seen to vary with loading. It is likely that the products with the 

highest harmonic distortion use either a diode rectifier and motor drive or a phase-

angle control device (e.g. triac). Low-order harmonic distortion from such devices is 
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synchronised to the mains waveform and appears at broadly similar phase angles 

for all devices and which accumulate in the network feeder. Higher order harmonics 

tend not to synchronise and add at random phase angles. The EV charging data also 

includes an example of high harmonic distortion (yet compliant with EN 61000-3) 

that would indicate a simple diode rectifier has been used.  

The drawing of low-order harmonic currents at several points on a feeder that are 

phase aligned could lead to large harmonic voltage drops across feeder sections and 

substation transformers, and long neutral lines for some harmonics. The concern is 

that if large numbers of DER which are EN 61000-3 compliant but which draw 

significant harmonic current are present on a feeder, the combined affect could lead 

to harmonic voltage distortion which could exceed the planning standard G5/4-1. 

Low-order harmonics are of particular concern because of their tendency to be 

synchronised between sources. G5/4-1 allows a maximum THD of 5% for the 400 V 

network and up to 4 % for the 3rd, 5th and 7th harmonic. For a 230 V phase, 4 % is 

only 9.2 V. 

Electric vehicles and heat pumps (design depending) will convert the AC voltage to a 

DC voltage by the use of a diode rectifier. Household electrical loads do already 

include examples of diode rectifiers but these are for low power consumer 

electronics (radio, personal computers and game consoles). There are examples of 

phase-angle control of lighting, also at low power. Household loads of above 1kW 

have generally been restricted to heating loads (kettles, washing machines, showers 

etc.) which are linear loads which do not distort and, further, tend to damp 

harmonic voltage cause by other equipment. Thus at least some of the heat pumps 

examined and the EV chargers are a concern because there are distorting loads at 

much high levels of power and current. 

To gain some insight into whether the concern is well founded, example feeders 

were simulated using the basic characteristics from substations that form part of 

the Low Carbon London study areas. Example feeders had up to 50 households 

connected in a similar pattern to real feeders. Two sets of spacing of service joints 

were chosen to test dependence on cable impedance and results were repeated for 

the heat pumps with the highest and lowest harmonic distortion. Heat pumps were 

progressively installed on the feeder and levels of voltage distortion recorded. The 

test assumed all heat pumps running at full power. Clearly, if some diversity in their 

operation can be assumed the results could be adjusted. It was found for the 

Queens Park feeder that for the most distorting heat pump, levels of voltage 

distortion exceed planning standard at around 20 heat pumps, a penetration of 40 

%. The exact number depends on the placement; here a random placement pattern 

was used. 

The literature suggests that at penetrations of 20% other factors such as voltage 

limits or line flow are likely to be constrained. Results from the Queens Park feeder 

suggested that the voltage was outside of the limit for phase 1 after 10 heat pumps 

and for phase 2 after 36 heat pumps. There were 22 heat pumps on feeder 1, 17 
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heat pumps on feeder 2 and 11 on feeder 3. The voltage was outside of the limit for 

20 % penetration and 72 % for feeders 1 and 2. This is an average of 42 %.  This 

result is slightly higher than what the literature suggests, however, the simulation 

did not consider the background load. This percentage will decrease as the back 

ground load increases.  

The conclusion from the simulation was that the harmonic distortion is not likely to 

be the first constraint to be reached. The feeder voltage constraint is likely to be 

reached before the harmonic voltage distortion becomes an issue. 

It is clear that there is not a single answer to the question of whether DER will cause 

power quality problems on LV feeders. Even among the relatively small number of 

cases examined, there are big differences in levels of harmonic current. The PV 

inverters were found to have low distortion, comparable with the best of the heat 

pumps and with a low likelihood of enough harmonic current flowing to on a feeder 

to cause problematic level of voltage distortion. However, the worst performing 

heat pumps and the one example EV charger do appear likely to cause problems 

when deployed in clusters, although there may well be other constraints which are 

met before the harmonic voltage constraint. If all of the devices rightly claim 

compliance with EN 61000-3 it will be difficult to assess a mixed deployment 

without detailed knowledge of the equipment concerned or use of a conservative 

worse-case assessment. 
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Glossary  
 

DER Distributed Energy Resource 

DG Distributed Generation 

DR Demand Response 

CSV Comma Separated Variable 

EST Energy Saving Trust 

EV Electric Vehicles 

FFT Fast Fourier Transform 

HV High Voltage 

HP Heat Pumps 

LoM Loss of Mains 

LV Low Voltage 

MPPT Maximum Power Point Tracking 

PV Photovoltaic 
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1. Introduction  

1.1. Goals and scope of document  
Government policy is promoting the connection micro-generation such as 

photovoltaic (PV) solar cells to the distribution network. At the same time, policy is 

also promoting new loads such as electric vehicles (EV) and heat pumps (HP), both 

seen as possible low carbon technologies. 

These technologies will affect the electrical demand profile at the national level, but 

less is known about their potential impact on the quality of supply on the local low 

voltage network. 

Distribution network design has historically assumed that power flows from the high 

voltage (HV) to the low voltage (LV) and then to individual customers. The addition 

of significant levels of generation on the LV network makes this assumption 

unsound. 

Micro-generation power fed into the LV network will cause a local rise in the voltage 

which can have one of a number of effects: at a given threshold the micro generator 

inverter may cease supplying power and power is in effect wasted, the voltage level 

will rise beyond regulated limits, or the power will be back fed to the HV network in 

turn with HV voltage rise. In the case of PV these effects have been observed to 

occur on sunny summer days when there is low demand on the connected feeder. 

1.2. DER and power quality 

1.2.1. Distributed Energy Resources 

Distributed Energy Resources (DER) is defined as small-scale generation or small 

scale energy storage. There are many terms for small scale generation and some of 

these include ‘embedded generation’ (Anglo-American), ‘dispersed generation’ 

(North American) and ‘decentralised generation’ (Europe & Asia). 

Typical DER system technologies are: 

 Solar photovoltaic (PV) 

 Landfill gas 

 Combined heat and power (CHP, or cogeneration) 

 Wind systems 

 Hydro systems 

 Micro turbines 

 Fuel cells 

 UPS systems 

 Electric vehicle (EV) 

 Heat Pumps 
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DER systems are typically less than 50 MW. They may be connected on the 

consumers’ site which is after the meter, or directly connected to the distribution 

network. 

Installation of DER is undertaken as there may be a cost benefit or because a back-

up system is required in order to ensure continuity of supply for critical applications. 

Standards that govern DER 

Many countries have many different standards. The important standards for the UK 

are: 

1. G83/2 Recommendations for the Connection of Type Tested  Small-scale 

Embedded Generators (Up to 16A per Phase) in Parallel with Low-Voltage 

Distribution Systems 

2. G59/2 Recommendations for the connection of generating plant to the 

distribution systems of licensed distribution network operators 

3. EN 61000-3-2 Limits for harmonic current emissions. This document covers 

equipment operating with input currents of less than or equal to 16 amps 

per phase 

4. BS EN 61000-3-3:2008 Electromagnetic compatibility (EMC). Limits. 

Limitation of voltage changes, voltage fluctuations and flicker in public low-

voltage supply systems, for equipment with rated current ≤ 16 A per phase 

and not subject to conditional connection. 

5. The Distribution Code [1]  – DNOs are obliged under Condition 21 of their 

licenses to maintain a Distribution Code detailing the technical parameters 

and considerations relating to connection to and the use of the DNOs 

networks. All DNOs operate under the same version of the Code. The Code 

is maintained by the Distribution Code Review Panel and all modifications 

are required to be approved by Ofgem. 

6. P2/6 Engineering Recommendation is the distribution network planning 

standard. The DNOs have a license obligation to plan and develop their 

systems in accordance with ER P2/6. 

7. P28 - Planning limits for voltage fluctuations caused by industrial, 

commercial and domestic equipment in the United Kingdom 

8. P29 - Planning limits for voltage unbalance in the United Kingdom for 132kV 

and below 

Benefits of DER  

There is much literature about the benefits of DER. DG, a subset of DER, offer 

advantages over traditional large power plants that supply power through the 

transmission and distribution system. DER which are loads offer the flexibility of 

matching the demand to the available generation instead of matching generation to 

the required demand. The following paragraphs will briefly summarise the key 

advantages that DER offer. 
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DER enables the integration of renewable technologies. Renewable sources have a 

low energy density and in order to generate a modest amount of power, a large 

area is required. One solution for integrating more renewable technology is to use 

DER [2] and connect a large area of small-scale renewable generation to the 

distribution network. By using renewable sources, the UK is able to provide clean 

energy, decrease the dependence on oil and natural gas stocks and meet the 

greenhouse gas emission targets of 80 % by 2050 [3]. The UK governments has 

released a plan on how the UK aims to increase the use of low-carbon technologies 

[4]. 

The by-products of DER may be utilised since DER is often connected close to load 

centres. Some load centres, namely residential and industrial, will have a heat 

demand as well as an electricity demand. Technology like micro turbines and 

biomass engines produce heat as a by-product. This waste heat can be used to 

supply all or part of the residential and industrial customer’s heat demand [5,6]. 

Reliability of generation may be improved by using DER. A conventional generator 

may be generating 500 MW of power whereas a DER unit may only be generating 1 

MW of power. If the 500 MW generator were to fail, the system would be required 

to either produce an extra 500 MW of power or shed 500 MW of load in order to 

maintain the system balance. A loss of a 1 MW is more manageable. Also, if the 500 

MW of generation is spread over 500 different small generation units the 

probability of all 500 small generation units failing is less than the probability of one 

500 MW unit failing. To summarise, many generation units present less risk for 

failure compared to one large generation unit. 

Transportation losses may be reduced by generating closer to the load. Connecting 

generation at the lower voltage levels, where the demand is, will reduce the 

transportation losses. Electricity from a large power station may be transported 

over long transmission lines and through a number of transformers. Each kilometre 

of transmission line and each transformer between the generation and the load 

reduces the efficiency because of resistive and inductive losses. By reducing the 

amount of generation required to be transported over long transmission networks, 

the amount of loss is lowered and the efficiency of the network is increased. A study 

in [7] analyses the reduction of losses from integrating DER. 

DER may be used to reduce the feeder demand. Each feeder of a distribution 

network has a demand profile that ranges between an average minimum and an 

average maximum. During peak demand, there is a possibility that DER will reduce 

the feeder peak [8]. Having the ability to reduce the peak may allow for more 

generation to be connected to that feeder without having to re-enforce the feeder 

with a larger transformer or larger cable. To connect more load to a feeder, it may 

be more economical to introduce DER than to upgrade the section of network that 

the load is connected to. 
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Disadvantages of DER  

Before the benefits of DER are utilised, the issues that DER present to the network 

must be solved. Work in [9] identifies and reviews the issues that DER will present 

to the UK grid, these are stability, protection discrimination, islands, Loss of Mains 

(LoM), power quality impact in protection and generator ride-through. 

The addition of DER into the distribution network presents a number of stability 

issues. These are small-signal instability, voltage instability and transient instability. 

Small-signal instability may be caused by the dynamic characteristics of DER, the 

improper tuning of the controllers [10], the dynamic characteristics of the loads 

interacting with the DER units [11] and the parameters of droop controllers [12], if 

used within the DER design. Voltage instability may be more prevalent when power 

is injected into a network which has a high resistance to inductance ratio [13]. 

Voltage limits may be breached in the distribution network when there are a lot of 

DER on a feeder that are all exporting power or importing power. Transient 

instability may be caused by a PV inverter loosing synchronism after a fault has 

occurred. This may happen if the PLL inside the inverter fails to follow the frequency 

after a frequency disturbance or if a standalone network fails to reach a new steady-

state operating point after a fault has been cleared. 

Protection discrimination is the ability for the protection in a network to detect, and 

then isolate the faulted section without disconnecting any loads that have a healthy 

supply. Only the breaker closest to the fault should trip in a correctly discriminated 

network. If a fault at the end of a feeder causes a breaker which is two breakers 

away from the fault to trip then the network is not correctly discriminated. 

Adding DER to a feeder may cause standard time graded over-current protection to 

lose protection discrimination and the setting of such a device will require 

adjustment. The presence of DER connected to a feeder may increase the clearing 

time of protection devices on the network [14]. If DER causes a protection device to 

operation that is not the protection device closest to the fault, then protection 

discrimination is lost. If there is a difference in fault current then there is a margin 

available for the coordination to remain valid [15]. 

Fault current availability is dependent on the technology of the DER generator. 

Synchronous machine generation typically contributes a high fault current whereas 

inverter-based generation is fault constrained and typically is only able to export 

twice its nominal current for faults [16,17]. This causes complications when planning 

new generator connections and maintaining existing network protection. 

The distribution network is often fault-current constrained and the fault 

contribution from generation may increase the fault current to beyond safe 

operating levels. Therefore in some networks, the fault contribution from DER may 

be required to be very small. To achieve this, DER may be required to trip or export 

a low current when a fault has been detected. 
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Large generators are required by the grid code to ride through faults. This allows the 

protection to operate correctly and isolate the fault. Once the fault has been 

cleared the network may return to normal. Small generators, namely DER, are 

required to disconnect from a faulted network. In an area with a significant amount 

of DER, cascaded tripping of DER units may result in local voltage collapse [18]. 

Therefore, controllers need to be developed to improve the fault ride-though 

capability of DER that allows them to maintain connection during faults. 

LoM protection will trip the DER when the logic in the protection device has 

calculated that a LoM event has occurred. The sensitivity of LoM is compromised 

when the generation closely matches the load and LoM may also cause nuisance 

trips. 

It is acknowledged that LoM is one of the most challenging aspects of integrating 

DER into the distribution network [19]. As such there has been much research in this 

topic with many published papers investigating solutions to detect LoM and 

minimise nuisance trips. Solutions include using rate of change of power [20], using 

the variation of the voltage magnitude [21], using an elliptical trajectory technique 

[22], using rate of change of voltage and power factor [23], using rate of change of 

frequency [24,25], using a small disturbance in the voltage controller and AC-filter 

[26], using a measurement of system impedance [27], using frequency oscillations 

and the damping of these oscillations [28], using communications by power line 

carrier [29], using active frequency drift [30] and using active and reactive power 

controllers [31]. 

Islanding is where a section of grid disconnects from the main network. This can 

either be intentional, as in the microgrid case, or unintentional. Unintentional 

islands may be the size of a country, for example, where a major event happens in 

the transmission network that disconnects England from Scotland. At the 

distribution network level, one rural feeder can disconnect and leave several houses 

connected to a DER source that continues to supply power. Islands at the 

distribution network level have both advantages and disadvantages. 

Islands may go unnoticed because a typical DNOs network status knowledge stops 

at the 11 kV substations, this leaves the 400 V network unmonitored. If an island 

forms and goes unnoticed to the distribution controller or maintenance engineer, 

problems may arise: 

 The island may exceed the acceptable limits, of voltage tolerance for 

example, which are specified in the regulations [32]. 

