Supporting the UK Distribution Networks
with Power Electronic End User Voltage
Regulation

Gordon A. Watson

University of Strathclyde - Electrical and Electronic Engineering
Department - Doctor of Philosophy - 2015



Abstract

As time passes new technologies demanding and generating power will
be increasingly connected to distribution networks. Studies found that
the capacity of the network cannot support the predicted increase in
demand due to current limits on the network.

To increase the capacity of the network, raising the voltage level of the
system was explored. Studies indicated that raising the voltage level of
the UK low voltage (LV) distribution system will significantly increase
the capacity of urban distribution networks.

The difficulty with this approach is that the end-user receives an
unusable voltage supply. Point of use voltage regulation (PUVR) was
suggested as a possible way of resolving this difficulty. This also has the
additional benefit of maintaining voltage regulation as the LV
conductors can essentially be deregulated.

Results found that for PUVR to be considered viable the efficiency of
the converter units in each home must be a minimum of 93.3% and the
cost per unit £460-£2,100. These limits would provide on-par results
with traditional network reinforcement.

An evaluation of AC-AC converter architectures was undertaken with
the cost and efficiency as important selection criteria. Two system
architectures were considered: the Back-to-back Inverter and the AC
Chopper. After initial evaluation against the selection criteria, the AC
Chopper architecture was found to be the cheaper and more efficient

architecture and was investigated further.



The efficiency results from the practical experiments with the AC
Chopper were found to be in line with predicted values from simulation.
Efficiency values were found to be as high as 97% validating the
simulation results, the voltage distortion was found to be as low as 2.5%
with an input voltage distortion of 1.77% and the cost was found to be
comparable to network reinforcement.

The AC Chopper with auto-transformer hybrid architecture was
introduced to increase power quality however the impedance introduced
by the autotransformer caused an increase of voltage distortion to 9.5%
when a non-linear load was energised.

A method of controlled harmonic elimination was found to be more
effective, reducing the voltage distortion from 8% to 3% at the cost of
increasing current distortion.

Therefore PUVR has been demonstrated as a viable alternative to
standard network reinforcement because it has the advantages of
increasing capacity available without having to re-lay distribution cables.
Additionally the losses, power quality and costs are within acceptable
margins to be comparable, or better, than standard network

reinforcement.
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CHAPTER 1

1. Introduction

Projected changes to how energy is used in distribution networks will
place increasing demands on the capacity of electricity supply networks.
Raised distribution voltages have the potential to reduce distribution
losses, which is presently from 5%-6%[1], and increase capacity.
However such an approach will require the use of Point of Use
Regulation (PUVR) devices which will incur additional converter losses
and expense.

This thesis investigates the benefits of raised distribution voltage and the

potential PUVR devices suited for this application.

1. 1. UK Emissions Targets for 2020-2050

In order for the UK to meet the 2020 and 2050 greenhouse gas emissions
targets set by the European Union, immediate changes are required
across all energy sectors [2]. Therefore it is expected that over the next
30 years “cleaner” emerging technologies such as heat pumps [3],
electric vehicles (EVs) and renewable distributed generation will be
implemented in order to meet legislation. Other drivers for change in the
way we use electricity are rising energy costs, concerns about security of
energy supply and fossil energy reserves [4].

The National Grid Future Energy Scenarios 2014 report states that in the
event of a scenario where greener technologies are adopted (low carbon
life and gone green scenarios) peak demand is set to increase by 4.5-

7.6GW over the next twenty years [5], this is shown in Figure 1-1.
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Figure 1-1 - Peak Demand until 2035 of various Future Energy
scenarios [5]

If the existing urban low-voltage distribution infrastructure is left
unchanged, it is unlikely to provide sufficient capacity for this predicted
increase in demand particularly in urban areas where conventional
reinforcement is also limited by space restrictions. PUVR is a potential
solution to this problem. The concept of PUVR is to set the line-to-line
voltage in the three-phase distribution cabling to be higher than the
standard 415V ac line therefore less current is required for a constant load,
effectively increasing the current capacity.

At present, the insulation limit of low voltage (LV) cables used in the
UK is at least 1.2kV ¢ line [6]. Therefore it is clear that the distribution
cabling is underutilised, but in order to make the power usable when it
reaches the customer it must be transformed or converted down to
230V ac phase. Another issue caused by increasing distributed generation
is the difficulty in regulating voltage [7]. PUVR solves this issue by

regulating the voltage at the end user.
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PUVR would require the replacement of the L'V substation transformer
in order to increase the voltage of the LV distribution system to 600V ac
three-phase, however substation transformer replacement may be
necessary as part of system upgrades to future proof the network and
allow full bi-directional power flow. For more information on this

subject please see Section 2. 1. 2.

1. 2. Future Trends

Climate change targets are the primary cause for changing the way we
use electricity. This section will elaborate on this change and how it will
affect our present distribution infrastructure. It also discusses PUVR as a

solution.

1.2.1. Distributed Generation

The connection of distributed generation on the distribution grid close to
the point of use reduces transmission losses and helps to meet local
power demand [8]. During periods of off-peak demand where there is a
significant reduction in the local load, local distributed generation can
contribute to voltage rise. This can lead to the voltage exceeding
acceptable standards [8]. This is further discussed in Section 1.2.2.

In addition to voltage rise, the reverse current limit of the distribution
transformers may be exceeded [9]. This is further discussed in Section

1.2.3.
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1.2.2.  Voltage Rise

The voltage drop as current flows through a conductor is dependent on
the impedance of the conductor [10]. Consider a street of houses in an
urban distribution system, it is not possible to ensure each house receives
230 V¢ due to the voltage drop therefore it is acceptable for the voltage
to fluctuate within the limits of 230 Vac + 10—6% [11]. PUVR can be
used to overcome this problem of fluctuating voltage by deregulating the
voltage on the incoming AC cables and then regulating at the end user,
resulting in each house on the distribution network receiving exactly 230

VAC.

1.2.3. Reverse Current Limit

The present grid infrastructure was designed for unidirectional power
flow from large scale generation through high voltage (HV) transmission
networks and then gradually stepping down voltage through the
distribution system to the consumer/load [12].

With the introduction of distributed generation to the grid it is now
conceivable that power will flow in both directions. This is not what the
infrastructure was designed for and may lead to problems. For example
the design of some on load tap changers is such that reverse power flow
may not be possible or is restricted [13]. In some extended rural
networks, transformer taps may be set to maximum voltage in order to
ensure that the furthest consumer receives a satisfactory voltage. In these
cases embedded generation can lead to operation outside of voltage

limits in reverse power flow conditions [9].
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1.2.4. Electric Vehicles

Personal transport accounts for 13% of the UK’s emissions. One possible
way of reducing this is the introduction of EVs and Hybrid Electric
Vehicles (HEVs) [14]. Due to economic and range factors with EVs [15]
the present car market share is very low, 2,600 (0.01% of cars in the UK)
for EVs and 102,300 (0.36% of cars in the UK) for HEVs [16, 17].
However, by 2030 it is predicted that market penetration of EVs and
HEVs will increase to a maximum of 5.8 million EVs and 14.8 million
HEVs [16, 18]. As a percentage of today’s car population of 28.4 million
cars [17] this is equivalent to 20.4% EVs and 52.1% HEVs.

Widespread charging of EVs will increase the electricity demand on the
low-voltage infrastructure by 1.4-19 kW of instantaneous power at each
end-user [4] depending on the charging power level. It is worth noting
that public EV charging stations have a higher power level of 50-120kW.
What power level is used is dependent on the charging strategy used. If
an uncoordinated strategy is used it is suggested that power level 1
(1.4kW-1.9kW) is used, as the EV would be charged at times of peak
load [4].

Uncoordinated charging is estimated to increase the UK peak load by
17.9% at 10% EV market penetration and 35.8% at 20% EV market
penetration [19]. PUVR would increase the capacity available for this
extra load and would also assist in the charging speed of the EV with the

possibility of a >415V charging socket [20, 21].
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Another solution is to use a coordinated charging strategy to optimize the
charging time of the EV. This would utilize charging power level 2
(4kW-19.2kW) and would charge the EV during times of off-peak
loading. It follows that there is no effect on the peak load and therefore
generation capacity does not need to increase. Another coordinated
charging strategy is the daytime charging of EVs using distributed
generation.

If the clean energy generated by solar photo voltaics systems (PVs) is
curtailed due to voltage rise from lack of demand then EVs could be
charged from this normally curtailed clean energy source [22]. However
there are many management, control and social challenges to overcome
in implementing coordinated charging strategies [4].

A similar concept to PUVR has been explored in Sweden in preparation
for the increased loading cause by EVs [20]. Whilst not directly
applicable due to the differences in conductor distances and end user
voltage, it found that future EVs with large batteries will require network
reinforcement and that this could be achieved by operating a separate

1kV LV network.

1.2.5.  Electric Heating

Much the same as the EV the number of electric boilers is expected to
increase in the UK due to the drive for cleaner energy technologies.
Approximately 1,000 ground source heat pumps (GSHP) were installed
in the UK in 2005/2006. This increased to 3,000 installations in 2007
and this trend is expected to continue [23]. Air source heat pumps
(ASHP) are another type of electric boiler but these are far less common

in the UK [23].
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The effect of a GSHP at each loading point would be substantial. The
typical power rating of a GSHP ranges from 8-14kW [23]. It would also
very likely be used around peak times due to the demand profile for
space heating and hot water. Considering the effect a 2kW EV charger at
each end user had on the peak demand increase, see Section 1. 2. 4. , an
8-14kW increase in demand from each end-user presents a challenge to

future network capabilities.