 The network may have large uncontrollable voltage swings due to the 

source dynamics, or have poor power quality where the voltage waveform 

is no longer a pure sinusoidal waveform. 

 Islands may be running with un-cleared earth and phase faults present. This 

may go unnoticed due to low short-circuit capacity or unearthed operation 

and is potentially very dangerous. 
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 An attempt may be made to reconnect an unknown island to the 

distribution network, either by an operator or an auto re-closer, when the 

two networks are out-of-phase. The existing equipment may not be able to 

cope with an out-of-phase connection and breakers should only be closed 

when the phase, frequency and voltage are aligned. Closing two unaligned 

networks will cause high transient inrush currents. These high currents are 

an effect of the two parts of the networks attempting to re-synchronise. 

Usually, these hazards are restricted by the tripping limits of protective relays 

(voltage and frequency) implemented at generator sites. Allowing unintentional 

islands to form may lead to equipment damage or present a danger to human life. 

These risks are against the safety obligations set by the distribution contract and 

hence, in most cases DNOs do not allow islanding. Not allowing islanding requires all 

generating DER to disconnect on the detection of loss-of-mains. 

Unintentional islanding presents several difficulties for the Distribution Network 

Operator (DNO). The DNO must know if an island will occur after a network event 

and which section of the network will island. If an island occurs and is permitted to 

run it needs to maintain a stable voltage and frequency, and be able to clear faults. 

1.2.2. What is power quality? 

Power quality is characterised by parameters that express harmonic pollution, 

reactive power and load unbalanced [33]. Power quality can also be classified into 

three categories; voltage quality, continuity of supplying power and waveform 

quality [34]. From this classification it is possible to define power quality levels. For 

DNOs, power quality levels are defined in ER P2/6. 

This sub-section briefly discusses each of the three categories and the events which 

are included within those categories. A more detailed discussion of power quality is 

available in the following published books [35,36,37]. 

Voltage Quality 

Under-voltage & over-voltage - this describes long-term deviation of the voltage 

magnitude from its allowed range, generally with duration above an hour. 

Voltage sag and swell – this describes a medium term deviation of the voltage 

magnitude from its allowed range, generally with a duration in minutes. 

Voltage dip – this describes a short duration reduction in voltage magnitude (but 

excluding interruptions and reductions below 10% of nominal voltage. 
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Figure 1: Example of a voltage dip on a 50 Hz single phase voltage supply 

Flicker – this describes rapid variation in voltage magnitude with repetition several 

times per second. 

 

Figure 2: Example of voltage flicker on a 50 Hz single phase voltage supply 

Frequency Deviation – deviation of the system frequency from the allowed range. 

 

Figure 3: Example of a frequency deviation with a supply where the nominal frequency is 50 Hz 

Continuity of Supply 

Some aspects of continuity of supply are better classified as an issue of supply 

quality (a superset of power quality) but short interruptions and deep voltage dips 

are an aspect of power quality. 

Voltage Waveform 

Transient disturbance – this describes high frequency oscillatory deviations from the 

normal sinusoidal voltage wave-shape. 
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Figure 4: Example of a voltage transient on a 50 Hz single phase voltage supply 

Three Phase Voltage Unbalance – this describes mismatch between the magnitudes 

of the three phase voltages and / or deviation from the normal 120 ° separation of 

the phase. 

 

Figure 5: Example of voltage unbalance in a three phase voltage supply 

Harmonic Distortion – this describes deviation from the normal sinusoidal wave-

shape caused by the addition of harmonic voltages (or currents) 

 

Figure 6: Example of voltage harmonic distortion on a supply where the fundamental frequency is 50 
Hz 

Notch – this describes short duration deviation from the normal sinusoidal wave-

shape. 

 

Figure 7: Example of a voltage notch on a 50 Hz voltage supply 
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The aspects of power quality that concern voltage magnitude are considered in 

other Low Carbon London reports so the focus of this report is waveform quality 

and in particular harmonic distortion. 

Harmonics 

For the UK electrical system, the nominal supply frequency is 50 Hz. Harmonics are 

integer multiples of this frequency, so (assuming exactly 50 Hz supply) the second 

harmonic is 100 Hz, the third harmonic is 150 Hz and the n-th harmonic is a 

frequency of n multiplied by 50 Hz. 

Nonlinear loads in the electrical system draw a current which is not sinusoidal even 

if the voltage is. These non-sinusoidal currents can be decomposed into a sum of 

harmonic currents. It is the flow of such harmonic currents in the impedance of the 

network that give rise to harmonic voltage drops and harmonic distorted network 

voltages.  Often the even harmonics are negligible (which applies where the 

distortion in the positive and negative half cycles are symmetric) and also the 

magnitude of the odd harmonics decrease as the harmonic number increases. 

Harmonics are vectors which must be considered to have both a magnitude and 

phase. Typically the concern is the amplitude of the harmonic voltage but in 

summing the contributions from various harmonic sources one must account for the 

phase relationships.  

If the harmonic current is in-phase then the current magnitude will sum along the 

feeder. If the harmonic current is out-of phases then there will be cancelation. The 

maximum cancellation will occur when the harmonic current is 180 degrees out-of-

phase. Since power analysers do not measure the angle of the harmonic current, it 

is not possible to determine how the harmonics may sum or cancel in the feeder. 

For a feeder study, assumptions about the harmonic current angle are made and if 

these assumptions are incorrect, then the modelling may provide a misleading 

result. 

THD 

Total harmonic distortion (THD) is a summation of all harmonic components of the 

voltage or current waveform normalised to the fundamental component of the 

voltage or current. 

𝑇𝐻𝐷 =  
√𝑉2

2 + 𝑉3
2 + 𝑉4

2 ⋯ + 𝑉𝑛
2

𝑉1
× 100% 

Sometimes a weighted summation is used in which higher harmonics are weighted 

less, commonly in inverse proportion to the harmonic number. This is applied where 

the adverse effect of higher harmonics is recognised to be less.  

THD is widely used and recognised but it does hold some dangers. The adverse 

effect of a harmonic component is likely to relate to its absolute value not its 
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relative value. The THD, for instance, a current could reduce because of an increase 

in fundamental amplitude rather than a decrease in harmonic amplitude and yet the 

adverse effect of that current harmonic on the system might be the same. 

Nonetheless, THD is a useful short hand in many cases and arguably is more 

relevant to describing the voltage where the fundamental amplitude is (near) 

constant. 

1.2.3. The importance of power quality 

A report from ABB discusses the importance of good power quality in [33]. Power 

quality standards are put in place to ensure the correct operation of equipment and 

network protection equipment. The flow of harmonic currents in user and network 

equipment can cause additional heating with the risk of mal-operation or shortened 

lifetime. Motors subjected to harmonic voltages create additional oscillatory toques 

which cause vibration and possible damage. Waveform distortion can also cause 

mal-operation of electronic equipment, especially sensitive electronic equipment. 

Over-voltages may cause higher currents to flow that could cause over heating of 

user and network equipment. This may contribute to the early failure of an 

electrical device. Under-voltage may cause mal-operation as equipment is designed 

to correctly operate within specified voltages and may not have control circuitry to 

operate with under-voltages. 

Voltage flicker may cause the luminance or spectral distribution of lighting loads to 

fluctuate with time. This could lead to an impression of unsteadiness of visual 

sensation. 

The presence of harmonic current in the feeder will result in i2R current losses 

where the higher the harmonic current the greater the losses. In transformers the 

copper losses and the iron losses are increased [38]. 

This is especially important for harmonic currents that are in phase across the three 

phases. The zero sequence harmonic currents will sum in the neutral and cause a 

neutral voltage drop. This could further distort the voltage and cause extra heating. 

Work in [39] explores the i2R losses under non sinusoidal conditions in cables and 

transformers. A mathematical model was developed that calculated the effect of 

harmonic distortion.  

The study investigated a case study of an office with 240 workstations and found 

that in non-sinusoidal conditions, the i2R losses were about twice those when only 

the fundamental frequency was present and the eddy current losses were about 

fifteen times greater. A recommendation to minimise the i2R losses was to either 

increasing the conductor size in order to reduce the conductor impedance, or 

improve the power quality of the loads. From the point of view of a DNO, network 

reinforcement has an economic cost. To summarise, this study found that losses 

from nonlinear loads were significant and should be compensated. 
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1.2.4. Standards that govern power quality 

The DNOs in the UK are licenced to operate and maintain the distribution network 

(132 kV and below). Within the distribution licence, the DNOs agree to maintain the 

following standards that relate to power quality. The DER studied within this report 

all operate at 400 V / 230 V. Therefore this subsection primary focuses on the 

standards for 400 V and below. 

1. ENA ER G5/4-1 Planning levels for harmonic voltage distortion and the 

connection of non-linear equipment to transmission systems and 

distribution networks in the UK - October 2005. This standard which is 

tighter then BS EN 50160:2010        is followed. 

2. BS EN 50160:2010 Voltage characteristics of electricity supplied by public 

distribution networks 

3. The Distribution Code [1]  

ENA ER G5/4-1 is a planning standard that first states the THD that the networks 

must not exceed as described in Table 1. 

Table 1: Summary of THD planning levels 

System Voltage at the PCC THD Limit 

400 V 5 % 

6.6, 11 and 20 kV 4 % 

22 kV to 400 V 3 % 

 

In the 400 V network, the individual voltage harmonics must not exceed the levels 

described in Table 1. 
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Table 2: Planning levels for harmonic voltages in 400V systems 

Odd harmonics 

(Non-multiple of 3) 

Odd harmonics 

(Multiple of 3) 

Even harmonics 

Order 

(h) 

Harmonic 

Voltage (%) 

Order 

(h) 

Harmonic 

Voltage (%) 

Order 

(h) 

Harmonic 

Voltage (%) 

5 

7 

11 

13 

17 

19 

23 

25 

>25 

4.0 

4.0 

3.0 

2.5 

1.6 

1.2 

1.2 

0.7 

0.2 + 0.5(25/h) 

3 

9 

15 

21 

>21 

4.0 

1.2 

0.3 

0.2 

0.2 

2 

4 

6 

8 

10 

12 

>12 

1.6 

1.0 

0.5 

0.4 

0.4 

0.2 

0.2 

 

ENA ER G5/4-1 sets out a method of predicting the system distortion relating to the 

connection of new non-linear loads. 

1.2.5. Measuring power quality 

In order to measure power quality, a number of indicators need to be defined. The 

standards in section 1.2.4 suggest what these indicators should be and the 

recommend maximum value. Work in [40] defines indicators which are the recoded 

power quality signals as a percentage of the maximum allowable limit. 

𝑃𝑄𝐼𝑖 = 100 ×
𝑠𝑖𝑔𝑛𝑎𝑙 𝑣𝑎𝑙𝑢𝑒

𝑠𝑖𝑔𝑛𝑎𝑙 𝑙𝑖𝑚𝑖𝑡
 

For all disturbances a global indicator is defined as the power quality signal which is 

closest to the pre-defined limit. 

𝑃𝑄𝐼 = max(𝑃𝑄𝐼1 + ⋯ + 𝑃𝑄𝐼𝑛) 

An efficiency measure is defined as the sum of the indicators less than 100 % from 

all the sensors within a particular region. 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑦𝐼𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟 = 100 ×
∑ 𝑠𝑒𝑛𝑠𝑜𝑟𝑠 < 100 %

∑ 𝑠𝑒𝑛𝑠𝑜𝑟𝑠
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The power quality indictor was simplified in [39] to a power quality factor which 

considered the real power, reactive power and harmonic power. 

𝑃𝑄𝐹% = [2 −
𝑃 + 𝑄 + 𝑃ℎ

𝑃
] × 100 

In the above equation 𝑃 is the fundamental power, 𝑄 is the fundamental reactive 

power and 𝑃ℎ is the harmonic power. When the reactive power and harmonic 

power are zero, the power quality factor is equal to 100 % which is a supply with 

optimum power quality. 

Typically power quality measuring devices use current probes and voltage probes to 

measure voltage and current. From these two measurements a range of calculations 

are performed. 

Harmonics 

Most power meters used to measure the harmonic spectrum of current and voltage, 

will measure both the even and odd harmonics up to the 50th harmonic. The 50th 

harmonic is at a frequency of 2.5 kHz for a 50 Hz supply frequency. 

A single cycle window is used to calculate the harmonic content of all phase 

voltages and currents. A standard Fast Fourier Transform (FFT) technique is used to 

calculate the amplitude and angle of each component. A number of samples are 

taken over the integrating interval (10 minutes for EN 50160) and averaged. 

Since power quality meters are phase locked to the supply frequency, the errors 

caused by frequency variation are minimized. The data windows are taken at the 

same time so the vector values are synchronous. 

RMS measurements 

The true RMS value for voltage and current is typically generated twice per cycle. 

The data for one cycle is squared and summed. This value is divided by the number 

of samples per cycle and the square root of the result calculated. The following 

examples assume 128 samples per cycle. 

𝑉𝑟𝑚𝑠 = √
∑ 𝑉𝑛

2128
𝑛=1

128
 

Flicker 

Flicker is measured using the technique defined in EN61000-4-15. This corrects 

some errors that were in the original standard IEC60868. The sub-synchronous 

spectrum is extracted and weighted using the defined curves. This instantaneous 

flicker value is recorded for 10 minutes, and a statistical average is taken. Again, this 

average is defined in the standard. This short-term flicker value - Pst, is recorded per 

phase voltage in a separate long-term log every 10 minutes. 



 23 

Frequency variations and correction 

Frequency is calculated from the input voltage. Power meters will use a zero 

crossing algorithm for measuring the frequency. The signal is first filtered with a 

recursive IIR filter to remove non-50 Hz or 60 Hz components. The exact position of 

each zero crossing is found using similar triangles to determine the sub sample 

position. Both positive and negative crossings are measured. The four period 

measurements over two cycles are averaged. The inverse is taken to yield the 

frequency. Any measurements that fall outside the fundamental frequency ±5 Hz 

are ignored, and the power quality meter assumes a nominal 50/60 Hz for the 

remaining calculations until the system frequency returns within the ±5 Hz range. 

The system frequency typically varies by small but finite amounts during normal 

operation, uncorrected RMS and vector measurements will have an error that is a 

function of frequency deviation. Since power quality meters are locked to the supply 

frequency, these errors are minimized. Power quality meters do not usually 

compensate for these errors beyond the correction in the phase-locked-loop 

sampling. 

1.3. Literature on impact of LV connected DER on power 

quality 

1.3.1. Heat pumps 

The impact of heat pumps on the LV distribution network was investigated in [41] 

where the load and generation of both electricity and heat were modelled. An 

algorithm based on fractals was then used to model generic networks with different 

topologies and characteristics. The work considered both an urban network and a 

rural network that had different peak load densities with different electrical and 

heat demands. Results from this study indicated that there was a potential impact 

on the network loading from the HP. This causes overloading of substations for 

penetration levels of around 30 %. This study observed that for a penetration level 

of 50 %, the network peak increased by 50 % which will require network 

enforcement. It is noted that this study only considered power flows and not power 

quality. 

Work in [42] modelled the a generic urban UK distribution network with heat pumps 

in the software package DIgSILENT. Parameters such as starting current, voltage 

variations, active and reactive power and the impact of single phase loading were 

considered. It is not clear if the study in [41] considered this. Results from [42] 

demonstrated that the network could accommodate a 20 % additional loading, after 

this LV transformers start to become overloaded. It was suggested that this could be 

prevented by the use of demand-side-response. The study found that for an 

example feeder when the penetration was 40 %, the steady-state voltage dropped 

below 95 % of nominal voltage. 
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The penetration of HP, CHP and PV was investigated in [43]. Main conclusions were 

that voltage limits were breached with 100% penetration with 5 kW generators and 

this caused a voltage increase of 3 %. HP penetrations of 30 % violate the minimal 

voltage allowed according to EN 50160. A HP penetration of 20% leads to voltages 

reduced to nearly 0.85 pu.  The focus of the study was steady-state voltage and 

power flow and not power quality issues such as harmonic distortion. 

All three of the studies on heat pumps concluded that the existing distribution 

network was able to accommodate a small number of heat-pumps before voltage 

limits at the fundamental frequency were breached. None of the studies 

investigated the harmonic spectrum or the impact of the heat pump on power 

quality other than the magnitude of voltage. 

1.3.2. PV 

Work in [44] modelled the contribution of harmonic distortion of current and 

voltage waveforms from PV. The work used the power simulator package PSIM. To 

characterise the PV installation, measurements were taken over several days from a 

small 20 kWpeak solar plant in Korinos, Northern Greece. The paper measured 

harmonic current and then built a simulation to model the impact of this harmonic 

current on the feeder that the PV inverter was connected to. The model used a very 

simple harmonic representation and feeder model. The conclusion was that the PV 

panels cause a very slight rise in the harmonic current. However the PV plant did not 

cause any limit violations and the increase in magnitude of harmonic currents due 

to the operation of the PV plant was negligible. 

Power quality issues due to increasing PV levels in Flanders, Belgium were  

investigated in [45]. Specifically the power quality issues of over-voltage, under-

voltage and unbalance was tested. It was concluded that in an area where there is 

an issue of under-voltage during the day, PV installations may support the network 

by causing the voltage to rise. The installation of PV panels which are typically single 

phase could increase the amount of unbalance in the network. This would cause 

greater neutral losses as the neutral current is increased. Potentially, in very high 

cases of unbalance the neutral point may shift. The natural fluctuations of PV could 

limit the amount of load compensation that PV installations provide in heavily 

loaded networks. It is not necessarily possible to quantify the unbalance that PV 

installations present as the properties which will install PV and which phase that 

these properties are connected to is not known. However PV installations present a 

significant amount of generation (up to 3 kW) which could cause a significant 

amount of unbalance. 

1.3.3. EV 

No studies on EV were reviewed for this report. 
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2. Methodologies 

2.1. Introduction 
A series of trials were planned within the project covering heat pumps, photovoltaic 

generation and electric vehicle chargers. The heat pumps might use a variety of 

means to drive the compressor including direct-on-line motors and variable speed 

(power electronic drive) motors. The PV generation will include an inverter and the 

EV charge will include a rectifier. In all cases there is potential for the equipment to 

draw (or inject) harmonically distorted current but the extent to which that 

happened will depend on the approach to power conversion taken within the 

equipment, the quality of the design and the operating conditions. 

The electric vehicle and photovoltaic cases were evaluated through a combination 

of trial data and laboratory testing. 

2.2. Trial data 
In order to assess the power quality, various features of the raw data from the trails 

were examined, specifically the individual harmonics, THD, power factor and voltage 

flicker. These features could be examined for their relationship to the load profile.  

In order to determine if two data sets, for example real power and reactive power, 

correlate to each other the Pearson’s coefficient was calculated. Person’s coefficient 

is a measure of the linear correlation (dependence) between two vectors. If the 

coefficient is positive one (+1), the two vectors have a total positive correlation. If 

the coefficient is zero, there is no correlation. If the coefficient is negative one (-1), 

then there is a negative correlation. This method is widely used as a measure of the 

degree of linear dependence between the two vectors.  

2.3. Laboratory testing 
For types of low-carbon technology where field trials did not provide the data 

needed, a series of laboratory tests were conducted to investigate, in particular, the 

harmonic distortion of the current waveforms of these devices.  

The data presented in this section was collected using a Chauvin-Arnoux CA884B 

power analyser (CA). The CA is a portable device with batteries, designed for 

engineers in the power sector and has a range of settings, including the ability to 

calculate and record the phase and harmonic content of a load. It has a minimum 

sample period of 1 second and can record a 24 hour trend at this resolution 

provided a limited dataset is selected. 

The Chauvin-Arnoux CA884B can only recorded the mean for each signal. All 

maximums and means plotted from recordings using the CA884B are maximums of 

the mean and means of the mean respectively. 
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Figure 8: Picture of the Chauvin-Arnoux CA884B used for the solar PV and EV tests. 
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3. Description of data gathered for heat pumps 

3.1. Introduction 
It is estimated that between 2008 and 2012 there were 83,218 installations of 

domestic heat pumps [46]. Compared to 206,851 installations of solar PV in 2011/12 

[47], the switch from electrical elements, gas or oil heating to heat pumps has been 

a lot smaller. 

Thus the chance of finding feeder with a high penetration of heat pumps in London 

was not feasible. The study change focus from a feeder with a large number of heat 

pumps, to accessing the power quality of individual heat pumps. 

Ten sites were specified for the monitoring of heat pumps. The period of 

measurement was chosen to be over typically the coldest period of the winter. This 

period was between January and February in order to capture high demand from 

the heat pump when the outside temperatures were low. 

The approach was to measure power quality at the heat pump sites and to measure 

the operation of the heap pumps. Power quality data was used to analyse the heat 

pump within the scope of this report. The operation of the heat pump data could be 

used to build a model of the heat pump. 

Data requirements were specified for the electrical input, the heat pump and the 

property. The electrical data was specified to be recorded at 10 minute intervals 

with the following measurements: 

 Voltage (RMS) 

 Current (RMS) 

 Power factor 

 Apparent power (VA) 

 Active power (W) 

 Reactive power (VAr) 

 THD of voltage 

 THD of current 

 RMS of the odd voltage and current harmonics from 1st to 49th 

 Phase of the harmonics measured 

 Frequency (Hz) 

The heat pump data was specified to be either recorded via external sensors or 

internal sensors. Every ten minutes the water temperature, air temperature and 

operational state of the heat pump were specified to be recorded. 

 Inlet and outlet water temperature of the heat pump 

 Outside and inside air temperature of the property 

 Heat pump mode (off, standby, on, defrost cycle, compressor on) 

 Flow rate of the pumps 
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An initial inspection of the house was specified with the following recorded: 

 Number and location of radiators included any under-floor heating 

 Designed water temperature of the heating / hot water systems 

 Property area and volume 

 Approximate year of construction 

 Insulation installed 

 Percentage of windows and walls 

 Type of windows (single or double glassed) 

The specification of the property was specified such that the loss model of the 

house could be developed. Heat pump data specified in order to calculate the COP 

of the heat pump. Electrical data specified in order to analyse the impact of the heat 

pump on the LV network. This report will focus on the power quality.  

3.2. Summary of data collected  
Two companies (Energy Saving Trust (EST) and Passiv Systems) were contracted to 

measure individual heat pumps. Both ran their trials from the end of January until 

the beginning of March. EST collected the electrical data at 10 sites and Passiv 

Systems collected the electrical, heat pump and house survey data at 9 sites. 

However there were only 8 electrical data sets and 8 heat pump data sets of which 

7 sets included electrical and heat pump data that matched. 

In this report, the 10 heat pump sites allocated to Passiv Systems are numbered 1 to 
10 in the report. For the graphs were no data was collected, the associated plots are 
left blank. The locations of the ten heat pump sites along which the data that was 
collected is shown in Table 3. 
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Table 3: Information about the locations and data collected from the heat pump trial 

Heat 

Pump 

Reference 

Power 

Quality 

Survey Heat 

Pump 

Operation 

Home ID Hub ID Location 

HP 1  Yes Yes  Yes 2 7218 Brighton 

HP 2  Yes  Yes  Yes 3 7200 Bridgwater 

HP 3  Yes  Yes  Yes 21 7201 London 

HP 4  Yes  Yes  Yes 61 7202 Canterbury 

HP 5  Yes  Yes  Yes 41 7203 Newark 

HP 6 Not 

Collected 

Not 

Collected 

 Yes 62 7204 Norwich 

HP 7  Yes  Yes  Yes 63 7205 Cranleigh 

HP 8  Yes  Yes  Yes 64 7208 Dartford 

HP 9  Yes  Yes Not 

Collected 

241 15728 Clevedon 

HP 10 Not 

Collected 

Not 

Collected 

Not 

Collected 

242 15791  

 

Information about the properties where the heat-pump data was recorded from is 

shown in Table 4 and Table 5. 
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Table 4: Information about the house in the Passiv Systems Heat Pump trial 

 

Approx. 
Construction 

Date 

Constructio
n Type 
(Walls) 

Window Type 
(Single/Double/

Triple) 
Est. Wall 

Insulation Level 

Est. Roof 
Insulation 

Level 

Approx. 
Glazed Area 

(m2) 

Approx. 
Floor Area 

(m2) 

Approx. 
Avg Ceiling 
Height (m) 

Volume 
(Floor Area 

* Ceiling 
Height) 

Number 
of Heat 
Emitters 

Type of Heat 
Emitters 

HP 1 
1990's Cavity Double Glazed 50mm External 

27cm Mineral 
Wool 

More Than 
Typical 180 2.3 414 9 Underfloor 

HP 2 
1970 Cavity Double Glazed Filled Cavity 

27cm Mineral 
Wool Typical 101 2.34 235.404 8 

Standard 
Radiators 

HP 3 
1950 Cavity Double Glazed Typical - As Built 

27cm Mineral 
Wool Typical 102 2.54 258.4958 8 

Standard 
Radiators 

HP 4 
1997 Cavity Double Glazed Typical - As Built 

27 cm Mineral 
Wool Typical 207 2 414.6 6 

Underfloor & 
Radiators (6) 

HP 5 2002 Cavity Double Glazed Typical - As Built Typical Typical 116 2.51 291.16     

HP 6                 0     

HP 7 

1910 

Some Solid, 
Some 
Cavity Double Glazed Little Insulation 10cm Celotex Typical 101 2.4 243.12 13 

Standard 
Radiators 

HP 8 
1947 Cavity Double Glazed Filled Cavity 

27cm Mineral 
Wool Typical 88 2.5 219.5 8 

Standard 
Radiators 

HP 9 
2006 Cavity Double Glazed Typical - As Built 

27cm Mineral 
Wool 

More Than 
Typical 159 2.35 373.65 9 

Standard 
Radiators 
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Table 5: Heat pump information in the Passiv Systems heat pump trial 

 

HP Manufacturer HP Model/Type 

HP 
Output 

(kW) 
Backup 
Heater? 

Backup Heater 
Type 

HW 
Cylinder 
Size (l) 

HW 
Cylinder 
Heater? HW Cylinder Operation 

HP 1 
Kingspan 

Aeromax KHP0040 
(monobloc) 15 No N/A 210 Yes Timed, sanitation only 

HP 2 NIBE F2015-8 COP (monobloc) 8 Yes Integral 200 Yes Timed, sanitation only 

HP 3 Daikin Altherma Small Monobloc 8 Yes External In-Line 200 Yes Timed, sanitation only 

HP 4 LG Electronics Therma V Split System 16 Yes Integral (Hydrobox) 210 Yes Timed, sanitation only 

HP 5 Daikin Altherma HT Split System 16 Yes External In-Line 200 Yes Off 

HP 6 Panasonic Aquarea Split System 12 Yes Integral (Hydrobox) 200 Yes Timed, sanitation only 

HP 7 Daikin Altherma Split System 16 Yes Integral (Hydrobox) 210 Yes Timed, sanitation only 

HP 8 NIBE F2015-8 COP (monobloc) 8 Yes Integral 200 Yes Timed, sanitation only 

HP 9 Dimplex A Class Monoblock 12 Yes Integral   Yes   

HP 10 Danfoss Low Temp Monobloc 13           
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4. Analysis of heat pump data 

4.1. Heat pump trials 
Results from the analysis of the heat pump data are depicted in this section.  

Subsections are organised based on the features explored. The aim of this section is 

to showcase the most interesting result from the analysis.  

4.1.1. Harmonic Current 

In this subsection, the harmonics output of the heat pumps are analysed. The aim is 

to characterise the harmonic content of the heat pump such that it is possible to 

model the heat pump for network studies. 

 
Mean Harmonic Current 

The mean (averaged over time) of harmonic current for the 3rd, 5th, 7th, 9th, 11th and 

13th harmonics were plotted in Figure 9 for all available heat pumps. Each harmonic 

is presented by a different colour of bar.  

 

Figure 9: Mean current magnitude of the 3
rd

, 5
th

 , 7
th

, 9
th

, 11
th

, 13
th

 harmonics for all of the heat 
pumps 
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It is clear that the different brands of heat pump are quitter different in terms of the 

harmonic current distortion they create. Most of the heat pumps draw harmonics 

which are well within EN 61000 limits. Two, HP 5 and HP 20, are within the product 

standard but have a rather high third harmonic of 1.4 A and 2.3 A respectively. 

In general, the 3rd and 5th harmonics were the two highest harmonics and the ones 

needing closest attention in determining network voltage harmonic limits.  

As might be expected, the magnitude of the harmonic current decreases with 

harmonic number for each heat pump with the exception of HP 4 where the 5th 

harmonic current is larger than the 3rd harmonic current.  

Maximum harmonic current 
The maximum harmonic current was the maximum harmonic current recorded in 

the trial. For the Passiv data, the power analysers recoded a maximum, mean and 

mimimum for each measurment. The maximum harmonic current is the maximum 

of the maximum. The EST power analysers only recorded the mean and the 

maximum is the maximum of the mean. 

Figure 10 shows the maximum magnitude recorded for each harmonic in contrast to 

the mean values in Figure 9. The difference between the maximum recorded value 

and the average is marked. The 3rd harmonic peak current for the four highest cases 

were 7.5A, 6.3A, 4.8A and 4A. The third harmonic is of concern because looking 

across all distorting loads, it tends to be drawn at the same phase relationship to 

the fundamental and therefore the 3rd harmonic contributions of all loads sum 

together. Higher harmonic orders are less and less likely to be phase aligned 

between different loads and so to some extent combine destructively. Further, the 

third harmonic generated in this fashion will be a zero-sequence set that will flow in 

the neutral path causing additional voltage drops and heating. However, the angle 

of the harmonic current is not measured by the power analysers and thus any 

conclusions are speculation. 
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Figure 10: Maximum recorded harmonic current for the Passiv and EST heat pumps. The Passiv data 
recorded the maximum value and subsequently the maximum is the maximum of the maximum. The 

EST data only recorded mean. The maximum for this data set is the maximum of the mean. 