1.2.6. Future Trends in Cost

Rising demand for copper on the international market has led to an
associated increase in cost [24]. In contrast, the cost of semi-conductor
devices has historically decreased due to a high pace of technological
advancement and more efficient bulk manufacturing processes driving
down the cost per unit [25].

If both these trends continue in the future then, from a cost viewpoint,
using a semiconductor based solution over a copper replacement solution

will become more attractive.

1.2.7. Conversion or Transformation

The introduction of PUVR would reduce the reliance of the distribution
network on transformers to regulate voltage levels.

The use of power electronics in the LV network is advantageous over
transformers for this purpose as the implementation of the modulated
switching control around power electronics is easier to implement than

control of a tap changing transformer.
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Modern power electronics are almost as efficient as traditional
transformers in addition to having a smaller form factor [26, 27]. Power
electronics can also be more cost efficient. It is expected that a power
electronic converter would cost half as much as an equivalent

transformer [28-31].

1. 3. Possible Solutions and Chosen Research Area

It has been established in Section 1. 2. that personal transport and
heating is becoming increasingly electrified in the UK and that this will
affect the load profile of homes, potentially increasing the daily peak
demand.

A number of solutions exist to increase the capacity of the LV network
to meet this new demand. This section will explain what the available
solutions are; and what the benefits and drawbacks are in using a

particular solution.

1.3.1.  Cable Replacement

Network reinforcement is a possible way to resolve the need for extra
capacity. To replace the conductors in the LV distribution network, it is
necessary to remove the present cable in the ground by digging. The new
conductor with a higher current limit, or current carrying capacity, can
then be installed. This would increase the capacity of the LV distribution
network. This method is intrinsically reliable as the network has always

operated in this fashion.
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However this leaves many issues unresolved. All the conductors must be
replaced; this will be a significant cost and will affect the customer
directly. The reverse current issue means that a replacement transformer
may also be required.

The voltage rise issue caused by distributed generation would still be a
problem which could only be solved by curtailment, daily manipulation
of LV and MV tap changers, limiting the amount of PV allowed to be
installed on the network or implementing a second solution such as
demand side management. Therefore this solution does not solve all the

problems the future network will experience.

1.3.2. Low Voltage DC Distribution

Utilising DC instead of AC in the present LV conductors increases the
intrinsic power capacity. This is achieved by the higher voltage rating
permissible by DC [32]. Using DC also removes power quality problems
due to reactive power draw and harmonics and will increase efficiency
by removing conversion stages [32, 33]. However using DC in
distribution network is a radical solution and there are many problems
that must be addressed before it becomes feasible.
The primary problem with DC distribution is that there are many
research areas that are still in infancy and must be explored before a
serious consideration of implementation can begin. These areas of
research are [34]:

e Power electronic converters

e Losses of the system

e System protection and electrical safety

e Converter control electronics and algorithms
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e Converter filtering

e DC cable phenomena

e Overall control of the system

e Smart grid functionalities (if applicable)
This solution would also be an expensive one, the system proposed in
[32] will require an inversion stage at each end-user and it would require
a rectification stage after the local transformer. It also leaves the reverse
current issue unresolved which may require the replacement of the local

transformer, see Section 1. 2. 3.

1.3.3.  Demand Side Management/Smart Metering

Smart metering allows the end user to observe and control their use of
electricity. By offering cheaper electricity at times of the day with less
demand and vice versa, the user peak demands can be lessened/modified.
Thereby avoiding problems with future capacity congestion [35].

The problem with this approach is including the customer in the
electricity delivery process. Successful projects to date have involved
collaborative communities already invested in their energy infrastructure
[36]. It is unknown how this change will affect the wider community.

A second problem is that not all loads can be deferred in this way. Whilst
an EV is an example of a load that can be easily deferred and is widely
discussed [4, 16, 19, 37-39] electrification of the heat sector is not as
widely discussed and is of larger concern. Heat can be deferred for a
reasonable amount of time dependant on the how well the house in
question is insulated. However it can not be deferred to a different time
of day like EVs and will be a larger source of demand in the future than

EVs, see Section 1. 2. 5.
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There are solutions to this in the form of electric storage heaters,
however these heaters are inflexible and bulky[40].

As the demand side management system tries to match local generation
with local demand by shifting the demand, it may have fewer problems
with curtailment of distributed resources and the reverse current limit of
the local transformer. This would have to be analysed in a case by case
basis. This solution has the advantage over network reinforcement in that
the conductors do not require replacement.

Another issue with demand side management is the increasing
percentage of renewables in the UK generation mix [5]. It is logical to
assume that solar farms will consistently generate during the day and that
the generation of wind farms will be random. Hypothetically the
customer consistently matching load with this instability in generation is
considered unlikely. Overall this may lead to further complications for

the customer, which is undesirable.

1.3.4. Battery Installations at Substations

By placing energy storage (in the form of batteries) at the local
transformer, the battery can absorb the excess energy generated by local
renewables when demand is low and then, when demand is high, use the
stored energy to supply the peak demand. This essentially shifts the
generation instead of the demand [41]. However this solution would
need to be used in conjunction with network reinforcement, as the
conductors will not have the current capacity to carry the future current

demand.
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This solution will solve all of the issues, the capacity will be fixed with
network reinforcement, distributed generation does not need to be
curtailed or limited as the battery can store the excess energy and there
will be little to no reverse current through the transformer as reverse
current is stored in the battery[41].

However, commercial batteries are new to this role and power level,
there are many unknowns about certification, operation and reliability
[41]. They also have a high operating cost and are presently not
economically justifiable, however technological progress is being made
in this area [42] .

Another concept is the use of EV batteries as local energy storage [42].
This is a very elegant solution that may address almost all the issues, as
if the storage can supply to the household then there is an additional
power source not utilising the conductor. The charging and discharging
of the battery could be intelligently controlled to regulate voltage.
However EV battery storage would not be available during the day as
this is the primary time of use and this would be the prime generation
time for local PV. There are also many legislative factors that have to be
resolved before implementation. Primary of which is, there is no
incentive for the EV owner to participate in local energy balancing
markets, especially when increased cycling of the battery will decrease

its lifetime [42].
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1.3.5. Reactive Compensation using Distributed
Generation

PV generation connected to the LV distribution network under normal
circumstances generates active power. However it is also possible for the
PV inverters to contribute reactive power. Using reactive power
generation it possible to control the voltage locally [43]. This solution
corrects the voltage regulation problems cause by increased distributed
generation on the grid. However, the problem with this solution is that
the resistance to reactance ratio (R/X) of the LV distribution network is
very high, therefore reactive power export does not have as great an
effect on the voltage [43]. Therefore the amount of reactive power
required to change the voltage causes so much loss in real power
generation that it negates the generation gains made by having
distributed PV generation [43].

Another problem with this solution is that it does not fully prepare the
LV distribution system for future loads and therefore network
reinforcement would be required. This solution does not solve the
reverse current issue and the local transformer may require replacement,
see Section 1. 2. 3. In order to supply or draw reactive power the PV
inverter must be over-rated or reduce its active power output. This will
come at additional cost (or loss of revenue) some models of inverters
may not have this functionality. There is no driver for any customer to
replace their PV inverter if this is the case.

There are also many regulatory problems in implementing this solution,
as reactive power export is a service that supports network infrastructure,

there 1s no incentive for the generation owner to participate.
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1.3.6. Soft Normally Open Points (SNOPs)

By utilising normally open points (NOPs) in the MV distribution system,
two separate distribution networks can be connected; this operation is
normally reserved for emergencies. However by controlling the power
flow through NOPs with power electronics, creating a Soft Normally
Open Point (SNOP), it is possible to share the burden of an electrically
stressed distribution network with another distribution network [44].

This has been demonstrated theoretically as a viable way of maintaining
voltage regulation and allowing the expansion of PV on the distribution
network [44]. SNOPs have the capability of balancing the power
network branches; this could potentially mitigate the need for network
reinforcement but would need to be considered on a case-by-case basis.
This solution would also address the issue of reverse current limits on
local transformers it would be possible to redirect the reverse current to a
section of the network with greater demand or less limitations on power

flow.

1. 4. Contribution

In terms of novelty of the research undertaken, the following
contributions can be identified:
e Creation of a load flow simulation of a representative part of the
UK distribution network
o Identification of the key factors against implementation of PUVR
and targets that PUVR must meet to become a valid alternative
e Identification of the most suitable converter architecture for this

application through simulation work
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e Design and build of prototype converter architecture for validation
of simulated results

e Control software of microcontroller which implements a semi-soft
switching strategy with PI control to regulate the output voltage

e Testing of prototype with various loads that could be used in a UK
household

e Testing of a new half-converter, half-transformer prototype with
various loads that could be used in a UK household

e Revaluation of financial figures based on the new converter
architecture

e Simulation of a control strategy to eliminate low order harmonic

content from the end user voltage and current

1. 5. Validation

The load flow simulation work presented in this thesis is based on data
gained from industry partners.

The ac-ac converter architectures presented in this thesis was modelled
using MATLAB Simulink and PLECs, following accepted methods for
power electronic and controller model development.