A question that arises is, how often does the maximum harmonic current occur? For 

this two graphs were plotted (and discussed below) that explore how the 3rd 

harmonic changes over time and explore the variation in the probability density 

function of harmonics of a particular heat pump.  

Average profile of 3rd harmonic current in a 24 hour period 
 
Figure 11 shows how the mean and max of the third harmonic changed over a 24 
hour period, heat pump by heat pump. 
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Figure 11: Profile over 24 hours for the third harmonic maximum and minimum current plotted for 

all the heat pumps. 
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Turning first to heat pump 5, it is clear that this device has a consistently high 

average 3rd harmonic and a consistently high peak 3rd harmonic current.  The large 

difference between the peak and average 3rd harmonic current suggests that the 

device is undergoing a short-term cyclic variation in the harmonic current emitted. 

This contrasts strongly with heat pump 19 where the peak is little different from the 

average (and is also consistent throughout the day). Heat pump 20 on the other 

hand shows some periods (around midnight) with little harmonic emission 

indicating that operating condition is a factor in the harmonics emitted. Heat pump 

17 shows very little harmonic emission at any time of day and peak and average 

almost identical. 

These results have demonstrated that for heat pumps there is a large variation 

between brands. There are indeed many detailed differences in the way the 

compressor motor of a heat pump might be supplied and controlled that could 

explain this difference. For instance, a simple on/off control of a single phase AC 

motor supplied would behave largely linearly but if supplied via a phase-angle 

controlled Triac would be expected to create harmonic distortion dependent on the 

phase angle used at different loading conditions. A DC motor supplied by a rectifier 

might create distortion from the rectifier if it were a simple diode rectifier or not if it 

was a unity power factor (UPF) rectifier. 

Interestingly heat pump 7 is the same brand and model has heat pump 5 and 

although it shows similar characteristics it has somewhat lower peak distortion and 

absence of harmonic emissions early hours of the morning.  Perhaps it is shut down 

in the early hours and perhaps because it operates at a different fraction of its rated 

power it produces different distortion. One cannot rule out that this heat pump may 

draw some harmonic current in response to pre-existing harmonic voltage distortion 

(from other consumer loads)  giving rise to a site-specific affect. Heat pump 3 is the 

same brand as 5 and 7 but a different model and shows generally much lower 

harmonic distortion, perhaps indicating a change in technology internally between 

power ranges. 

Probability of the 3rd harmonic current for heat pump 5 

Figure 12 shows the probability of various amplitudes of 3rd harmonic current being 

drawn by heat pump 5 across a range of loading conditions. Heat pump 5 was 

chosen for this illustration because it has the highest peak harmonic magnitudes. 
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Figure 12: Probability of certain amplitudes of 3
rd

 harmonics for power consumption of heat pump 5 
in 10% bands (100% is 13.8 kW) 

Figure 12 reveals several features of the 3rd harmonic distortion created by heat 

pump 5. First, at a constant power (any one of the sub-plots) there is still a range of 

possible amplitudes of 3rd harmonic current that will be observed. Second, as the 

power consumption is increased, the higher amplitudes of 3rd harmonic become 

more likely with the most likely amplitude changing from below 5 A for low power 

to over 5 A for high power. For context, it should be noted that at 100% power, heat 

pump 5 draws 59.9 A of fundamental frequency current. 

It is important to note that heat pump 5 creates considerable 3rd harmonic 

distortion even when operating in the 0 – 10% of power consumption, which was 

not the case for all heat pumps. Heat pumps like HP5 will raise the THD of the 

network voltage at all times of day and is a “base load” of harmonic distortion. 

The data gathered and analysed in this fashion could be used to create a 

probabilistic model of harmonic distortion and allow exploration of the worst case 

network impacts. However, such a network assessment would need to include some 

assumptions or data concerning which brands of heat pump had been deployed and 

where.  
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Correleation between harmonic current and the heat pump power output 

Figure 13 shows the correlation (Pearon’s Coefficient) between the harmonic 

current magnitude and the heat pump power consumption. It can be seen that for 

some of the heat pumps (for example heat pumps 1, 11, 12, 16, and 20), there is a 

strong correlation between the output power and the harmonic current but for 

other heat pumps (for example 3, 4, 9, 17 and 19) there is not. 

 

Figure 13: Correlation between harmonic current and heat pump power for all heat pumps 

Figure 14 is a scatter plot of harmonic current against power output (with different 

colours for different harmonics) for a heat pump showing a strong correlation (heat 

pump 4). It can be seen that the harmonic currents form bands which slope 

upwards with increasing power. It is noticeable that when the active power was 

low, substantial harmonic current was still present.  
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Figure 14: Harmonic current of heat pump 1 which is an example of a high correlation between the 
harmonic current and the active power 
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Figure 15: Harmonic current of heat pump 4 which is an example of a low correlation between the 
harmonic current and the active power 

Figure 15 is similar to Figure 14 but for a heat pump (heat pump 4) with a lower 

correlation. 

4.1.2. Relationship between harmonic current and harmonic voltage 

It is expected that as the load of the heat-pump increases, there will be a greater 

voltage drop along the cable from heat pump to the distribution board in the house, 

through the service cable to the feeder and along the feeder to the substation (and 

indeed beyond), thus there should be some correlation between the harmonic 

voltage and current. However, a great deal of the impedance listed above is 

common to other current paths and subject to uncorrelated harmonic voltage 

drops. Further data for the cable lengths and cable properties were not available. 

Also a link between the magnitude of the harmonic current and the output power 

has been shown in some of the inverters. A small increase in harmonic current could 

be a result of an increase in power output. This increase in power output was what 

is actually causing the voltage drop. 

Figure 16 shows the correlation between the harmonic current and the harmonic 

voltage (harmonic order by harmonic order) for each heat pump. Again, different 

colour bars are used for each harmonic.  
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Figure 16: Correlation between harmonic current and harmonic voltage for all heat pumps 

Over half of the heat pumps have a low correlation between the harmonic voltage 

and harmonic current. This implies that the heat pump was having a weak effect on 

the local voltage distortion perhaps because that distortion was largely due to other 

distorting loads in the neighbourhood.  

Some of the heat pumps have caused an effect on the harmonic voltage. This shows 

that heat pumps have the potential to distort the voltage of a feeder. Without 

information of the cable impedance that the heat pump is connected to and the 

other distorting loads in the neighbourhood, further analysis is not possible. 
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Figure 17: Heat pump 5 which is an example of a strong correlation between the third harmonic 
voltage and the third harmonic current. 

Figure 17 shows a strong correlation and Figure 18 shows a weak correlation 

between the third harmonic voltage and the third harmonic current of heat pump 5 

and heat pump 11 respectively. It is noted that the harmonic voltage for both heat 

pumps is less than 3 volts of third harmonic voltage. The G5/4-1 planning limit is 4% 

of 230 V which is 9.2 V. 
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Figure 18: Heat pump 11 which is an example of a weak correlation between the third harmonic 
voltage and the third harmonic current 

4.1.3. THD and output power 

The THD is a measurement of the combined harmonic distortion with respect to the 

fundamental voltage or current. This is a useful measurement of power quality as it 

provides an overall indication of how close the voltage of current is to the sinusoidal 

ideal case. The ideal case would have a THD of zero. The G5/4-1 planning limit is 5%. 

If the harmonic current emissions of a piece of equipment was constant, i.e., 

independent of operating point, then as the power draw of the equipment 

increased, its THD of the current would decrease (because the numerator term is 

constant but the denominator term is increasing). This illustrates THD on its own 

can be a misleading indication of how much distortion is present in the currents of a 

network.  

Figure 19 shows the correlation between the THD and output power for all of the 

heat pumps. The majority of the heat pumps have a large negative correlation 

between the THD and the output power. This means that the THD becomes smaller 

at higher power which in turn means that the distortion rises less quickly than the 

fundamental current. At higher power consumption one would observe a current 

that is closer to sinusoidal than at lower power.  
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Figure 19: Correlation between THD and power 

The maximum, mean and minimum recorded harmonic during the trial was plotted 

in Figure 20. All of the Passiv System heat pumps have a large range between the 

minimum and maximum THD. The THD of the EST heat pumps is lower and the 

range between minimum and maximum is smaller. This could be an artefact of the 

different data loggers or that the heat pumps in the EST set cause less distortion. 
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Figure 20: Maximum, mean and minimum THD 

Figure 21 shows the THD (both mean value and maximum) ploted over 24 hours for 

all heat pumps in the trial. A winter’s day was chosen to ensure that the heat pumps 

were, in genral, being exercised. The graph is similar in format to Figure 11 that 

plotted the magnitude of the 3rd harmonic rather than the THD. Again, there are 

considerable differences in THD between the brands of heat pump and/or the 

operating patterns to which they were put. Heat pump 5 shows a generally high 

level of THD through the 24 hour period and shows a large difference between the 

peak and the mean (which indicates that it undergoes short term variation in 

harmonic output). A few heat pumps show pronounced variation over 24 hours 

because they were operated with a daily variation of power consumption and had a 

correlation between power consumption and harmonic distortion. Others had a 

generally low level of THD at all times.  These heat pumps were 1, 3, 5, and 12 

where during high consumptions, the THD reduced. 

It is also noted that there is again a visual difference between the THDs of the Passiv 

System heat pumps and the EST heat pumps. The mimium THD of the EST heat 

pumps increases where as this was not the case of the Passiv System. The EST heat 

pumps have a maximum THD lower then 60 %. This is not the case for the Passiv 

System. 
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Figure 21: 24 hour profile of the THD plotted for all the heat pumps 
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The short term variation of the THD (which gives rise to differences between mean 

and maximum values in Figure 21) was explored for example heat pumps by plotting 

the probability of certain THD values occurring for a range of loading conditions (the 

format of the plot is similar to Figure 11 that concerned the 3rd harmonic rather 

than the THD). The probability density is plotted for each 10% band of power 

consumption of the heat pumps for heat pumps 1, 7 and 16 with the graphs shown 

in Figure 22, Figure 23 and Figure 24 respectively. 

 

Figure 22: Probability distribution of THD for heat pump 1 for 10% bands of power consumption 

Heat pump 1 has a higher THD and a greater variability when the output power 

from the heat pump is lower and when operated above 50% power has a THD that 

is certain to fall between 10 and 20%. The reduction of THD with increasing power is 

at least in part due to an increase in fundamental current rather than a reduction in 

distortion.  
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Figure 23: Probability distribution of THD for heat pump 7 for 10% bands of power 

Heat pump 7 shows a very similar pattern to heat pump 1 in that the maximum THD 

occurs when the heat pump operates at a low power output.  
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Figure 24: Probability distribution of THD for heat pump 16 for 10% bands of power consumption 

Heat pump 16 is broadly similar to heat pumps 1 and 7 but with detailed differences 

such as a drop in THD on approach to 100% power and at close to 50% (this could be 

a rectifier or phase angle controller operating nearly sinusoidal current at certain 

conduction angles power). This illustrates a great variety in the nature of harmonic 

distortion from different brands of heat pump indicating a variety of under lying 

technologies.  

4.1.4. Voltage flicker 

Voltage flicker is an important power quality measure. It has its roots in the 

irritation to the human eye of flickering light output of incandescent lamps but can 

affect other light fittings and other classes of customer equipment. Only the power 

analysers used in the Passiv trial recorded voltage flicker and tests did not compare 

flicker before and after heat pump installation. A test was made of the correlation 

between the measured voltage flicker and the heat pump output power. A strong 

correlation might point to flicker being caused in part by the heat pumps. As Figure 

25 shows, no such strong correlation was observed.  
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Figure 25: Correlation between voltage flicker and power 

4.1.5. Voltage sags and swells 

Voltage sags and swells are short term excursions of the voltage magnitude outside 

the proscribed limits and are event which might cause mal operation of customer 

equipment. In LV feeders one might expect a temporary very heavy loading 

condition to be a cause of sag and a temporary very high injection of power to be a 

cause of swell. 

The maximum, mean and minimum voltage recorded over the full duration of trial 

which was for one month between the end of January until the beginning of March 

in 2014. For each heat pump as shown in Figure 26. The black dotted horizontal 

lines in the figure mark the UK voltage limits at 230 V + 10% / - 6% which are 216 V 

and 253 V.  

Figure 26 shows that for most of the heat pumps, the voltage remains within limits. 

The most obvious exceptions to the normal voltage range are the low-voltage event 

with reductions to less than 50 V seen at heat pumps 15, 17 and 20. It is likely that 

these are short duration events, better described as dips than sags and resulting 

from a fault and its clearance. Heat pump 2 recorded a low voltage event right on 

the limit. From the data recorded by the heat pumps it is not possible to know if this 

voltage-sag has been caused by the load on the network or by a fault. The trial had 

no knowledge of the substation loading. There are several recordings of maximum 



 55 

voltages above the normal range but these are attributed to other network events 

rather heat pump operation.  

 

Figure 26: Maximum, Mean and Minimum Voltage observed at each heat pump site over full 
duration of trial 

4.1.6. Reactive Power 

Figure 27 shows the maximum, mean and minimum reactive power recorded for 

each heat pump. The majority of the reactive power consumption from the heat 

pump was negative, which according to the normal load convention is a source of 

reactive power and a representation of a capacitive characteristic to the network. 

Most of the heat pumps have a minimum reactive power which is non-zero but 

some do reduce to essentially zero for some operating conditions. Rather like the 

harmonic case, it is clear that there are significant differences between brands of 

heat pump. 
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Figure 27: Maximum, mean and minimum recorded reactive power 

4.1.7. Load Profiles of Real and Reactive Power 

The load profiles of Figure 28 divide into four broad groups:  

 those such as heat pumps 8 and 9 which run under nearly constant real and 

reactive power conditions throughout a 24 hours period,  

 those such as heat pumps 5 and 7 which follow diurnal cycles, 

 those such as 15 and 16 that are largely constant except for some peaks of 

real power consumption and 

 those such as 19 and 20 that show a diurnal cycle plus peaks.   
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The differences in reactive power consumption are also apparent with heat pumps 

such as 1 and 3 drawing essential no reactive power but heat pumps 9 and 19 

requiring significant negative reactive power. A possible explanation is that some 

heat pumps use direct-on-line or Triac-interfaced “capacitor run” single-phase 

induction machines or use power factor correction capacitors and others use a 

rectifier and further power converter. 
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Figure 28: Mean real and reactive power plotted over a 24 hour period for all the heat pumps 

Figure 29 and Figure 30 show the probability density functions of the real power 

consumption of heat pump 5 and heat pump 15 separate into plots for various 

periods of the day. Heat pump 5 has a large morning demand between 4 am and 8 

am and a smaller evening peak between 2 pm and 6 pm. Figure 29 also shows that 

heat pump 5 has a high probability of consuming 0 and 10 % power. This implies 

that the controller of the heat pump is switching on the heat pump to heat the 

water and once the water reaches temperature the heat pump is switched off. 

The profile of heat pump 15 in Figure 30 also shows the same characteristics. The 

peak output of heat pump 15 is between 4am and 6am in the morning as the heat 

pump draws over 50% of power. In the evening there is a smaller peak as the 

probability of the heat pump drawing 20% to 30% power output increases between 

8pm and 10pm.  
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Figure 29: Probability of power consumption level for several periods of a day for heat pump 5 

 



 62 

 

Figure 30: Probability of power consumption level for several periods of a day for heat pump 15 
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5. Description of data gathered for PV 

5.1. Introduction 
In 2011/12, 498.2 GWh was reported as being generated under the GB Feed in Tariff 

scheme which was from 206,851 installations [47]. Solar PV from installations of less 

than 4kW, typical roof-top installations, contributed 172.7 GWh from 195,846 

installations. By the end of quarter 1 in 2014, the number of domestic solar 

installations had increased to 449,630 [48] 

There are feeders in the UK where a substantial fraction of the dwellings have PV 

installed and where this clustering of PV might be most likely to lead to power 

quality problems.  

In London, as recorded at the end of Q1 2014, there are approximately 3,147,588 

households and of which 12,101 are domestic that have PV installed [48]. The 

original report specification at the start of Low Carbon London was never to include 

PV. However, due to the significant amount of PV installed, PV was investigated. The 

PV study was conducted in the laboratory. One PV installation was measured in 

order to confirm the laboratory testing. 

5.2. Summary of data collected 

5.2.1. Solar PV study 

The laboratory test of PV inverters was set-up as shown in Figure 31 and consisted 

of: 

1. An Agilent N8900 Series 10 kW power supply [49] to emulate a PV panel,  

2. A power measurement unit,  

3. A portable oscilloscope,  

4. An isolation transformer and, 

5. The PV inverter under test. 

 

Figure 31: PV laboratory analysis 

A DC power supply was used to provide the DC-input to the solar PV inverter under 

test so that various irradiance levels could be emulated. Solar PV panels consist of 

many solar cells in series each of which contributes a small voltage. The series 

strings of cells develop tens or hundreds of volts and are compatible with power 

converters and inverters. Strings can be connected in parallel to obtain a greater 

current output too. There is some debate and variation in practice over the extent 

to which series and parallel connection and a single inverter should be pursued over 
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smaller inverters connected to subsets of cells. There are differences in terms of 

cost, efficiency and the ability to cope with partial shading of the PV array. The final 

arrangement of the panels would be chosen by the installation designer and the 

final design is outside of the scope of this project. 

The typical output of a solar PV cell is shown in Figure 32. It can be seen that the 

output current is near-constant across the majority of the operating voltage. In the 

example shown in Figure 32, the current output is approximately constant until 

0.4 V after which the current reduces as the internal junction diode conducts some 

of the photo-electric current. The external current reaches zero at about of 0.58 V. 

The curve would change depending on different angular positions of the panel with 

maximum current occurring for a panel normal to the sunlight (0°). Single irradiance 

level of full sunlight is generally taken to be 1,000 W/m2. Lower irradiance or partial 

shading will reduce the photoelectric current and the PV cell current. 

 

Figure 32: Typical solar PV cell voltage and current output 

The power output of the PV cell is the voltage multiplied by current. One should 

operate the cell with a relatively high voltage but no so high as too dramatically 

reduce the current. For each irradiance level (and temperature) there is an 

operating point that gives the maximum power.  The solar inverter will contain an 

algorithm to find that point. This is known as a maximum power point tracking 

(MPPT) algorithm. 
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To emulate the solar panel array, a DC power supply was used. The DC power supply 

had programmable maximum voltage and maximum current settings. Once set, if 

the device that is connected to the output of the DC power supply draws less 

current than the current limit then the voltage will be at the voltage limit. If the 

device attempts to draw more power, then the output current will limit and the 

voltage will reduce. This gives the rectangular profile is shown in Figure 33. This will 

not fully represent the PV panel in terms of exercising the MPPT algorithm (the MPP 

is simply the corner of the rectangle) but it is sufficient to exercise the inverter and 

too test the harmonic distortion of the inverter as a function of power throughput. 

 

Figure 33: Profile of the DC power supply compared to the profile of the solar cell. 

The power supply was programmed to sweep the voltage and current over the 

operating range of the PV inverter. The number of panels used for any particular 

solar installation may vary. Therefore to correctly characterise the PV inverter all 

the possible current and voltage operating points should be measured. 

Some of the inverters required two strings of PV cells to be connected. For these 

inverters the power supply was connected such that the two strings were in parallel. 

To check that the power was split evenly between the two connections, an 

oscilloscope was used to measure the DC current. The results from the oscilloscope 

were not used for the data analysis. The information was only used as a safety 
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check. If the inverter started to unevenly share the power, then the DC supply 

would be switched off. 

A photograph of the experimental set-up for one of the inverters under test is 

shown in Figure 34. Annotations are included to label each piece of equipment that 

was discussed in this section. 

 

Figure 34: Photograph of the experimental setup and annotations to indicate the equipment 

The power analyser was used to record the measurements used to analyse the 

power quality of the inverters under test. The operation of the power quality meter 

was discussed in Section 1.3.4. From the power quality meter, the following 

parameters were measured: 

 Frequency 

 Voltage 

 Current 

 Real and Reactive Power 

 Power Factor 

 THD 

The inverters tested within the PV trial are listed in Table 6. This is not an extensive 

study of PV inverters but should provide a reasonable understanding of the 

expected emissions from PV inverters. 
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Table 6:  List of the solar inverter tested. 

Solar PV Number Make and Model DC Voltage at Full 

Power 

Maximum 

Power 

1 Power One – Aurora 

(PVI-3.6-TL-OUTD) 

120 – 530 V 3600 W 

2 Growatt 3600MTL 100 – 600 V 3600 W 

3 Growatt 1000 70 – 450 V 1000 W 

4 Sunny Boy 

(SB 4000TL-20) 

125 – 440 V 4000 W 
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6. Analysis of PV data 

6.1. Measured PV installation 
Results from the analysis of the PV installation that was measured are discussed in 

these sections. 

6.1.1. Harmonic Current 

 

Figure 35: Mean harmonic current from the PV installation of the 3
rd

 to the 51
st

 harmonic. The mean 
was the mean of the mean of every time point recorded. 

Mean harmonic current of the PV installiation is shown in Figure 35 and shows that 

the output of the solar PV is very low. However, this figure may be missleading 

when considering the maximum harmonic current shown in Figure 36. 

The maximum harmonic current as shown in Figure 36 shows that the PV inverter 

may present a high level of harmonics to the network. Further analyis is required to 

understand the difference between the low levels of the mean and the high levels of 

the maximum. 
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Figure 36: Maximum harmonic current from the PV installation of the 3
rd

 to the 51
st

 harmonic. The 
maximum was the maximum of the maximum as recorded by the PQ analyser. 
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Figure 37: Mean and maximum of the third harmonic plotted over a 24 hour period 

The mean and maximum of the third harmonic current plotted over a 24 period is 

shown in Figure 37. There is an instantaneous peak harmonic current at 08:00. This 

is possible a starting harmonic current or an error from the PQ analyser. From the 

hours of 10:00 until 18:00, the harmonic current (both mean and maximum) is low. 

It is expected that this is when the PV inverter was generating. From the hours of 

18:00 until 08:00, the harmonic current is zero. This is because the PV inverter 

switches off when there is not enough sunlight for generation. Location and 

direction information about the PV inverter is unknown.  

6.2. Solar PV laboratory measurements 
The PV inverters were investigated within the laboratory with the inverter supplied 

with power by a DC power supply. This section describes the results obtained. 

6.2.1. Harmonic current 

The mean harmonic current from each of the four solar PV inverters is plotted in 

Figure 38. The first observation is that the mean harmonic demand from the four 

inverters tests in the laboratory is much lower than the harmonic current generally 

observed from the heat pumps. 
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Figure 38: Mean harmonic output from the solar PV inverters 

Figure 38 shows that the fifth harmonic is the largest magnitude harmonic current 

produced by the inverters. It is noted that the general supply voltage in the 

laboratory has a significant 5th harmonic voltage even under no-load is connected 

which is considered to be due to the large 5th harmonic current drawn by the ICT 

equipment elsewhere in the building. It is possible that the inverters are influenced 

by the existing 5th harmonic voltage to produce some 5th harmonic current but that 

is not certain. To test this, the inverters would need to be tested on a clean supply 

and measure if the 5th harmonic voltage and 5th current together were active as a 

power source or power sink (aiding or damping the voltage harmonic). 

The maximum harmonic current from each solar PV inverter is plotted in Figure 39. 

It is noted that the maximum harmonic current is an order of magnitude greater 

than the mean harmonic. 
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Figure 39: Maximum harmonic output from the solar PV inverters 

To investigate the likelihood of these peak harmonic currents occurring, probability 

densities were used. For the example of PV inverter 1, Figure 40 shows the 

probability of various levels of 3rd harmonic plotted for a range of output powers. It 

was found that the probability of drawing the maximum current as record in Figure 

39 was so small as to hardly register on the probability plot. Indeed the distribution 

is quite tightly formed around the mean and that the most likely third harmonic 

drawn by inverter 1 is less than 0.5 A and constant over the operating range of the 

PV inverter. It is concluded that the large harmonic current magnitude recorded in 

Figure 39 was either a very rare event or a measurement artefact.  

The scatter plot showing the harmonic currents form inverter 1 is shown in Figure 

42. It shows that the harmonic current is constant over the operating range of the 

inverter. The bands of the harmonic current are also visible. When modelling the PV 

inverter, it would be a good assumption to assume that the harmonic current is 

always within the bands shown in Figure 42. 
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Figure 40: Probability of the third harmonic current for solar PV 1 
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Figure 41: Probability of the fifth harmonic current for solar PV 1 
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Figure 42: Harmonic current from solar PV 1 

6.3. Increasing the harmonic current 
The aim of this experiment was to investigate the effect of changing the harmonic 

voltage supply to the inverter. By changing the harmonic voltage and measuring the 

harmonic current of the inverter. It may be possible to determine if the inverter 

generates a constant current or if the current of the PV inverter is dependent on the 

quality of the voltage supply. 

Set-up of the experiment is shown in Figure 43. The grid voltage was supplied by an 

inverter running a voltage and frequency controller which could support a total 

three-phase load of up to 90 kVA. This was selected to be reprehensive of a small 

transformer in the distribution network. 

The grid inverter was connected to a small network that consisted of a load and the 

solar PV inverter under test. A load of 3.3 kW per phase (10 kW total) was 

connected in order to provide damping to the network and prevent any high 

frequency oscillations. 

An Agilent Technologies InfiniiVision MSO-X 3024A oscilloscope which used the 

Agilent N2861A voltage probe (100:1) and Agilent N2783A current probe (0.1 V/A) 

was used to record the voltage and current at the point of supply to the solar PV 
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inverter. Five cycles at 50 Hz from the oscilloscope was saved as a CSV file at a 

sampling frequency of 625 kHz.  

According to the Nyquist theorem the maximum frequency at the chosen sampling 

frequency is 312.5 KHz. Although at this frequency, noise is generate within the 

analogue-to-digital converter of the oscilloscope. If measuring above 100 kHz, a 

signal analyser is recommended. For measuring up to the 50 harmonic, the 

oscilloscope is suitable. 

 

Figure 43: Schematic of the experiment to test how the solar inverter responds to a changing 
harmonic voltage 

CSV data from the oscilloscope was analysed in Matlab where an FFT was 

performed to calculate the frequency magnitude and phase spectrum. At each 

calculated frequency spectrum the harmonic real power was calculated using the 

formula �̅� =  𝑉𝐼∗̅ where 𝑃 = ℝ(𝑆). A graph of the harmonic frequency was 

generated. 

The current probe was attached such that positive current is defined as leaving the 

PV inverter. The means that the power definition follows the generator convention 

where positive power is leaving the node (generating) and negative power being 

absorbed by the node (consuming). This also means that positive reactive power is 

capacitive and negative reactive power is inductive. 

Results from the laboratory experiment are presented in the sections below. 

 



 77 

6.3.1. Clean voltage supply 

 

 

Figure 44: Solar PV inverter voltage and current when subjected to a clean supply from a 90 kVA 
inverter source 
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Figure 44 shows the current and voltage at the PV inverter. The FFT harmonic 

current magnitude and real power from the PV inverter shows that there is a small 

amount of harmonic current. The frequencies where the harmonic real power is 

positive show that the inverter is generating at these frequencies. This is because 

the generator convention is used and positive power is defined as leaving the PV 

inverter. 

To check the FFT calculation is correct, the plots in Figure 44 show the harmonic 

current for the frequencies between 0 Hz and 700 Hz. The fundamental current at 

50 Hz dominates this graph and the information about the higher frequencies is lost 

from the scaling of the graph. This graph is included as a sense check. It is expected 

that the since the generator convention is used and the PV inverter is a source, then 

the 50 Hz real power should be positive. 

6.3.2. Voltage supply with 3rd harmonic 

.

 



 79 

 

Figure 45: Solar PV inverter voltage, current and harmonic power with the supply contains a 
significant 3rd voltage harmonic 

Figure 45 shows the response of the PV inverter when it is subject to a 3rd harmonic 

voltage. The time domain trace is significantly different from when the inverter was 

subjected to a clean supply in Figure 44. 

From the harmonic current it is observed that the fundamental is the largest 

frequency component and the second largest is the 3rd harmonic at 150 Hz. The 

third harmonic real power is negative. This indicates that the inverter presents a 

load impedance to the network at 150 Hz.  
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Voltage supply with 5th harmonic 

 

 

Figure 46: Solar PV inverter voltage, current and harmonic power when subject to a power supply 
with a significant amount of 5

th
 voltage harmonic 
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The PV inverter was subjected to a 5th harmonic in Figure 46 where the current 

drawn from the inverter changed. From the FFT, it is revealed that the 3rd harmonic 

current is no longer present and the 5th harmonic is the second largest dominant 

current. The 5th harmonic real power is negative which indicates that the inverter is 

presenting a load at the 5th harmonic and not a source of 5th harmonic. 
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Voltage supply with 7th harmonic 

 

 

Figure 47: Solar PV inverter voltage, current and harmonic power when subject to a power supply 
with a significant amount of 7

th
 voltage harmonic 
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Voltage supply with 9th harmonic 

 

 

Figure 48: Solar PV inverter voltage, current and harmonic power when subject to a power supply 
with a significant amount of 9

th
 voltage harmonic 
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Voltage supply with 11th harmonic 

 

 

Figure 49: Solar PV inverter voltage, current and harmonic power when subject to a power supply 
with a significant amount of 11

th
 voltage harmonic 
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Voltage supply with 13th harmonic 

 

 

Figure 50: Solar PV inverter voltage, current and harmonic power when subject to a power supply 
with a significant amount of 13

th
 voltage harmonic 
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Figure 47 – Figure 50 show the time domain waveform and the harmonic real power 

when the inverter is connected to a power supply polluted with 7th harmonic to 13th 

harmonic. In each test, power of the fundamental (50 Hz) has a positive real power 

indicating that the PV inverter is generating at this frequency. The harmonic 

frequency under test has negative real power which indicates that the power at this 

frequency is a load. 