These models were then validated by hand calculation and the
construction of a prototype hardware platform which was tested in the

same states as the model.

1. 6. Thesis Outline

Chapter 1. introduced the thesis and the issues that are considered and

the changes that are predicted to UK LV distribution networks.
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This Chapter has also considered the consequences of these changes,
possible solutions to these consequences are stated and then the choice of
research area.

Chapter 2. describes all the necessary technical knowledge for all
subsequent Chapters. This includes regulations of the UK low voltage
distribution grid, information on any power electronic architectures
referred to in the main text and details of how these architectures operate.
Finally any other ancillary information is included necessary for the
understanding of the thesis.

Chapter 3. describes the present distribution system, using a simulated
network based on a representative area of the UK LV network, and
applies to it the worst case scenario for future grid conditions i.e. greater
demands at peak times.

Chapter 4. then proceeds to describe the effect of using voltage
regulation at the end-user under the previously established worse-case
conditions. This forms an opinion on whether voltage regulation at the
end-user is a valid hypothesis to enhance the LV distribution network
using power electronics and some of the conditions for validity are
formed. A cost comparison is made between standard network
reinforcement and using end-user voltage regulation with off-the-shelf
power electronics for the same representative area of the UK LV
network.

This Chapter completes the formation of an opinion on whether the low
voltage regulation at the end-user is a valid hypothesis to enhance the
LV distribution network and some of the conditions for validity are

found.
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Chapter 5. describes the presently available power electronics
architectures that are available to perform the voltage regulation and the
advantages and disadvantages of each. This Chapter considers the
available architectures with against the previously defined important
conditions for validity before coming to recommendation on architecture
choice and all validity conditions for point of use voltage regulation to
be a viable alternative to conductor replacement.

Chapter 6. describes the practical implementation of the previously
recommended voltage regulator architecture and is used for validation of
the results in Chapter 5. This Chapter has an extensive methodology
thoroughly explaining the challenges in implementing the architecture
and how these can be overcome. The Chapter continues to introduce a
new architecture based on the previous architecture that should improve
some performance aspects of the original architecture. This new
architecture i1s also practically tested and the results given before a
recommendation is provided on which architecture to use.

Chapter 7. provides an updated cost-benefit analysis based on the
previous results from Section 4. 1. 2. 3. The updated results consider the
recommended architecture against a previously considered important
condition for PUVR validity.

Chapter 8. focuses on control improvements possible for the
recommended architecture and how these improvements increase the
validity of the architecture for PUVR.

Chapter 9. will provide a conclusion on the research to date, stating the
conclusions found from each Chapter and what these conclusions mean

as a whole.
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CHAPTER 2

2. The UK Grid and Power Electronic Converters

In order for the Chapters in the main text to be understood first the
technical details of the subject areas must be explored. The technical
details will be state-of-the-art so that the novelty of any future work is

recognised.

2. 1. Regulations of the UK Distribution Network

In order to correctly implement a system on the LV distribution network
the specifications, regulations and recommended practices of the said
network must first be understood. This can be achieved through
examination of the UK distribution code, Energy Networks Association
(ENA) documents and relevant British Standards. This section of the
literature review will explore these documents in order to specify the

electrical conditions of the LV distribution network.

2.1.1. Conductors Used in the UK Distribution Network

It is important to discover the limits of the present LV distribution
infrastructure. By discovering the limits of the conductors, in particular
the voltage limits, it becomes possible to enhance the LV infrastructure

without greatly altering it.
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2. 1. 1. 1. Voltage Limits

The first step is identifying the cables recommended for use in the low-
voltage distribution system. Information on the design of low voltage
distribution systems is available from the ENA. This information is
placed in documents which are engineering recommendations and
therefore are not strictly regulated; however this thesis assumes that most
UK networks follow these recommendations as engineering best practice.
The document entitled G81 - Part 1: Design and Planning [45] includes
specification of the conductors used in LV distribution networks in

Section 7.7. The following is an excerpt from this document:

“7.7 Low voltage underground cable network

a. The low voltage underground cable network shall be of CNE
construction utilising the standard sizes of cable employed by the Host
DLH as specified in Appendix B.

b. The network shall be earthed using the PME system in accordance
with ER G12/3.

c. The voltage drop on the low voltage underground cable network
between the substation LV busbars and all extremities of the network
shall not exceed the limits specified in Appendix B. This voltage drop
shall be calculated assuming that all customers are taking their design
ADMD with allowance for unbalance and diversity. Host DLH-specific
design ADMDs for different classes of customer are listed in Appendix
B.”’[45]
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Where CNE refers to Combined Neutral and Earth, DLH refers to
Distribution License Holder, PME refers to Protective Multiple Earthing
and ADMD refers to After Diversity Maximum Demand. From this
document it is known that each Distribution Network Operator (DNO)
sets its own standard with reference to distribution level conductors and
that the earthing scheme employed in the UK is PME.

While each DNO is able to determine which conductor they wish to use,
making it difficult to define a specification of insulation limit, the
conductors used will always be to British Standards. Therefore the next
step 1s to examine notable British Standard publications.

The first publication that was examined is BS EN 60228:2005 which
classifies the conductors generally used in fixed installations, such as
distribution cables, as solid or stranded conductors. The cables used for
distribution systems and how they are selected is described in BS EN
7870-1:2011 entitled “LV and MV polymeric insulated cables for use by
distribution and generation utilities” where Annex A provides a guide to

cable selection. The following excerpt is taken from section A.2.1.

“A.2.1 General

The cables specified in BS 7870-3 and BS 7870-4 are designed to be
installed in air (indoors and/or outdoors), or may be buried directly in
free draining soil or in ducts or in special backfills. Cables specified in
BS 7870-3 and BS 7870-4 are not specifically designed for use:

a) as self supporting cables;

b) as submarine cables;

c) where subsidence is likely, unless special precautions are taken to
minimize damage;

d) where any exposure to excessive heat is involved.”[46]
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Therefore the cables specified in BS 7870-3 and BS 7870-4 contain the
necessary technical details to which the DNOs conform. The relevant
standard of these two is BS 7870-3 as BS 7870-4 refers to conductors
used in the 33kV section of the distribution network.

BS 7870-3, part 3 of the standard entitled “LV and MV polymeric
insulated cables for use by distribution and generation utilities” has the
sub heading “Part 3: Specification for distribution cables of rated voltage
0.6/1kV Section 3.50: XLPE insulated, copper wire waveform or helical
concentric cables with solid aluminium conductors, having low emission
of smoke and corrosive gases when affected by fire” [6].

Section 3 of this document entitled “Voltage designation”, refers to the
voltages of these cables as U,=0.6kV, U=1kV and U,=1.2kV [6]. Where
U, is the rated voltage between any conductor and armour or earth, U is
the rated voltage between phase conductors and U, is the maximum
voltage between phase conductors [46]. Therefore from these
publications we can surmise that conductors used in the LV distribution
system have a voltage rating of 600V oc single phase up to an absolute
maximum of 692.8Vc. The present line voltage of 415V ¢ leaves a
large amount of headroom available for to increase the power rating of

the conductors and lower the copper losses in the cables.

2. 1. 1. 2. Current Limits

The current limit varies with the type of conductor, but typical ratings
are 155415 A (taken from industry average conductor size). The higher

the current and current rating of the cable, the higher the cost of the cable.
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Typical industry cost for a length of copper underground cable, of area
16 mm?, is 0.71 £/m (costing information received from industry
partners) and has a current limit of 111A while a 35 mm? copper cable
costs 1.29 £/m and has a current limit of 178 A. Therefore there is a clear
trade-off between line cost and its current (and hence capacity)

limitations.

2.1.2. Transformers in the UK Distribution Network

A full understanding of the transformers used in the UK LV distribution
network is necessary in order to properly inform the main text.

As with the cable conductors, engineering recommendations from the
ENA and the relevant British Standards have been reviewed to give a
comprehensive understanding of distribution transformers.

From Section 7.9 of the G81 the following excerpt is a quote pertaining

to the design of distribution network transformers.

“7.9 Substations

a. The HV/LV distribution substation(s) shall utilise the standard sizes of
transformer employed by the Host DLH as specified in Appendix B.

b. Transformer sizing shall be based on the aggregated ADMDs for all
customers fed from the substation and the permissible cyclic rating of
the transformer as specified in Appendix B, and minimising lifetime cost
criteria as set out in 7.5 above.

c. The substation location shall take into account access and

environmental factors such as: noise pollution, flooding risk and

vandalism. (See also ESQCRs and associated DTI Guidance).
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Early discussion is required between the Applicant and the Host DNO
over the substation ESQCR risk assessment and the proposed design
features which take account of this.

d. Substation earthing shall be such as to prevent danger from rise of
potential during system earth faults and shall take account of touch
potentials, step potentials and transferred potentials. See ENATS 41-24
for further information. "[45]

This informs that, as with the conductors, the choice of transformer is at
the DNO’s discretion; it however advises that any design choice shall be
efficient, coordinated with other equipment and economical, from [45]
Section 7.5. It also informs that the transformer shall be suitably earthed
and that transformer rating should be chosen based on the after diversity
maximum demand from all consumers.

It is also worth noting that, in urban areas that are heavily populated,
logically due to space constraints installing the transformer so as not to
cause any problems with access or environmental factors such as noise
pollution may become increasingly difficult.