Figure 45 to Figure 50 have shown the response of the inverter to the odd harmonic 

frequencies 3rd to 13th. In each test the inverter has been a load at the harmonic 

frequency. This revealed that the PV inverter will not provide negative damping at 

the harmonic frequency and thus reducing the stability of the feeder. 

A possible explanation for the change in current of the solar PV inverter is as 

follows. The controller of the inverter attempts to maintain a 50 Hz current output. 

However due to the distortion of the harmonic voltage the inverter is not able to 

fully compensate and the harmonic current is drawn by the inverter.  

The inverter will most likely contain a filter in between the switching bridge and the 

AC output. If this filter contains a shunt capacitance then the filter will present an 

impedance to the harmonic voltage. The impedance presented to the harmonic 

voltage will cause current to flow. 

This experiment has only tested the response of one inverter to different harmonic 

voltages. If the controller of the inverter was programed such that the output 

current of the inverter followed the voltage waveform of the inverter, then the 

result would have been different. Any harmonic voltage would be followed and the 

inverter would inject harmonic current into the network (positive angle for 

generator convention). Injecting harmonic current would cause negative damping 

and could result in instability. It is therefore recommended that PV inverter 

controllers do not simple follow the AC voltage and that there is a Phase-Lock-Loop 

and a 50 Hz resonate controller that ensures that the inverter only export current at 

50 Hz. 

This experiment has demonstrated that the harmonic output of a PV inverter is not 

independent of the harmonic voltage. It is not possible to characterise the harmonic 

output of a PV inverter because the harmonic output will change depending on the 

harmonic voltage. 

6.4. Design of the Solar PV Inverter 
The PV inverter that was used for the harmonic voltage test in Section 6.3.2 was 

stripped down to understand which component could be the cause of the harmonic 

current. 
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Figure 51: Photograph of the GroWatt Solar PV Inverter 

 

Figure 52: Photograph of the AC filter 

Figure 51 shows the inside of the GroWatt PV inverter that was used to test the 

response of the inverter to a controller harmonic voltage. From this photograph a 

number of sections are visible. These sections are: 

1. The switch mode power supply that connects the solar PV inverter to the DC 

bus. 

2. The capacitive bank of electrolytic capacitors that forms the DC bus. 

3. The IGBT cannot be seen on the circuit board and are expected to be under 

and connected to the rear heat sink. 

4. The output AC filter. 

A photograph showing the AC filter in more detail is shown in Figure 52. This photo 

shows inductors and shunt capacitors. It is presumed that this filter is absorbing the 

harmonic current from the harmonic voltage source. 
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7. Description of data gathered for EV 

7.1. Introduction 
EDF and UK Power Networks commissioned a trial during the Olympics to measure 
the voltage quality of charging electric vehicles. The electric vehicles were used 
during the 2012 London Olympic Games from 10th July 2012 until 17th October 2012. 
These electric vehicles were charge at six different charging sites. Details for the 
data about the charging sites that this report has included within the analysis are 
detailed in Table 7. 
 
Table 7: Details of the charging sites, the dates that the recording was made, and the measurements 

that were taken. 

Charging Site Dates Measured 

ExCel London 20th July 2012 until 18 
October 2012 

Voltage RMS 
Current RMS 
3 Phase Unbalance 
Real Power 
Reactive Power 
Apparent Power 
Power Factor 
Current Unbalance 
Flicker 
THD 
Voltage Harmonics 1-50 
Current Harmonics 1-50 

TC L6024 20th July until 18th 
October 2012 

TC L6024 Olympics 
Village 

10 July 2012 until 08th 
October 2012 

Westfield M1 19th July 2012 until 17th 
October 2012 

Westfield M5 19th July 2012 until 17th 
October 2012 

 

 
Figure 53: Schematic of the electrical circuit between the substation and the charging stations 
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The electrical schematic of the charging point is shown in Figure 53. The data 

presented in this section is from a feeder that only contains EV charging stations. 

This is not representative of a domestic feeder and therefore the results could 

differ. However a feeder with only EVs is a worst case scenario as there are no other 

loads to provide damping. It is also noted that there is an active filter connected to 

one of the four bus-bars. This filter will draw harmonic current and clean the feeder 

current. 

7.2. Summary of data collected 
The power quality of one property with solar PV within the Low Carbon London area 
was recorded. The data was recorded using a PM7000 power quality analyser. 
Recording of the one PV inverter were obtained from 12th June 2012 until the 19 
June 2012 at a one minute resolution. 
 
Signals measured from the PM7000 were: 

 Voltage 

 Current 

 Frequency 

 Flicker 

 Apparent Power 

 Real Power 

 Reactive Power 

 THD 

 K Factor 

 Current Harmonics 

 Voltage Harmonics 

7.2.1. EV study  

A number of charging events from a Nissan Leaf and a Peugeot iOn were recorded 

with the Chauvin-Arnoux CA884B power analyser which is shown in Figure 8. The 

charging events are assumed to be typical of EVs. An EV should have a similar 

charging profile each time it is charged unless specific fast and slow charge regimes 

are provided. This is in contrast to a solar PV inverter where the power output is 

subject to substantial variations between days. 

Images of these two cars are shown in Figure 54. The Nissan Leaf has won numerous 

awards including 2010 Green Car Vision Award, the 2011 European Car of the Year, 

the 2011 World Car of the Year, and the 2011–2012 Car of the Year Japan. The 

Peugeot iOn and also Citroën C-Zero is similar to a Mitsubishi i-MiEV. 
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Figure 54: Photograph of an example Nissan Leaf (top, source: 
http://www.nissan.co.uk/GB/en/vehicle/electric-vehicles/leaf/gallery/photos.html) and Peugeot 

iOn (bottom) 

Table 8: Detials of the Nissian Leaf and Peuget iOn 

Parameter Nissan Leaf Peugeot iOn 

Motor front-mounted 

synchronous electric 

motor 

rear-mounted 

synchronous electric 

motor 

Motor Output 110 hp (80 kW) 63 hp (47 kW) 

Torque Output 280 Nm 180 Nm 

Top Speed 93 mph (150 km/h) 80 mph (130 km/h) 

Battery Size 24 kWh 16 kWh 

Rapid DC charging CHAdeMO CHAdeMO 

AC Charging SAE J1772-2009  
(upto 16 A) 

SAE J1772-2009  
(upto 16 A) 
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The Nissian Leaf is a faster and more powerful car and because of this the battery is 

larger. However, the power of the car and size of the battery should not change the 

power quality during charging because the charging points are current limited. 

The Nissian Leaf and Peugeot iOn both have the capability of charging from an AC 

charge point and a DC charge point. In both cars the AC charge point is the SAE 

J1772-2009 connector and the DC charging point is a CHAdeMo connector. 

The SAE J1772-2009 is shown in Figure 55 and is a single phase AC connection. In 

the picture, the three larger pins are the live, neutral and protective earth 

connectors. The two smaller pins are communication pins that allow the car to 

communicate with the charge station. The SAE J1772-2009 may charge at 13 A, 16 A 

or 32 A. The maximum charge current is also dependent on the car. 

 

Figure 55: The SAE J1772-2009 charge plug and socket 

The CHAdeMo connector uses DC current to charge the battery. The voltage may be 

up to 500 Vdc and the current up to 120 Adc (reference required).  Up to 60 kW per 

hour may be delivered by fast ac-charging compared to up to 7.7 kW per hour using 

a 32 A supply at 240 Vac. 

This report only considers AC charging. The aim of the project is to access the 

impact of EV on the distribution network. The distribution network is AC and if a 

CHAdeMo charger was to be recorded, then the project would need access to the 

AC-side of a CHAdeMo charging station in order to access the impact on the 

distribution network. This was not part of the project specification. 

To record the power quality of charging an EV using an AC source, a breakout box 

was built and shown in Figure 56. The breakout box connected in-between the 

charging station, whether that was 13 A, 16 A or 32 A, and the car. This device 

allowed the voltage and current to be recorded using the power analyser in Figure 

8. The power analyser contains a battery if the power fails, however to ensure the 

power analyser battery did not fail, the breakout box included a connection to 

supply the power analyser with 240 V ac. A charging event with the UK Power 
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Networks car is shown in Figure 57 and the connection of the power meter in the 

back of the EV is shown in Figure 58. 

 

Figure 56: Photograph of the breakout box used to record the power quality of the supply to the EV 
while the EV was charging. 

 

Figure 57: Using the breakout box to record the power quality of the iOn charging at a steet charging 
point 
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Figure 58: Photograph of the power analyser connected to the breakout box and recorded the 
charging of the EV 

The power analyser was selected to record the following signals:  

 Frequency 

 Voltage 

 Current 

 Real and Reactive Power 

 Power Factor 

 THD 

Information that was recorded from the EV is in Table 9. 

Table 9: Information about the data collected for the EV study 

EV Data 

Number 

EV Car Charging Type Location 

1 Nissan Leaf 13 A socket Herne Hill 

2 Nissan Leaf 16 A home type 

connection 

Imperial College London 

3 Peugeot iOn 16 A home type 

connection 

Imperial College London 

4 Peugeot iOn 32 A public charging 

point 

The Cut, Southwark 

5 Peugeot iOn 32 A public charging 

point 

Holland Street, Southwark 
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8. Analysis of EV data 

8.1. Olympic data  

8.1.1. Harmonic current 

Figure 59 shows the mean harmonic current for the three phases at the six charging 

sites. The harmonic current changes significantly. Sites 1, 5 and 6 all have a low 

harmonic current flow whereas sites 2, 3 and 4 have high harmonic current flow. 

This could be because sites 2, 3 and 4 were in more convenient location and thus 

had more cars charging. 

The third harmonic is the largest harmonic current at all of the charging sites. A 

peak mean harmonic current of 14.5 A was observed on phase L1 at charging site 4.    
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Figure 59: Mean harmonic current on the three phases at the six sites. Phase L1, L2, and L3 are 
shown at the top, middle and bottom respectively. 
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Figure 60: The maximum harmonic current drawn on the three phases. Phase L1, L2 and L3 are the 
top, middle and bottom respectively. 
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Figure 60 shows the maximum harmonic current drawn at each site over the 

recording period. There is a significant difference between the peak harmonic 

current and the mean harmonic current. This is expected because there will not 

always be cars connected to the charge points. However, the peak harmonic current 

may be more indicative of what to expect on a feeder when an EV is charging. 
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Figure 61: Average profile of the harmonic current during 24 hour period for three phase for each of 
the 6 charging site 
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The average harmonic current profile over a 24 period is shown in Figure 62 for each 

of the 6 charging sites. The sites do not demonstrate a large different between the 

harmonic current over a 24 hour period. This may be for two reasons. The first 

reason is that there were a similar number of cars charging at any point in a 24 hour 

period. Or that the harmonic current output from the cars is independent of the 

charging current. 

The difference between the mean and the maximum may be caused by the usage of 

the cars. It is expected that the Olympic cars were used more frequently during the 

games than in the weeks building up to the games. A couple of weeks of low 

charging may have reduced the mean harmonic current. This theory would also 

support the idea that a constant number of cars were charging over a 24 hour 

period and the number of cars charging changes from week to week. 

 

 

Figure 62: Third harmonic current distribution of EV charging site 4 on phase L1 

The probability distribution of the third harmonic current with respect to power 

output is shown in Figure 62. Site 4 on phase 1 is selected because this was 

observed to be the worst case in Figure 60. It is noted that the data only contained 

three phase harmonic power and not per phase harmonic power. The plot in Figure 

62 calculates the phase power by multiplying the phase RMS voltage with the phase 

RMS current. 
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Figure 62 shows that the output harmonic current increases with the phase power. 

This implies that either the third harmonic current increases with the number of 

cars charging. Or that the third harmonic current increases as a function of 

individual EV charging current. No data was included to determine the number of 

cars charging. This data cannot be implied for the RMS current since the charging 

current to an individual EV may change over the charging cycle. 

 

8.1.2. Harmonic voltage 
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Figure 63: Mean harmonic voltage at the six charging sites for each of the three phases 

The mean harmonic voltage at charging sites is presented in Figure 63. The mean 

harmonic voltage is similar for the charging sites 2 to 6. Comparing this to the mean 

harmonic current in Figure 64, does not correlate. The mean harmonic current in 

charging sites 5 and 6 was significantly lower than the mean harmonic current at 

charging site 4. However there is little difference between the mean harmonic 

voltages at these sites.  

The impedance of the cable and the length of the cables are unknown at the six 

sites. Therefore the difference in harmonic voltage may be caused by different cable 

sizes and lengths across the sites. If the cable at sites 5 and 6 has a smaller cross-

sectional area than the cable at site 4, then a small harmonic current at sites 5 and 6 

could cause a similar harmonic voltage change as a large harmonic current would at 

site 4.  

Equally, sites 5 and 6 could have a high background harmonic voltage because of 

their location. The impact of the EV harmonic current could be masked by the 

background harmonic voltage.  
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Figure 64: Maximum harmonic voltage 
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The maximum harmonic voltage shown in Figure 64 is approximately twice the 

mean harmonic voltage shown in Figure 63. This implies that the harmonic voltage 

changes with time. 

8.1.3. Relationship between harmonic current and harmonic voltage 

If the harmonic current drawn by the charging of the EVs has an impact on the 

harmonic voltage, it is expected that a change in harmonic current should cause a 

change in the harmonic voltage. 

 

Figure 65: Mean harmonic current profile compared to the harmonic voltage profile for charging site 
1 
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Figure 66: Mean harmonic voltage profile compared to the power output for site 1 

Figure 65 and Figure 66 shows the harmonic voltage compared to the harmonic 

current and phase power for EV charging site 1 respectively. The plots do not 

demonstrate a trend between the harmonic voltage and the harmonic current or 

the phase power. It is concluded that at this site, the harmonic voltage is caused by 

background harmonics and not necessarily the charging of the EVs. 
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Figure 67: Mean harmonic current profile compared to the harmonic voltage profile for charging site 
2 

 

Figure 68: Mean harmonic voltage profile compared to the power output for site 2 

Figure 67 and Figure 68 shows the harmonic voltage compared to the harmonic 

current and phase power for EV charging site 2 respectively. The plots demonstrate 
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a negative trend between the harmonic voltage and the harmonic current and 

between the harmonic voltage and phase power. From the figures it appears that 

the harmonic voltage increases when the harmonic current and phase power 

decrease. A possible explanation for this is the presence of the active filter. The 

active filter is improving the harmonic voltage when the harmonic current is high 

 

Figure 69: Mean harmonic current profile compared to the harmonic voltage profile for charging site 
3 

 

 



 107 

 

Figure 70: Mean harmonic voltage profile compared to the power output for site 3 

Figure 67 and Figure 68 show the same trend as Figure 69 and Figure 70 where the 

harmonic voltage is greater when the harmonic current and power output is lower. 
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Figure 71: Mean harmonic current profile compared to the harmonic voltage profile for charging site 
4 

 

Figure 72: Mean harmonic voltage profile compared to the power output for site 4 
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Figure 71 and Figure 72 show no trend between the harmonic votlage and harmonic 

current or between the harmonic voltage and phase power. 