The relevant British Standards concerning LV distribution transformers
is BS EN 50464-1:2007+A1:2012 which is entitled “Three-phase oil-
immersed distribution transformers 50Hz, from 50kVA to 2500kVA
with highest voltage for equipment not exceeding 36kV - Part 1: General
requirements”[47].

In Section 3.2 of this standard, the following excerpt is shown which

describes the highest voltage possible on the transformer.

46



“3.2 Highest voltages for equipment for windings

Insulation levels and dielectric tests shall be in accordance with the
requirements of EN 60076-3.

The values of the highest voltage for equipment are

— for the high-voltage winding:

36 kV=72kV—-12kV—175kV—-24kV—-36kV,

— for the low-voltage winding:

1,1 kV.[47]

Therefore the low-voltage side of the transformer which has a rated
voltage of 400V-433V [47], is capable of more than double the voltage
at which it nominally operates. However this is also a section in the

standard which refers to the maximum tapping, an excerpt follows:

“The HV winding can be provided with tapping. The preferred tapping
ranges are = 2,5 % or £ 2 x 2,5 % unless otherwise specified ,but in any
case maximum taps shall not exceed 7 positions and the total maximum
range shall not exceed 15 %.

The tapping range has to be specified by the purchaser or by agreement
between manufacturer and purchaser.

These taps shall be connected to an off-circuit tapping switch.”[47]

Therefore even if the distribution transformer is capable of higher
voltages than 415V ac line, with the present equipment the maximum
possible voltage output from the tap-changer is 415V+15% which is
477.25V.
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2.1.3. Protection of the UK Distribution Network

A full understanding of any protection systems utilised in the UK LV
distribution network is necessary in order to properly inform the main
text. As with the cable conductors and transformers engineering
recommendations from the ENA and the relevant British Standards have
been reviewed to give a comprehensive understanding of LV protection
systems. From the G81 Engineering Recommendations document, the

following excerpt is taken:

“The protection of LV feeder circuits shall meet the following
requirements.

» Feeder circuits supplying more than one customer shall be protected
by fuses to BS88 part 5.

* LV supply cables to single customers shall be protected by fuses or
circuit breakers, dependent on supply capacity and customer's protection.
» Fuses must provide short-circuit protection for the whole length of the
circuit up to the service cut out. Phase to neutral fault clearance time
shall be as stated by the Host DLH in Appendix B.

* Fuse ratings must allow for the cyclic overload rating of the circuit.

« For discrimination, the minimum pre-arcing I’t of a feeder circuit fuse
must exceed maximum total Pt of any individual fuse downstream.

* Excess current protection shall be provided at the point of supply.

* LV fuses shall be sized to ensure discrimination with the transformer

HYV protection in accordance with ENATS 12-08.”[45]
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This informs that one of the relevant British Standards is BS88 part 5
which is further discussed in this Section. It also states that clearance
times are determined by the DNO and that the fuses shall be placed at
the point of supply and shall be adequately sized to provide protection
from overcurrent yet small enough that any fault can be discriminated
correctly.

BS 88-1: 2007+A2:2014 and BS EN 60269-1:2007+A2:2014 is a
merged standard entitled “Low-voltage fuses - Part 1: General
requirements” which focuses on the general specification of low voltage
fuses. From Section 5.2 of this standard entitled “Rated voltage”
standardised voltage ratings of household fuses can be found.

From the Standard the voltage rating of the fuses in the LV distribution
system varies considerably. Therefore in any system where the LV
distribution system voltage is changed, the fuses of the households
supplied by that distribution system would require checking to ensure
that fuses of the correct rating are installed [48].

The relevant British Standard for circuit breakers used in the LV
distribution system is BS EN 60898-1:2003+A13:2012 entitled
“Electrical accessories - Circuit breakers for overcurrent protection for
household and similar installations - Part 1:Circuit-breakers for a.c.
operation.”[49] An excerpt from the relevant section of the standard

entitled “Rated quantities,” follows:
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“5.2.1.1.Rated operational voltage (Ue)

The rated operational voltage (hereinafter referred to as rated voltage)of
a circuit-breaker is the value of voltage, assigned by the manufacturer,
to which its performance (particularly the short-circuit performance)is
referred. NOTE The same circuit-breaker may be assigned a number of
rated voltages and associated rated short-circuit capacities.

5.2.1.2 Rated insulation voltage (Ui)

The rated insulation voltage of a circuit-breaker is the value of voltage,
assigned by the manufacturer, to which dielectric test voltages and
creepage distances are referred.

Unless otherwise stated, the rated insulation voltage is the value of the
maximum rated voltage of the circuit-breaker. In no case shall the

maximum rated voltage exceed the rated insulation voltage. ”[49]

Therefore the voltage limit of any household switchgear is dependent on
the manufacturer specifications. This means that, as with fuses, the
circuit breakers of a LV distribution system with a modified voltage
level must be checked and if necessary, replaced. However it is also
stated in Section 5.3.1. of this standard that the preferred rated value of
single phase voltage is 230V [49]. Therefore it is considered likely that in
a distribution system with a modified voltage level all household
switchgear would require replacement.

The relevant British standard for Residual Current Devices (RCDs) used
in the LV distribution system is BS EN 61008-1:2012+A2:2013 entitled
“Residual current operated circuit-breakers without integral overcurrent
protection for household and similar used (RCCBs) - Part 1:General
rules.”[50] An excerpt from the relevant section of the standard entitled

“Rated quantities and other characteristics,” follows:
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“5.2.1.1. Rated operational voltage (Ue)

The rated operational voltage (hereafter referred to as "rated voltage")
of an RCCB is the value of voltage, assigned by the manufacturer, to
which its performance is referred.

NOTE The same RCCB may be assigned a number of rated voltages.
5.2.1.2 Rated insulation voltage (Ui)

The rated insulation voltage of an RCCB is the value of voltage,
assigned by the manufacturer, to which dielectric test voltages and
creepage distances are referred.

Unless otherwise stated, the rated insulation voltage is the value of the
maximum rated voltage of the RCCB. In no case shall the maximum

rated voltage exceed the rated insulation voltage.”[50]

Therefore the voltage limit of any household RCD is dependent on the
manufacturer specifications. This means that, as with fuses and circuit
breakers the RCDs of a LV distribution system with a modified voltage
level must be checked and if necessary, replaced. However it is also
stated in Section 5.3.1. of this standard that the preferred rated value of
single phase voltage is 230V [50].Therefore it is considered likely that in
a distribution system with a modified voltage level any RCDs installed

within any of the households would require replacement.
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2. 1. 4. Power Quality of the UK Distribution Network

A full understanding of the necessary power quality of any power
delivered in the UK LV distribution network is necessary in order to
properly inform the main text. As with the cable conductors,
transformers and protection systems engineering recommendations from
the ENA and the relevant British Standards have been reviewed to give a
comprehensive understanding of delivering power to the end-users at
sufficient power quality.

The relevant ENA engineering recommendation for harmonic limits in
the UK is G5/4-1 entitled “Planning Levels For Harmonic Voltage
Distortion And The Connection Of Non-Linear Equipment To
Transmission Systems And Distribution Networks In The United
Kingdom.”[51] Section 4 entitled “System Planning Levels for
Harmonic Distortion,” of this engineering recommendation contains two
tables which summarises the allowable harmonic voltage in the grid.
These are shown in Table 2-1 and Table 2-2, where PCC is the Point of
Common Coupling and THD is the Total Harmonic Distortion.

Table 2-1: Summary of THD Planning Levels [51]

System Voltage at the PCC THD Limit
400V 5%
6.6,11 and 20kV 4%
22kV to 400kV 3%
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Table 2-2: Planning Levels for Harmonic Voltages in 400V Systems

[51]

Odd harmonics

Odd harmonics

Even harmonics

(Non-multiple of 3) (Multiple of 3)
Harmonic Harmonic Harmonic
Order “h” Order “h” Order “h”
voltage (%) voltage (%) voltage (%)
5 4 3 4 2 1.6
7 4 9 1.2 4 1
11 3 15 0.3 6 0.5
13 2.5 21 0.2 8 04
17 1.6 >21 0.2 10 04
19 1.2 12 0.2
23 1.2 >12 0.2
25 0.7
0.2+
>25
0.5(25/h)

It can be observed that the maximum recommended THD of voltage is

equal to 5% and there are many criteria for maximum harmonic content

at individual frequencies.

For current harmonics, Section 6.2 of the document entitled “Customer’s

Non-linear Equipment having an Aggregate Load or Rated Current less

than or equal to 16A per phase,” states that the harmonic emissions of

any equipment or plant of a single consumer rated less than or equal to

16A may be connected without further consideration [51].

The relevant British Standard in this case is BS EN 50160:2010 entitled

“Voltage characteristics of electricity supplied by public electricity

networks,”[52]
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In order to correctly understand the specification given, the definition of
voltage harmonics must be given. Section 3.6 of this Standard defines
the harmonic voltage as a sinusoidal voltage with frequency each to an
integer multiple of the fundamental frequency of the supply voltage [52].
Numerically harmonics are defined either by each individual harmonics
relative amplitude (u;) or it is defined as Total Harmonic Distortion
(THD) which accounts for all the individual harmonics relative
magnitude, up to a set limit, the THD of a waveform can be calculated

using Equation 1[52].