 

Figure 73: Mean harmonic current profile compared to the harmonic voltage profile for charging site 
5 

 

Figure 74: Mean harmonic voltage profile compared to the power output for site 5 
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Figure 73 and Figure 74 show a trend between the harmonic voltage and the 

harmonic current and between the harmonic voltage and the phase power. When 

the harmonic voltage increases, the harmonic current and phase power also 

increase. This figure imples that at EV charging station 5, the harmonic current had 

an effect on the harmonic voltage.  

 

Figure 75: Mean harmonic current profile compared to the harmonic voltage profile for charging site 
6 
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Figure 76: Mean harmonic voltage profile compared to the power output for site 6 

Figure 75 and Figure 76 show less of a trend than Figure 73 and Figure 74 between 

the mean harmonic voltage and phase power. The trend is greater in Figure 75 

between the harmonic current and harmonic voltage than between the harmonic 

voltage and phase power in Figure 76. 

This section has shown little evidence to show that the charging of EVs have had an 

impact on the harmonic voltage. The harmonic voltage has been compared with the 

harmonic current and phase power for all 6 sites. Only site 5 in Figure 73 and Figure 

74 have shown a strong trend between the increase of harmonic voltage and 

harmonic current. A possible explanation for this is the affect of the active power 

filter at the EV charging station. The paremters of this device are unknown and 

therefore the impact of the active filter is unknown. 

8.2. EV street measurements 
The harmonic current from the charging of two EVs was recorded using a power 

analyser. The two EVs that were tested were a Nissian Leaf and a Peugeot iOn. More 

information about these charging events is in Table 9. 

8.2.1. Harmonic Current 

Figure 77 shows the maximum and mean harmonic current from the charging of the 

EVs for harmonics up to the 50th. The figure shows large low-order harmonic 

currents with magnitudes that decrease with harmonic order. This is characteristic 

of a diode rectifier rather than an active rectifier with wave-shaping. The maximum 

third harmonic current observed was 1.2 A. Because the low-order harmonics tend 
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to be draw at similar phase angles since the distortion is synchronised to the mains 

cycle (most especially for identical equipment) there is a danger that, even if each 

item is compliant with a product standard such as EN 61000-3, the accumulated 

low-order harmonic currents in the network would give harmonic voltages 

exceeding the planning standard. High power equipment with large amplitude 

harmonic currents would be the prime concern. 

 

Figure 77: Mean harmonic current from charging of the two EVs used in this trial 
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Figure 78: Maximum harmonic recorded from the two EVs in this trial 

The distribution of the 3rd harmonic current is plotted in Figure 79 for a range of 

power consumption (with no results for the 10% to 30% interval). The figure shows 

that when the EV charging circuit was consuming power between 40% and 70%, the 

3rd harmonic current was constant at 0.8 A. As the power output increased, so did 

the magnitude of the 3rd harmonic current. The harmonic current at 100% power 

output was between 1 A and 1.1 A.  
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Figure 79: Probability distribution of the 3
rd

 harmonic magnitude for the Nissan Leaf at a range of 
charging powers. 

This section has presented the harmonic current from two different EVs during a 

number of charging events. It was observed that the harmonic spectrum varied 

during the different charging events. The Nissan Leaf at 13 A had a high harmonic 

output whereas the Peugeot at 16 A had a low harmonic output. This implies that 

where it is charged affects the harmonic current of the EV. Therefore it is not 

possible to provide a typical harmonic load of an EV. However, this test has shown 

that an EV may cause a high harmonic current to flow on the network as 1.2 A of 

third harmonic current was observed at 13 A for the Nissian Leaf. 
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9. Modelling the harmonic impact on a feeder 
To understand the impact DER might have on the feeder and substation power 

quality there are two approaches.  

1. The first is to select a feeder that has a reasonable number of DER 

connected and to measure the power quality. Measurements would 

simultaneously need to be recorded at the substation and the output of the 

DER. Only recording measurements from the substation are not adequate 

since there is no knowledge of the DER output. 

2. The second is to model the feeder and DER. Any harmonic measurements 

taken from the DER could be used within the feeder model. 

The approach chosen here was to model the feeder and use the harmonic data 

collected from the heat pumps to obtain an understanding of the impact that DER 

could have on the feeder power quality. 

9.1. Modelling of the cable 
An example feeder was chosen that contains one transformer, one cable and 30 

heat pumps. The primary side of the transformer is connected to a stiff voltage 

source that has no voltage harmonics. Only 50 Hz sinusoidal voltage is present on 

the primary. The secondary side of the transformer is connected to the cable which 

contains has the 30 heap pumps connected. 

A 95 sq. mm “Waveform” cable with aluminium phase conductors and a copper 

outer neutral/earth conductor is selected for the model. This cable was chosen 

because it is generally the smallest cable used in the 400 V distribution network in 

UK practice. A small cable will have a higher resistance than a larger cable and thus 

a given harmonic current would be expected to cause a larger harmonic voltage. 

 

Figure 80: Diagram of the feeder model used for the modelling of the cable. The harmonic currents 
are represented by a current source. 
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To model the cable, the cable is divided into 30 sections. Each section consists of a 

resistor-inductor network that models the individual phases of the cable and the 

neutral return of the cable. 

The harmonic output form each heat pump was modelled as a current source. These 

current sources are connected between a phase and neutral. Each current source 

connection represents an individual heat pump. 

Two sections of the cable each with one heat pump but within one connected to 

phases L2 and the other to L3 are shown in Figure 80. To represent some phase 

imbalance the 30 possible heat pump installation sites (the service joint connection 

points) were unevenly distributed with 13 heat pumps on phase L1, 10 on phase L2 

and 7 on phase L3. The connections of the (possible) heat pumps are shown in Table 

10. 

Table 10: Table of the transformer and heat pump connections along the cable 

Node Device Phase 

0 Transformer L1, L2, L3, N 

1 Heat Pump 1 L1, N 

2 Heat Pump 2 L2, N 

3 Heat Pump 3 L3, N 

4 Heat Pump 4 L1, N 

5 Heat Pump 5 L2, N 

6 Heat Pump 6 L3, N 

7 Heat Pump 7 L1, N 

8 Heat Pump 8 L2, N 

9 Heat Pump 9 L3, N 

10 Heat Pump 10 L1, N 

11 Heat Pump 11 L2, N 

12 Heat Pump 12 L1, N 

13 Heat Pump 13 L1, N 

14 Heat Pump 14 L2, N 

15 Heat Pump 15 L3, N 
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16 Heat Pump 16 L1, N 

17 Heat Pump 17 L2, N 

18 Heat Pump 18 L1, N 

19 Heat Pump 19 L1, N 

20 Heat Pump 20 L2, N 

21 Heat Pump 21 L3, N 

22 Heat Pump 22 L1, N 

23 Heat Pump 23 L2, N 

24 Heat Pump 24 L3, N 

25 Heat Pump 25 L1, N 

26 Heat Pump 26 L1, N 

27 Heat Pump 27 L3, N 

28 Heat Pump 28 L1, N 

29 Heat Pump 29 L2, N 

30 Heat Pump 30 L3, N 

 

Heat pumps were added to the service joints one by one with a simulation being run 
after each addition. They were added in a random order as described in Table 11. 
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Table 11: Table of the starting order of the heat pumps 

1. 25 2. 27 3. 6 

4. 14 5. 19 6. 5 

7. 20 8. 26 9. 8 

10. 2 11. 3 12. 1 

13. 18 14. 16 15. 21 

16. 30 17. 4 18. 13 

19. 7 20. 23 21. 29 

22. 15 23. 11 24. 10 

25. 9 26. 24 27. 12 

28. 17 29. 28 30. 22 

 

9.2. Modelling a uniform cable 
A number of simulations were performed to access the impact of DERs which are 

listed in Table 12. Heat pump 5 was chosen as a heat pump with a high level of 

harmonic distortion and heat pump 2 was an example of low harmonic distortion. 

The transformer was sized to be reasonable for feeders of this conductor size and 

this number of households. Two different house spacing and therefore feeder 

lengths were used to see how much difference this makes the levels of voltage 

distortion observed for the same current distortion. 

An important issue for modelling a collection of harmonic sources is the phase angle 

to be assumed for each harmonic of each source. The literature supports the view 

that low order harmonics from various items of equipment tend to be injected at 

consistent phase angles and high order harmonics injected at the complete range of 

angles. This is consistent with the shapes of currents drawn by rectifiers etc., which 

have a characteristic current peak which is composed of aligned low order 

harmonics. The detailed difference in these peaks between operating points and 

between different designs mean that the higher harmonics have more or less 

random phase. Thus low order harmonics add constructively always and higher 

harmonics may be constructive or destructive and on average the magnitude grow 

at less than proportional rate. For this study, 3rd harmonic current was added at a 

consistent phase angle, 5th harmonic in random fashion across a range of ±20°; 7th 

harmonic across ±40°; 9th across ±60° and all higher harmonics randomly across the 

full range of angles. 

Simulations were conducted in the time domain and harmonic analysis conducted at 

the conclusion of the simulation run. 
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Table 12: Table of the simulations performed 

Simulation Transformer Rating Cable Length Harmonic Output 

1 315 kVA 320 m Heat Pump 5 

2 315 kVA 765 m Heat Pump 5 

3 315 kVA 765 m Heat Pump 17 

 

9.3. Results from the uniform cable model 

9.3.1. Simulation 1: Heat Pump 5 Harmonic on the Short Cable 
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Figure 81: Harmonic voltage drop at the substation and cable pot-end for the heat pump with the 

highest harmonics and the short cable 

From the field trials, heat pump 5 had the highest harmonic output. The harmonic 
current is injected at 30 nodes along the feeder. Figure 81 shows the harmonic 
voltage at the substation and the cable pot end. The number of heat pumps 
injecting harmonic current is increased from one heat pump to 30 heat pumps.  
 
The results in Figure 81 showed that the third and ninth harmonic current caused 
the greatest harmonic voltage difference. The third and ninth harmonics are both 
zero sequence harmonic. This means that if they are in phase with the fundamental 
current then they will be in phase with each other (assuming the fundamental 
current has a power factor near unity). The neutral harmonic current will be three 
times the phase current. A large neutral current could cause excessive heating in the 
cable and reduce the lifetime of the cable. 
 
From the initial parameters used within the model, the third harmonic current is in 
phase with the fundamental and will cause the greatest distortion on the feeder. 
The ninth harmonic phase has been randomly distributed. However this harmonic 
has caused a large harmonic voltage difference. 
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The higher order harmonics have caused a lower harmonic voltage difference. Their 
magnitudes were lower than the low order harmonics and the phase angles are 
distributed across all the angles. The combination of these three factors has caused 
a lower voltage magnitude which does not increase as the number of heat pumps 
increases. 
 
The 15th harmonic is also a zero sequence harmonic and it can be seen that this 
harmonic causes a significant harmonic voltage difference compared to the other 
higher-order harmonics. From this result, the triplen harmonics could be 
problematic for the power quality of the feeder. 
 
The planning standard G5/4-1 requests the voltage harmonics to be within a 
specified limit. These limits are compared to the results in Figure 81 and shown in 
Table 13. It can be seen that only the triplen harmonics are outside of the standards. 
 

Table 13: Maximum substation and pot-end harmonic voltage recorded from the simulation 1 and 
compared to the planning standards 

Harmonic Limit Per 
cent 

Limit 
Voltage @ 
230 V 

Substation 
voltage 

Pot-end 
voltage 

Within 
Limits 

3rd  4.0 9.2 7.78 27.25 No 

5th  4.0 9.2 1.943 4.628 Yes 

7th  4.0 9.2 1.526 3.225 Yes 

9th  1.2 2.76 2.986 8.123 No 

11th  3.0 7.2 1.888 3.485 Yes 

13th  2.5 5.75 0.652 1.582 Yes 

15th  0.3 0.69 0.9419 1.935 No 

17th  1.6 3.84 0.498 0.9699 Yes 
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9.3.2. Simulation 2: Heat Pump 5 Harmonic on the Long Cable 
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Figure 82: Harmonic voltage drop at the substation and cable pot-end for the heat pump with the 
highest harmonics and the long cable 

The heat pump configuration that was connected in simulation 1 was connected to 
a cable of 765 meters. The resultant harmonic voltages are shown in Figure 82 and 
compared with the standards in Table 2. 
 .  

The triplen harmonics and the 5th harmonic are outside of the planning limits. The 

third and the ninth harmonic at the pot-end have the largest deviation from the 

standard. The third is 54.95 V and the ninth is 9.992 V. This will cause a substantial 

difference to the 230 Hz mains supply. 
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Table 14: Maximum substation and pot-end harmonic voltage recorded from simulation 2 and 
compared to the planning standards 

Harmonic Limit Per 
cent 

Limit 
Voltage @ 
230 V 

Substation 
voltage 

Pot-end 
voltage 

Within 
Limits 

3rd  4.0 9.2 7.783 54.95 No 

5th  4.0 9.2 2.766 9.992 No 

7th  4.0 9.2 1.658 5.279 Yes 

9th  1.2 2.76 2.827 14.66 No 

11th  3.0 7.2 1.303 5.664 Yes 

13th  2.5 5.75 0.5857 2.336 Yes 

15th  0.3 0.69 0.67 3.321 No 

17th  1.6 3.84 0.47 2.179 Yes 

 

9.3.3. Simulation 3: Heat Pump 17 Harmonics on the Long Cable 
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Figure 83: Harmonic voltage drop at the substation and cable pot-end for the heat pump with the 
lowest harmonics and the long cable 

The profile of the worst harmonic output was replaced with the best harmonic 

output. The simulation was compiled and Figure 83 shows the results with the 

comparison to the planning standards in Table 15.  