1 THD = /f“(uh)2

Now that the method of defining harmonic distortion has been
established the limits placed on the LV distribution system can be
understood. An excerpt from BS EN 50160:2010 follows:

“4.2.5. Harmonic voltage

Under normal operating conditions, during each period of one week,
95 % of the 10 min mean r.m.s. values of each individual harmonic
voltage shall be less than or equal to the values given in Table
1.Resonances may cause higher voltages for an individual harmonic.
Moreover, the THD of the supply voltage (including all harmonics up to
the order 40) shall be less than or equal to 8 %.

NOTE The limitation to order 40 is conventional.

4.2.6. Interharmonic voltages

The level of interharmonics is increasing due to the development of
frequency converters and similar control equipment. Levels are under

consideration, pending more experience.
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In certain cases interharmonics, even at low levels, give rise to flicker

)

(see 4.2.3.2), or cause interference in ripple control systems.’

From this excerpt it is understood that the maximum voltage THD is 8%
and that THD is measured up to the 40™ harmonic of the 50Hz
fundamental (or 2kHz) and that there is no specific definition for
allowable levels of interharmonics (harmonics that are not integer
multiples of the fundamental frequency). Interharmonics can be
generated by power electronics switching at a speed that is a non-integer
multiple of the fundamental frequency as well as other sources. Table
2-3 taken from BS EN 50160:2010 describes the limits of individual
harmonics on the LV distribution network.

Table 2-3: Values of individual harmonic voltages at the supply

terminals for orders up to 25 given in percent of the fundamental

voltage u;
Odd harmonics Odd harmonics Even harmonics
(Non-multiple of 3) (Multiple of 3)
Harmonic Harmonic Harmonic
Order “h” voltage (%) Order “h” voltage (%) Order “h” voltage (%)
5 6 3 5 2 2
7 5 9 1.5 4 1
11 3.5 15 0.5 6...24 0.5
13 3 21 0.5
17 2
19 1.5
23 1.5
25 1.5
>25 1.5
NOTE No values are given for harmonics of order higher than 25, as they are
usually small, but largely unpredictable due to resonance effects.
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2.2. Semiconductors

In order to understand the content of the thesis it is necessary to
understand the operation of several semi-conductor devices that are used
in the power electronic converters. In particular, due to the content of the
thesis, it is important to focus on the loss mechanisms involved with

each of the devices used in the main text.

2.2. 1. IGBTs

The electrical symbol for a negative-positive-negative type Insulated
Gate Bipolar Transistors (IGBTs) is shown in Figure 2-1. The IGBT is

an electrically controlled solid-state switch.

C

E
Figure 2-1: IGBT Electrical Symbol
Where the diode operation is dependent on the current direction, IGBT
operation is dependent on the voltage applied to the Gate pin, shown in
Figure 2-1 as “G”. If switched on by a high voltage at the gate (10V-
15V) current is able to flow from the collector “C” to the emitter “E”;
this is not instantaneous however and there is a time period when the

device is between states.
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For device turn-on this is simply known as the turn-on time. During the
on-state, a small voltage is produced across the device and, as with the
diode, this is known as the forward voltage. Current can always flow
from the emitter to the collector through the intrinsic diode in the device.
When the device is switched off flow of current through the device ends,
though not instantaneously. The time taken for the device to change
states from fully on to fully off is known as the turn-off time. The IGBT
will continue to block unless the voltage breakdown limit of the device is

exceeded; this should not occur in normal operation [53].

2.2.2. MOSFETs

The electrical symbol for a negative-positive-negative type Metal Oxide
Silicon Field Effect Transistors (MOSFETs) 1s shown in Figure 2-2. As
with the IGBT the MOSFET is an electrically controlled solid state

switch.

D

c [e

)
Figure 2-2: MOSFET Electrical Symbol

As with the IGBT operation is dependent on the voltage applied to the
Gate pin, shown in Figure 2-2 as “G”. If switched on by a high voltage at

the gate, current is able to flow from the drain “D” to the source “S”.

57



As with the IGBT there is a time period when the device is between
states when switching on or off; this produces delays known as the turn
on time and turn off time respectively. During the on-state, as with the
diode and IGBT, the MOSFET is subject to a forward voltage.

Current can always flow from the source to the drain through the
intrinsic diode in the device; it is also worth noting that the intrinsic
diode is optional. When the device is switched off flow of current
through the device ends. The MOSFET will continue to block unless the
voltage breakdown limit of the device is exceeded, this should not occur

in normal operation [53].

2.2.3. Conduction Loss

From the previous sections on Diodes, IGBTs and MOSFETs it has been
established that all three devices are subject to a forward voltage when
fully on. This forward voltage drop results in power being dissipated in
the device and lost as heat; this is known as conduction loss.

Figure 2-3 shows the conduction loss in line with device operation and

this loss can be calculated via Equation 2 [53].
2 PONzVONX]ONXtO7N

Where T is the period of switching and tox is the on-time of this period,
therefore the on-time divided by the period effectively represents the

duty cycle of the control signal [53].
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An effect of the possible increase in temperature is the lowered
reliability of devices; the failure rate for semi-conductors doubles for
each 10°C-15°C temperature rise above 50°C [53]. This can be mitigated
by good thermal design but in any case it is prudent to keep semi-

conductor losses as low as possible.

Turn-on Turn-off

Control

Signal

Vin Viy
Switching A
Waveforms / \ #‘U"ow / \

Torr Conduction

Loss

Losses Switching

FET LTI TSI ETTTTETS

Loss

Figure 2-3: Losses in switching semi-conductor devices

2.2.4. Switching Loss

From the previous sections on IGBTs and MOSFETs it has been
established that the transition between states on and off is not
instantaneous and this results in delays known as turn-on time and turn-

off time.

59



These transitional states of voltage and current result in power being
dissipated in the device and lost as heat; this is known as switching loss.
Figure 2-3 shows the conduction loss in line with device operation and

this loss can be calculated via Equation 3 [53].
1
3 RS‘ZEXVHVXIONXfSX(tON—i_tOFF)

As with the conduction loss, the power loss generated by the switching is
converted to waste heat in the semi-conductor; the junction temperature
will affect the turn-on and turn-off times. This again makes the switching
loss difficult to accurately calculate and simulate.

As with the conduction losses the increased junction temperature can
severely affect semi-conductor lifetime. This i1s fully described in

Section 2. 2. 3.

2.2.5. Reverse Recovery Loss

If a diode becomes forward biased its switch on can be considered ideal,
as the diode turns on very fast [53]. However when a diode becomes
reverse-biased current is able to travel in the reverse direction for a small
amount of time known as the reverse recovery time. This results in a
small power loss due to time spent in a transitional state and as with the
switching losses, it can also lead to voltage spikes in inductive circuits
[53].

With fast-recovery type diodes the reverse recovery time becomes very
small in the order of microseconds [53]. Therefore this loss 1s considered

negligible in loss calculations in the main text.
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2.2.6. Device Comparison

With the MOSFET and IGBT seemingly fulfilling the same purpose the
need to explain the operation of both may seem odd. However each
semi-conductor has its own advantages over the other device. The

MOSFET has very high switching speed but can only be used in low

power converters.

The IGBT has a reasonably fast switching speed and can be used in

medium power converters. This is summarised in Table 2-4 [53].

Table 2-4: Summary of Device Comparison

Frequency (kHz)

Electrical P.roperty of [GBT MOSFET
Device
Maximum Breakdown ) |
Voltage (kV)
Maximum Current
500 100
Output (A)
Maximum Switching 100 1,000

2. 3. The Back-to-back Inverter

Using the semi-conductors discussed in Section 2. 2. converter
architectures can be developed. The relevant converter type is this case is
an AC-AC converter architecture. The two most prevalent AC-AC

converter architectures are discussed in this section, the back-to-back

inverter is one of these [54].
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2.3. 1. Circuit Architecture

A circuit diagram of the back-to-back inverter is shown in Figure 2-4.
This circuit diagram also shows the separate distinct stages of the back-

to-back inverter which will be elaborated upon in this section.

o [y

Ly i ] ' 1 L»

e | T
. ﬂﬁ} J .

Low Pass Filter | Rectification : DC-Link H Inversion 1 Low Pass Filter

Figure 2-4: Back-to-back Inverter Circuit Diagram

2.3.2. Low Pass Filtering

From Figure 2-4 it can be observed that there are two low pass filters in
the back-to-back inverter. These filters exist to smooth the harmonics
generated by the switching semiconductors and reduce them to within
acceptable standards. For more information on harmonics see Section 2.
1. 4. The first filter which consists of a single inductance L; also serves
as a reactance, X, to draw power from the grid to the rectification stage

of the back-to-back inverter.
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2.3.2. 1. Supply of Power

Equation 4 is used to describe the transmission of real power between
two sources linked by a series inductance [53].

ixv, .
4 P=#xsm(51 -0,)

Where V, is the voltage of the primary source at angle J;, V is the
voltage of the secondary source at angle 0, and X is the reactance of the
inductance i.e. L multiplied by the angular frequency w.

Therefore from Equation 4 we can state that the real power transfer
between the grid and the back-to-back inverter rectification stage is
dependent on the phase difference between the two and the power draw

to the rectification stage can be controlled.

2. 3. 2. 2. DC-Link Capacitor

The output DC voltage of rectified AC is subject to ripple at a frequency
of twice the line frequency[53], in the UK this would be equal to 100Hz.
In order for the output of the rectifier to be considered DC this frequency
component must be filtered. This is achieved via the DC-link capacitor

which acts as a low pass filter with cut-off frequency below 100Hz.
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As the DC-link capacitor has a very low cut-off frequency, it has a high
value of capacitance. See Section 2. 3. 2. 3. for a detailed description.
This results in a very large time-constant element between the rectifier
stage and the inverter stage of the back-to-back converter architecture.
This decouples the instantaneous energy from the stages allowing
harmonic and reactive power mitigation.

Increasing the size of the DC-link capacitor will decrease the voltage
ripple on the DC section of the topology, therefore maximising the size
of the DC-link capacitor is prudent as this will increase the lifetime of
the component [53, 55]. Equation 5 is used to calculate the voltage ripple
for a full-bridge converter [56]

Vpeak % T

ripple —
o 2 X Rload X Cl

5
Where T is the switching period, Ve 1s the highest voltage point of the

ripple voltage, Rioaq 1s the load resistance and Viippie 1s the ripple in the

DC voltage.

2. 3. 2. 3. First Order Filter

Switching semiconductors introduced harmonics to the input current,
output voltage and output current in the form of multiples of the
switching frequency. To reduce this distortion, the output voltage and
current must be filtered in order to meet acceptable power quality
standards, for more information on these standards see Section 2. 1. 4.
Therefore an inductive 1% order filter was designed.

The open-loop transfer function for the first order filter is given in

Equation 6 and the cut-off frequency can be calculated using Equation 7.
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2. 3. 2. 4. Second Order Filter

The transfer function of the inductive and capacitive second order low
pass filter shown in Figure 2-5 is given in Equation 8. In order to tune
this filter to give the desired response, the transfer function in Equation 8
was manipulated to have the form of a standard second order transfer
function as shown in Equation 9. By comparison of Equation 8 with
Equation 9 the values for the inductance and capacitance for a given cut-

off frequency can be calculated, using Equations 10 and 11.

L

Figure 2-5: Second Order Low Pass Filter Circuit Diagram
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2.3.3. Rectification

The input stage rectifier of the back-to-back inverter shown in Figure 2-4
1s technically known as a VSC full-bridge bidirectional boost converter
[57]. This means that power can flow in both directions for an
appropriate application. This is important as bi-directional power flow is
becoming increasingly relevant in the UK LV distribution system, see
Section 1. 2. The full bridge version is used in order to half the ripple on
the DC output, and therefore the size of DC-link capacitor can be
reduced, see Section 2. 3. 2. 2. The rectifier not only converts from AC
to DC but also “boosts” the DC voltage to a controlled value across the

DC-link capacitor [57].

2.3. 4. Inverter

The output inverter shown in Figure 2-4 is identical to the rectification
stage but in reverse, and therefore technically the converter “bucks”

rather than “boosts” and also converts the DC voltage to AC.
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2.3.5. Control

Where the inverter and rectifier are very similar technically, their control

systems are very different.

2.3.5. 1. Inverter Control

If left uncontrolled V., will vary with load; this is not desired in most
cases. To control the output voltage, a feedback loop can be placed in the
system which measures the V., compares with a set point and passes
the resultant difference to a PI controller. This information is then
utilised to control the switching of the inverter semiconductors and

changes the modulation index of the H bridge dependant on what is

required.
Saturation Gain Plant
(Inverter)

Vref + Pl V‘ Va‘c

Control _/“ v

Fourier
Fundamental W
Magnitude

Figure 2-6: Control of the Inversion Stage

2.3.5. 2. Rectifier Control

In order to control the power flow into the rectifier, an additional control

loop is required as shown in Figure 2-7.
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Figure 2-7: Control of the Rectification Stage

The power flow from the grid to the back-to-back inverter is controlled
via two classic cascaded control loops, where the outer control loop
regulates the DC link voltage and the inner loop regulates the current
flowing from the grid through the rectifier.

In order for the controller to work correctly, the speed of the inner and
outer loop PI controllers must be set to an order of magnitude apart. This
allows the two control loops to be decoupled and hence operate
independently of each other [58, 59]. Therefore the outer control loop

was treated as a standard second order control loop.

2.3.5.3. Modulation

In order for the H-bridge of the inverter stage to generate a sine wave at
the desired magnitude and frequency the correct control signals must be
sent to the H-bridge. This is achieved through a comparison of the
reference sine wave, the reference wave being at the desired magnitude
and frequency, to a triangular carrier wave with frequency of the desired

semi-conductor switching frequency.
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In the comparison of the two signals, if the reference sine is greater in
magnitude than the triangular wave then the output square wave is
positive i.e. S5 and S8 of Figure 2-4 are switched on to allow positive
current flow. If the reference sine is lesser in magnitude than the
triangular wave then the output square wave is negative i.e. S6 and S7 of
Figure 2-4 are switched on to allow negative current flow.

This is known as bipolar voltage switching and an example of this
operation is shown in Figure 2-8, although please note that the switching
frequency of the example is very low in order to clearly demonstrate the

switching operations and normally would be much faster.
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Figure 2-8: Bipolar Voltage Switching

It can therefore be observed from Figure 2-8 that a reduction in the
amplitude of the reference sine wave when compared with the carrier
signal will result in a modified square wave sent to the H-bridge which

will decrease the actual output sine wave.
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This ratio of signals is known as the modulation index, m, and controls
the amplitude of the output sine wave from the H-bridge. As the
modulation index is a ratio Figure 2-8 has no axis markings as they

would be redundant [53].

2.3.5.4. Deadbands/Blanking Time

In the previous section it can be seen that the control signals sent to the
semiconductors in Figure 2-8 instantaneously change from on to off.
However it has already been established in Section 2. 2. 4. that in reality
semiconductors are presently not able to change states quickly enough as
to be considered instantaneous. Therefore an additional delay must be
added to the control signals that allow for the devices to change state
otherwise a “shoot-through” condition will occur which may damage the
semiconductors [53].

This will cause additional low order harmonic voltage distortion around
the current zero-crossing of the back-to-back inverter [53]. However this
is considered to be negligible in magnitude considering the turn-on and

turn-off time of the semi-conductors, see Section 2. 2. 1.

2.3.6. Snubbers

Quickly switching on/off (i.e. high rate of change of current) a
semiconductor with stray inductance intrinsic to the device severs power
flow of stored energy. This energy is dissipated in the device as a voltage

overshoot across the device potentially causing damage or stress [60].
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This can be alleviated via use of snubber circuits which allow a free-
wheeling path for extremely high frequency current transients.
Decoupling capacitors provide this path and they are placed across the
relevant device. A series resistor is also placed in series with the
discharge capacitance in order to provide damping and absorb the power
dissipation of the transient in lieu of the semiconductor [60].

The sizes of the components can be estimated by use of Equations12 and
13, where Csy 1s the snubber capacitance, Ly is the stray inductance, Iz 1s
the rated current, Vpx is the peak/overshoot of voltage, Vx is the rated
voltage and fsy is the switching frequency. The power lost in the snubber
resistor is given by Equation 14 [60].

L X[RZ

12 Coo =_—S"°R
o (VPK_VR)2

1

13 R.. =
o (6xCgy % fgy)

14 PR:%XCSNX(VPKZ_VRZ)XJ(‘SW

2.4. The Matrix Converter

Another method of AC to AC conversion is to convert directly without
the intermediate DC stage. This can be achieved via the use of a matrix

converter.
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2.4. 1. Circuit Architecture

If the matrix converter has a single phase source and load, two bi-
directional cells are required. The matrix converter architecture in this
case is shown in Figure 2-9 and is known, and will be henceforth
referred to, as the AC Chopper. Figure 2-9 shows the distinct stages of

the circuit architecture which will be described in this section.

2.4.2. Low Pass Filtering

The AC Chopper has two low pass filters placed before and after the
bidirectional cells as shown in Figure 2-9. These filters are placed to
remove harmonic content from the voltage and current. The operation of
the second order low pass filters has been described previously in

Section 2. 3. 2. 4.
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1 I

Figure 2-9: AC Chopper Circuit Diagram

72



2.4. 3. Bi-directional Switches

A matrix converter architecture is comprised of an m by n array of bi-
directional switches, where m is the same as the number of phases of the
voltage source and #n is the same as the number of phases of the load.
Using the semi-conductors described in Section 2. 2. a bi-directional

switch can be created the variations of bi-directional cells are shown in

Figure 2-10[61].
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Figure 2-10: Bi-directional cells made with uni-directional semi-
conductors (a) bi-directional cell using IGBTs and diodes, (b) bi-
directional cell using IGBT and diodes with optional common
emitter bridge arm (improves transient performance), (c) bi-

directional cell using MOSFETs.

Using these bi-directional cells the amplitude of an incoming AC
waveform can be directly “chopped” similar to simple DC PWM,
providing a drop in average magnitude of the sine wave, this process is

shown pictorially in Figure 2-11.
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Figure 2-11: Chopped AC Voltage Waveform

Activation of switches S1 and S2 will connect the load to the source
voltage, whilst activation of S4 and S3 will apply zero voltages to the
load. Modulation of these states allows the load voltages to be controlled

as shown in Figure 2-12 and fully described in Section 2. 4. 4. 1.
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--------- Switching of 1 and 52
Voltage Output Before Filtering
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Figure 2-12: Switching Waveforms of AC Chopper Showing the
Input Signals to S1 and S2 and the Resultant Chopper Output

74



Once filtered, the resultant waveform is of the same frequency but of
reduced amplitude that is directly proportional to the duty cycle of the
chopped waveform. Note that for a three phase matrix converter it is also
possible to vary the frequency however this comes at the cost of a
reduction in possible output voltage magnitude of 50-87% [61].
Although, it is possible to overcome this limitation with advanced

modulation methods which implements a “fictitious DC-link”’[61].