Table 15: Maximum substation and pot-end harmonic voltage recorded from simulation 3 and 
compared to the planning standards 

Harmonic Limit Per 
cent 

Limit 
Voltage @ 
230 V 

Substation 
voltage 

Pot-end 
voltage 

Within 
Limits 

3rd  4.0 9.2 0.3576 2.525 Yes 

5th  4.0 9.2 0.2932 1.218 Yes 

7th  4.0 9.2 0.1887 0.668 Yes 

9th  1.2 2.76 0.2836 1.566 Yes 

11th  3.0 7.2 0.2032 0.750  Yes 

13th  2.5 5.75 0.2256 0.830 Yes 

15th  0.3 0.69 0.3275 1.691 No 

17th  1.6 3.84 0.2352 0.901 Yes 
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These results show that if 30 heat pumps with this harmonic spectrum were 

connected to a feeder and operated such that the harmonic output was at a 

maximum, the only parameter outside of the planning limits was the 15th harmonic 

voltage at the pot-end. To prevent this single violation a shorter cable should be 

used. 

9.4. Adding capacitance and damping to the model 
Shunt capacitance and shunt resistance was added to the model described in 

Section 6.1. Capacitance was added from the phase conductors to neutral for every 

node and four different scenarios were tested for the resistance. 

The first damping scenario used a damping resistor of 220 Ohms at every node that 

a heat pump was connected to. A large resistance to draw 2 kW of load at a voltage 

of 230 V was connected at the mid-point of the feeder. This was connected to 

represent one kettle. The second scenario was a repeat of the first scenario where 

the large damping resistance was increased to 5 kW to represent an electric shower. 

Scenarios three and four were repeats of scenarios one and two however the single 

phase damping resistors were replaced for three phase damping resistors and the 

single phase kettle and shower was replaced for three kettles and showers where 

each kettle or shower was connected to a separate phase. The model of the cable, 

excluding the kettle and shower, used in scenarios one and two is shown in Figure 

84. The model used in scenarios three and four, again excluding the kettle and 

shower, is shown in Figure 85. 

 

Figure 84: Circuit of two sections of the cable model with shunt capacitance and a single phase 
damping resistors connected in parallel with each heat pump. 
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Figure 85: Circuit of two sections of the cable model with shunt capacitance and three phase 
damping resistors connected in parallel with each heat pump. 

The locations of the heat pumps are described in Table 10 and are the same as the 

simulations presented in Section 6.3.2. 

To test if the shunt capacitance and damping resistors provide significant damping, 

the test of 30 heat pumps connected to the feeder was repeated. Expected 

harmonic current flows through the damping resistance and large resistive loads are 

presented in Table 16. 

Table 16: Table of harmonic current drawn by the damping resistors for three example harmonic 
voltages 

Damping Load Harmonic Voltage Harmonic Current 

220 Ohms 7.783 V 0.035 A 

25 V 0.11 A 

54.95 V 0.25 A 

2 kW @ 230 V 

= 26.45 Ohms 

7.783 V 0.29 A 

25 V 0.95 A 

54.95 V 2.08 A 

5 kW @ 230 V 

= 10.58 Ohms 

7.783 V 0.74 A 

25 V 2.36 A 

54.95 V 5.19 A 

 

In the simulation in Section 6.3.2, a large harmonic current caused the voltage 

deviations observed in Table 14. For this example, as shown in Table 16, a damping 
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resistor of 220 Ohms will draw a current of approximately 0.035 A at the substation 

and 0.25 A at the pot-end. This value is approximate because any current drawn by 

the damping resistor will cause the harmonic voltage to decrease. A decrease in 

harmonic voltage will cause the damping resistor to drawn less current. Equilibrium 

will be reached where the harmonic current drawn is less than the current shown in 

Table 16. 

9.5. Results from the model of the damping resistor 
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Figure 86: Comparison of the results from the addition of a shunt capacitor and damping resistor. 

Figure 86 shows the comparison between the model with a shunt capacitance and a 

damping resistor and the model with these components. The model is simulated for 

the case of 30 heat pumps drawing the harmonic current of heat pump 5. 

Test on the simple feeder with an estimated resistive load shows a marginal 

improvement in harmonic voltage. The third, fifth, ninth and fifteenth harmonic all 

show improved harmonic voltage between the RLC model with damping and the RL 

model in Section 6.1. The other harmonics show an increase in harmonic voltage. 

This slight increase is unexplained. However, the slight increase is small and for the 

purpose of this report will be neglected. The important conclusion is that the RL 

model and the RLC model show comparable results. 
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9.6. Results from the modelling feeders 
The cable model developed in Section 6.4 was applied to the Queens Park feeder 

30257 from Low Carbon London. An image of the feeder is in Figure 87. 

9.6.1. Queens Park 30257 

 

Figure 87: Schematic of the Queens Park 30257 feeder 

Measurements of the harmonic voltage and harmonic currents were supplied by UK 

Power Networks. From this data the maximum harmonic voltage and maximum 

harmonic current were extracted and used in the simulation. 
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Table 17: Base harmonic voltage and harmonic current for the Queens Park feeder 

Harmonic Voltage Current 

3rd 0.032 11.171 

5th 0.027 26.911 

7th 0.032 8.378 

9th 0.023 3.3 

11th 0.023 3.047 

13th 0.018 1.269 

15th 0.023 1.523 

17th 0.014 1.269 

19th 0.014 0.762 

21st 0.014 0.762 

23rd 0.018 0 

25th 0.014 0 

 

The Queens Park feeder was simplified for modelling. The feeder consists of many 

link boxes and could be configured in a number of different ways. Connection phase 

of the single phase loads is also unknown. The distribution of the harmonic current 

from the feeder was not recorded since a data logger was only installed at the 

substation. All these parameters were unknown and either they could be assumed 

or the feeder could be simplified with all the houses being an equal distance apart. 

One of the five feeders was simplified a cable with 50 houses connected. Each 

house was 5 m apart. The current harmonics recoded at the substation were 

assumed to equally contribute from each house. The Queens Park substation was 

simplified into 5 feeders with 50 houses, each house contributed to 1/250 of the 

total harmonic current. 

9.6.2. Simulation of one of the five feeders 

The harmonic voltage was modelled on the HV side. If the harmonic voltage was 

modelled on the LV side then the impedance of the transformer would have no 

influence on the harmonic voltage. The background harmonic voltage would be 

modelled by an ideal voltage source and this would sink all the harmonic current. 

This would cause the harmonic LV voltage to not change with respect to the number 

of heat pumps operating. 
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In each graph, the voltage limit is shown by a dashed line. 
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Figure 88: Voltage at the pot-end of the cable of the Queens Park feeder with up to 50 heat pumps 
connected 

The results of the simulation for the harmonic voltages are shown in Figure 88. The 

fundamental voltage (H1) shows the voltage decreasing as the number of heat 

pumps is increased. The voltage is outside of the limit after 10 heat pumps on phase 

1, 36 heat pumps on phase L2 and none on phase L3. This result is dependent on the 

phases that the heat pumps are connected to and the loading already present on 

the feeder. The feeder was lightly loaded before the heat pumps were connected. 

The maximum heat pump current will be in the winter when there may be other 

loads connected, for example lighting. 

From the results, the fundamental voltage, 3rd harmonic, 9th harmonic and 15th 

harmonic were outside of the planning limits after approximately the feeder had a 

penetration of 50 % heat pumps. 



 140 

Figure 89 shows the voltage at the substation of the feeder. The harmonic voltage 

distortion is much lower than at the pot-end of the feeder. This shows that the 

impedance of the feeder is more important in determining the harmonic voltage 

than the impedance of the transformer. The harmonic voltages at the transformer 

were all within the planning limits. 
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Figure 89: Voltage at the substation of the Queens Park feeder with up to 50 heat pumps connected 
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10. Findings 
This report has described the result from trials, laboratory studies and modelling the 

effect of DER on the power quality experienced on an LV feeder. Below is a 

summary of the main findings. 

10.1. Main findings 
The heat pumps and EV charger that were examined exported a large amount of 3rd, 

5th and 7th harmonic current. The harmonic current slightly increased with output 

power but did not significantly decrease when the demand from the heat pump was 

reduced. This will present a constant harmonic current to the distribution network. 

The heat pumps that were recorded showed a wide range of harmonic 

measurements. This could be related to the design of the heat pump or the 

different load cycle since the harmonic distortion varied with load. 

PV inverters that were tested within the laboratory emitted a much lower harmonic 

current than the heat pumps and EVs. The PV inverters exported largely sinusoidal 

current where the maximum harmonic recorded after removing an anomalous 

result was less than half an amp. The laboratory testing coincided with the recording 

of the one PV inverter, which had a low mean harmonic current output. 

Laboratory tests from the PV inverter demonstrated that the harmonic current 

drawn by the PV inverter was dependent on the harmonic voltage content of the 

supply voltage. The PV inverter drew more harmonic current when the harmonic 

voltage was greater. It is expected that the design of the filter caused the PV 

inverter to draw harmonic current. The PV inverter did not generate harmonic 

current and this suggests that the controller of the PV inverter is programed to only 

export 50 Hz current. If the PV inverter followed the voltage waveform, then the PV 

inverter would export harmonic current and this would introduce negative damping 

to the network. 

For the heat pumps and EV, the THD was higher at lower output power levels. This 

was because the harmonic current deviation was small compared to the power 

deviation. Thus, the measure of THD is not always useful in quantifying the 

disturbance that a heat pump, EV or PV will cause to the network. The harmonic 

amplitude should also be recorded to provide this information. 

The heat pumps and EVs drew a significant amount of low order harmonic current. 

Low order harmonic are typically phase aligned and will sum within the feeder. The 

phase of the higher order harmonics tends to be randomly distributed and thus will 

cancel within the feeder. 

Results from the simulations demonstrated that the low order harmonics caused a 

greater harmonic voltage than the high order harmonics. The third was especially 

problematic as it resulted in the greatest voltage rise at the substation and pot-end 

of the cable. The third harmonic is a zero sequenced harmonic and as a 
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consequence all the third harmonics within the three phases of the cable will be in 

phase. This will cause a large amount of third harmonic current flow in the neutral 

and could result in the over-heating of the cable and excessive losses. 

The large amount of low order harmonics caused the harmonic voltage drop to be 

outside of the planning standard G5/4-1. Assuming that the heat pumps studied in 

the trial were not connected to a feeder with many other heat pumps, connecting a 

single heat pump to the feeder does not impact on the power quality. However, 

while each heat pump may comply with the standard EN 61000-3, a large number of 

heat pumps will be detrimental to the power quality.  

Results from the simulations found that the triplen harmonics were outside of the 

limits for the worst case harmonic heat pump. The harmonic voltage drop at the 

transformer is caused by the impedance of the transformer and the harmonic 

current. The harmonic voltage drop at the pot-end of the cable was caused by the 

impedance of the cable. This was shown by the long cable having a greater 

harmonic voltage drop at the pot end then the short cable. 

Heat pumps were progressively added to the feeder. Within this study a random 

placement was used.  

The heat pumps and EV charging are the first technology to have a diode rectifier 

front end. Typically diode rectifier front ends have been used on equipment less 

than 1 kW. 

It is expected that the voltage constraint during the feeder will be constrained 

before the harmonic voltage. This is due to the extra current drawn by the heat 

pumps and EVs. Typically, EVs charge in the evening and HPs supply heat in the 

morning and evenings. This is when PV is not generating at peak. Therefore the 

generation of solar PV may not off-set the extra load of HPs. 

10.2. Recommendations 
A low performing heat pump in the simulation caused the harmonic voltage at the 

potend to be outside of the planning limits. For impact of low carbon technology to 

be minimised it is recommend that the equipment standard for large equipment is 

tightened such that all heat pumps have a harmonic spectra lower than the best of 

the heat pumps. 

Substantial data for the heat pumps and EVs in field trials were generated. It is 

recommended that the PV data is also tested via field trials. Future trails would 

need to make sure that there is a power quality analyser at the substation and 

attached to the DERs connected to the feeder. The results from these future trials 

should verify the modelling work undertaken within this report. 

The Olympic EV trail data contained an active filter within the local electrical supply 

system. There was not much information provided for the report about that active 

filter. It is difficult to conclude whether the charging of the EVs impacted the 
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network or whether the active filter prevented the EVs from impacting on the 

network. It is recommended that the EV trial is repeated using a residential feeder 

to understand if there is any impact due to the residential charging of EVs. 
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Project Overview
Low Carbon London, UK Power Networks’ pioneering learning programme funded by Ofgem’s Low Carbon Networks Fund, has 
used London as a test bed to develop a smarter electricity network that can manage the demands of a low carbon economy 
and deliver reliable, sustainable electricity to businesses, residents and communities. 

The trials undertaken as part of LCL comprise a set of separate but inter-related activities, approaches and experiments. They 
have explored how best to deliver and manage a sustainable, cost-effective electricity network as we move towards a low 
carbon future. The project established a learning laboratory, based at Imperial College London, to analyse the data from the 
trials which has informed a comprehensive portfolio of learning reports that integrate LCL’s findings. 

The structure of these learning reports is shown below:

A1 Residential Demand Side Response for outage management and as an alternative  
to network reinforcement 

A2 Residential consumer attitudes to time varying pricing
A3 Residential consumer responsiveness to time varying pricing
A4 Industrial and Commercial Demand Side Response for outage management  

and as an alternative to network reinforcement
A5 Conflicts and synergies of Demand Side Response
A6 Network impacts of supply-following Demand Side Response report
A7 Distributed Generation and Demand Side Response services for smart Distribution Networks
A8 Distributed Generation addressing security of supply and network reinforcement requirements
A9 Facilitating Distributed Generation connections
A10 Smart appliances for residential demand response

Distributed 
Generation and 

Demand Side 
Response

Network Planning  
and Operation

C1 Use of smart meter information for network planning and operation
C2 Impact of energy efficient appliances on network utilisation
C3 Network impacts of energy efficiency at scale
C4 Network state estimation and optimal sensor placement
C5 Accessibility and validity of smart meter data

Electrification of  
Heat and Transport

B1 Impact and opportunities for wide-scale Electric Vehicle deployment
B2 Impact of Electric Vehicles and Heat Pump loads on network demand profiles
B3 Impact of Low Voltage – connected low carbon technologies on Power Quality
B4 Impact of Low Voltage – connected low carbon technologies on network utilisation
B5 Opportunities for smart optimisation of new heat and transport loads

Future Distribution 
System Operator

D1 Development of new network design and operation practices
D2 DNO Tools and Systems Learning
D3 Design and real-time control of smart distribution networks
D4 Resilience performance of smart distribution networks
D5 Novel commercial arrangements for smart distribution networks 
D6 Carbon impact of smart distribution networks

Summary SR DNO Guide to Future Smart Management of Distribution Networks 



Low Carbon London Learning Lab

ukpow
ernetw

orks.co.uk/innovation
Im

pact of Low
 Voltage - connected low

 carbon technologies on Pow
er Quality  —

  Low
 Carbon London

UK Power Networks Holdings Limited Registered office: 
Newington House 237 Southwark Bridge Road London SE1 6NP

Registered in England and Wales Registered number: 7290590

innovation@ukpowernetworks.co.uk 
ukpowernetworks.co.uk/innovation


	1926-27 UKPN ICL COVER B3
	LCL ICL Report B3 (3-1) FINAL