2.4.4. Control

If left uncontrolled or open loop controlled, the output voltage will vary
with changes in input voltage and normally this is undesired. With a
negative feedback closed loop control the output voltage may be set to a
particular reference value that is maintained even when the input voltage
1s altered. Negative feedback closed loop control was previously

described in Section 2. 3. 5. 1.

2.4.4. 1. Modulation

In order to generate the control signals for the AC Chopper a DC value
of desired magnitude must be compared to a triangular waveform with
frequency of the desired semiconductor switching frequency.

In the comparison of the two signals, if the reference DC line is greater
in magnitude than the triangular wave then the output square wave is
positive i.e. SI and S2 of Figure 2-9 are switched on to allow bi-

directional current flow.
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Figure 2-13: Voltage PWM

If the DC line is lesser in magnitude than the triangular wave then the
output square wave is negative 1.e. S3 and S5 of Figure 2-9 are switched
on to cease current flow.

This is an example of a common pulse-width modulation signal used to
vary the magnitude of the input voltage and an example of this operation
1s shown in Figure 2-13, although please note that the switching
frequency of the example is very low in order to clearly demonstrate the
switching operations and normally would be much faster.

It can be observed from Figure 2-13 that a reduction in the amplitude of
the reference DC line when compared with the carrier signal will result
in a modified square wave sent to the H-bridge which will decrease the
actual output sine wave. This ratio of signals is known as the modulation
index, m, and controls the amplitude of the output sine wave from the
AC Chopper. As the modulation index is a ratio Figure 2-13 has no axis

markings as they would be redundant.
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2.4.4. 2. Deadbands/Blanking time

The importance in allowing deadbands in control and the consequences

of this has been previously described in Section 2. 3. 5. 4.

2.4. 4. 3. Semi-Soft Switching

There are two methods to control the four semi-conductors that are
within the bi-directional switch cells shown in Figure 2-9, hard-
switching and semi-soft switching. Hard-switching is the more
traditional method of commutation that consists of waiting until the
semi-conductors are fully switched off utilising deadbands before
switching on the next semi-conductor [61].

Another method of commutation is semi-soft switching which, instead of
waiting until all switches are off, transitions certain semi-conductions
while some switches are still on. A popular method of achieving this is
the four step commutation method shown in Figure 2-14 [61]. This
method transitions the semi-conductors that are not conducting in the
present current direction first, this provides a free-wheeling path for
trapped energies caused by stray inductance and parasitic capacitance
[61], see Section 2. 3. 6. for more information on these subjects.
According to the present research [61] this is the preferred method of

commutation as the switching losses are reduced by 50% [61].
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Another semi-soft switching technique is also possible, the two step
commutation method. This method switches off the semi-conductors that
are not conducting in the present current direction for the duration of
time spent in the relevant current direction. This results in lower losses
as no unnecessary switching occurs, however this method also reduces
the amount of current paths available resulting in less robust operation
unless an advanced control scheme is employed which involves the use

of intelligent gate driver circuits [61].

1L>0

]
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Steady ><€ Transitional »< Steady >
State States State
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Figure 2-14: Semi-soft switching 4 step commutation method [61],
see Figure 2-9 to observe switch designations S1-S4
A prerequisite of using any of these semi-soft commutation techniques is

the knowledge of the present current direction.
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2.4.4.4. Zero Crossing Detection Methods

As established in the previous section, the method of commutation if
using a semi-soft commutation strategy requires information on the
direction of current. The simplest way to do this is to measure the input
current to the bi-directional switches directly and use this measurement
to inform control circuitry.

According to the present research this method is not recommended at
high power levels due to the difficultly in reliably measuring low current
values when large ranges of current are possible in high power
applications [61].

Other methods of zero crossing detection exist for high-power
applications exist which use a dead-zone around the current zero in
which no current flows and the switching method is reconfigured.
Another method employs driver level intelligence so that each semi-

conductor detects the correct current direction independently [62].

2.4.5. Snubbers

The importance of including snubbers in semiconductor based circuitry
and the consequences of this has been previously described in Section 2.

3. 6.

2. 5. Power Distribution

In order to correctly understand the main text, mechanisms of the low
voltage distribution system must be described in order to inform later

work.
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2.5. 1. AC Conductor Losses

There are several losses that occur when transmitting AC power via
conductors. Conductor current losses, dielectric losses and sheath losses.
In the distribution system by far the most prevalent loss is the conductor
current loss [63], this is described by Equation 15. Where n is the
number of cores, / is the current through the cables and R is the
resistance of the core [63].

15 P.=nxI>xR

2.5.2. Types of Electrical Load

As time has passed more complex devices are being powered by
electricity from the UK distribution system. It is important to understand

the effect these loads will have on the voltage and current.

2.5. 2. 1. Unity Power Factor Linear

A unity power factor load is the type in which the voltage and current
waveforms are not phase displaced and a linear load is one in which the
voltage across it varies linearly with current through it. These types of
load generally represent heating elements which are resistive in nature. A
good example of a large household unity power factor linear load is an

electric shower which can typically be 10kW in rating.
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2.5. 2. 2. Non-Unity Power Factor Linear

A non-unity power factor load is the type in which the voltage and
current waveforms are phase displaced. These types of load generally
represent household machines which contain inductive as well as
resistive elements. A good example of a large household non-unity
power factor linear load is an electric shower which can typically be

1kW in rating and have power factors as low as 0.75 lagging [64].

2.5.2. 3. Non-Linear

A non-linear load is one in which the voltage magnitude across it does
not vary linearly with current magnitude through it. These types of load
generally represent loads with semi-conductors converting the AC signal
into whatever is appropriate. A good example of a large household non-
linear load is a microwave which is provided DC power by an

uncontrolled rectification stage, they are generally 1kW in rating [65].
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CHAPTER 3

3.  Load Flow of the UK Urban Distribution Network

The first step taken in the research was to consider the UK LV
distribution system as it is presently. An accurate representation of the
UK LV distribution system would be modelled using data from industry
partners. Once established, the effects of future technologies on the LV

distribution grid could be explored.

3. 1. Power flow Analysis of a UK LV Network

The software PowerWorld Simulator was used to model a representative
section of the UK urban distribution network shown in Figure 3-1. The
model considered two cases; the first case is the present network and its
associated load, the second case is a future scenario with an estimation of

the worst possible future load.
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Figure 3-1: Representative Section of the UK Distribution Network
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3.1. 1. 415V LV Network

3.1. 1. 1. Methodology

In the simulation studies carried out, the cables were modelled using
typical parameters of cables used in urban distribution networks. A
section of the low-voltage distribution system was modelled using
PowerWorld simulator in order to study the current limits.

This model was based on real data for a representative section of the UK
distribution network: it was created from a diagram received from
industry partners that specified the length and type of each cable.

A separate document which specified resistance and reactance per length
and cable type was then used to calculate the total resistance and
reactance for each line. The characteristics of each cable could then be
entered into PowerWorld simulator; the data for each cable is presented
in Appendix A - PowerWorld Cable Data.

The model enabled the study of current losses in the distribution system
because of current levels, hence enabling the current limits of the low-
voltage distribution system to be studied. In these simulations, it is
assumed that each end user is a three bedroom house consuming 1 kW
per household this corresponds to the maximum average demand for

each house during early evening in winter in the UK [66].
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Since demand is not easy to predict and has a random element it was
expected that the demand pattern would be short spikes in demand
occurring randomly over long periods of smaller base demand. The
present low voltage cabling was designed for this demand pattern (see
Figure 3-2).

This random element is not possible to simulate in PowerWorld
simulator however when all of the random demands are amalgamated the
overall demand of an area will generally be consistent with an assumed
average demand across all feeders.

As a result all spike and base demands were averaged in order to be
useable with PowerWorld, this also means that conductors carrying
fewer amalgamated results will be a less accurate representation of what
the demand actually looks like i.e. the conductors further away from the
transformer have less accurate results than conductors closer to the

transformer.

3.1. 1. 2. Results

MWW Loss @
-0.00200 MW

-0.00100 MW

-O.UDUDO MW
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Figure 3-2: Model of the Present LV Distribution System with
Present Loading

Figure 3-2 shows the results of this study. By inspection of Figure 3-2 it
can be seen that the main feeder is at 65% of its current capacity and that
other feeder conductors range from 20% loaded to 69%. Figure 3-2also
shows that the current losses presently range from 1kW-2kW on the
main feeders. This simulation result indicates that a further 120kVA
could be drawn from the distribution network before the current limit of
the main feeder reached 100% capacity. From the used assumptions this

1s the equivalent of 124 more houses.

MWW Loss @
-0.00200 MW

-0.00100 MW

-0.00000 MW

Figure 3-3: Model of the Present LV Distribution System with

Future Loading

If EVs or heat pump boilers were introduced to each household in the
present system, as discussed in Section 1. 2., it would more than double
average household load [3, 4, 67]. The effect of doubling the average
load at each household to 2 kW is shown in Figure 3-3.
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It can be observed from Figure 3-3 that the main feeder is 136% loaded
and three secondary feeders are also past their insulation limit and the
loading of the secondary feeders ranges from 81%-148%. Figure 3-3 also
shows that the current losses are consistently higher than those presented

in Figure 3-2.

3. 1. 1. 3. Discussion

The results presented indicate that the capacity of the network cannot
support the increased load due to current limits on the network.
Therefore to increase the capacity of the network, increasing the voltage
level of the system must be considered as the conductors of the UK LV
distribution system were found to have an underutilised insulation limit

in Section 2. 1. 1. 1.

3.1.2. 600V LV network

3. 1. 2. 1. Methodology

The same simulation was used as produced in Section 3. 1. 1. in order to
produced consistent results. The 415V LV network results are used as a

control to demonstrate the result of changing the voltage level clearly.
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3. 1. 2. 2. Results

As discussed in Section 2. 1. 1. the cables used in low-voltage
distribution have a maximum line voltage limit, based on the insulation,
of 1.2 kVac or a maximum phase voltage limit of 690V xc .

The effect of increasing the voltage on the distribution network is shown
in Figure 3-4 and Figure 3-5. Figure 3-4 has a network voltage level of
600V 5c line, while in Figure 3-5 the voltage level is increased further to
1kVac line. Although setting the network voltage at 1kVc line would
provide the most effective capacity increase, it is only being shown here
as a comparison. It is not a viable option as it is too close to the cable
insulation limit of 1.2kVac line. Upon discussion with a WPD
representative it was discovered that, in reality, it is possible the cable
insulation limit will be below 1.2kVac line because of factors such as
weak sections due to jointing, tolerances, degradation and bends/twists in
the cabling [68].

From Figure 3-4, it can be observed that the main feeder is now 86%
utilised under the previously established future load conditions of
average demand, constant 2kW per household. Other secondary feeders
range from 52%-96% loaded. Figure 3-4 also shows that the current
losses have decrease from 1kW-2kW on the main feeders in Figure 3-2
to 0.25kW-1.5kW.

This is a decrease from 136% loading on the primary feeder and 81%-
148% loaded on the secondary feeders from the results presented in
Figure 3-3. This means that no cables need to be replaced and a further

24 houses could be placed on the system.
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This is an increase of 200 kVA in available capacity compared to the
present system shown in Figure 3-2.

Figure 3-5 shows a further decrease from 136% utilisation of the primary
feeder and 81%-148% utilisation of the secondary feeders to 51%
utilisation of the primary feeder and 31%-54% utilisation of the
secondary feeders. Figure 3-5 also shows that the current losses have
decrease from 1kW-2kW on the main feeders in Figure 3-2 to 0.01kW-
0.25kW. From the estimated average loading values used a further 84
houses could be placed on this system. This is an increase of 500 kVA in

available capacity compared to the present system Figure 3-2.
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Figure 3-4: Model of a 600Vac line LV Distribution System with

Future Loading

88



| MW\MW Loss i)
-0.00200 MW

-0.00100 MW

-O.UDUDO MW

Figure 3-5: Model of a 1kVac line LV Distribution System with

Future Loading

3. 1. 2. 3. Discussion

Therefore these studies indicate that increasing the voltage level of the
UK LV distribution system will significantly increase the load capacity
of urban distribution networks. The difficulty with this approach is that
the end-user receives an unusable voltage supply incompatible with any
household equipment. A novel way of achieving this would be using

Point of Use Voltage Regulation (PUVR) [69, 70] .
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3.2. Chapter Summary

It was found that the capacity of the network cannot support the
predicted increase in load due to current limits on the network. This
increase in load would be synonymous with a heat pump boiler or
electric vehicle at every household.

To increase the capacity of the network, increasing the voltage level of
the system was explored; this is possible due to the conductors of the UK
LV distribution system were found to have an underutilised insulation
limit.

These studies have indicated that increasing the voltage level of the UK
LV distribution system will significantly increase the load capacity of
urban distribution networks.

Another benefit of this approach is that the voltage over the converter
can vary as the voltage is regulated at the end-user therefore

The difficulty with this approach is that the end-user receives an
unusable voltage supply incompatible with any household equipment.
Point of Use Voltage Regulation (PUVR) is a possible way of solving
this difficulty.
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CHAPTER 4

4.  Point of Use Voltage Regulation

The concept consists of deregulating the LV distribution network and
allowing the voltage level to output from the LV transformer at 600V sc
line. A compact power electronic converter would then regulate the
voltage to 230V sc phase at the end-user. A comparison of the present
distribution layout and PUVR is shown in Figure 4-1 and Figure 4-2.
Another option would be to regulate voltage at the equipment level,
however this would incur additional difficulties as the voltage limit of
household wiring is lower than three-phase distribution cables and a
large legislative change would have to take place which some household
electrical equipment manufacturers may not agree to. Therefore

regulating at the point of entry to the household is considered most

appropriate.
‘ 11kV 3 phase
415V 3 phase
230V phase
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Figure 4-1: Present UK LV distribution layout
In order to assess the viability of PUVR two important issues in
implementation have been considered; how the introduction of a power

electronics converter affects the losses and how it affects the cost.

11kV 3 phase

it

345V phase

600V 3 phase

] o Bl a [l Qnverter EEEA EjA BEA

230V phase

Figure 4-2: Proposed UK LYV distribution layout with PUVR

4. 1. Losses of a PUVR Distribution System

In Chapter 3. increasing the voltage of the UK LV distribution has been
shown to be an effective means of increasing the capacity available. This
can be achieved via PUVR, however in order to assess whether this
approach 1is realistic the first step would be to consider the losses
introduced by the converter and evaluate this keeping in mind that the

current losses of the cable are reduced due to the increase in voltage.
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4.1.1. Cable loss

There are many losses in the LV conductor however the dominant loss
value is caused by current losses; this was previously described in

Section 2. 5. 1.

4. 1. 1. 1. Methodology

The current losses of the cables were calculated using the load flow
simulator PowerWorld. The simulations were created using real world
cable data and an assumed constant average load of 1-2kW per consumer,
dependant on scenario.

The loss on each cable was then exported to excel where the total loss

was calculated for each scenario using Equation 16.

P
16 P, s, = ZS 9% %100

IN

4. 1. 1. 2. Results

From the heat maps in Section 3. 1. it is clear that increasing the voltage
of the LV distribution system lowers the current losses present in the
cabling due to the lower current levels in the network.

Table 4-1 summarises the different current losses for the urban
distribution network considered in Chapter 3. operating at different

voltage levels.
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Table 4-1: Conductor Current Losses as a Percentage of Total Input

Power
415V 1IkW | 415V 2kW 600V 2kW 1kV 2kW
Average Average Average Average
Load Load Load Load
(Figure 3-2) | (Figure 3-3) | (Figure 3-4) | (Figure 3-5)
Cable
Loss (%) 3.1 6.74 1.26 0.16

The present urban distribution network, drawing the maximum average
from all loads simultaneously, loses 3.1% of its transmitted power as
heat in the cabling. At the estimated future maximum average load,
6.74% of the power transmitted is lost. Transmission of power at 600V
decreases this loss at maximum load to 1.26% and transmission at 1kV

furthers this decrease to 0.16%.

4. 1. 1. 3. Discussion

From the results shown in Table 4-1 it is clear that the current losses of
the UK LV distribution system is are not significant and this is in line
with expectations [71]. However these losses more than double under
future loading conditions, due to the losses being directly proportional to
the square of current, see Section 2. 5. 1. for further detail.

Increasing the voltage by 175V ¢ decreases this loss by 5.5%, increasing
the voltage by 575V ac decreases this loss by 6.6%. Therefore it is clear
that the optimal voltage is 600V ac line as the additional voltage does not
decrease the loss as significantly and increasing the voltage to 1kVac

line increases the risk of damaging the conductors [68].

94



4.1.2. Converter loss

When using PUVR, the voltage level must be stepped down at the end-
user. In the case of the urban network, this would take place at each
house connected to the distribution network. This voltage conversion
will not be 100% efficient, and therefore extra losses will be introduced

to the network.

4.1.2. 1. Methodology

Using presently available information, a high level evaluation of the
converter losses can be estimated. A best and worst case was considered;
where the best case would be a single efficient conversion stage and the
worst case would be two inefficient conversion stages.

With this in mind the best case considered was 2%, [54, 72] and the
worst case considered was an inefficient conversion of 4% [54] with two

conversions which would therefore give an 8% conversion loss.

4. 1. 2. 2. Results

The effect of the addition of the estimated converter losses are shown in
Table 4-2. It was found that the lowest loss in a 1kV PUVR system with
a highly efficient conversion stage would be 2.15% and that the highest
loss is a 600kV PUVR system with a less efficient conversion stage

would be 9.26%.
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Table 4-2: Total Loss in a PUVR system, see Figure 3-4 and Figure
3-5 for PUVR 600V c line scenario and PUVR 1kVc line scenario

respectively
PUVR PUVR PUVR 1kV | PUVR 1kV
600V Best | 600V Worst | Best Case | Worst Case
Case Case
Cable Loss
(%) 1.26 1.26 0.16 0.16
(Table 4-1)
Converter
Loss +2 +8 +2 +8
(%)
Total Loss
(%) 3.26 9.26 2.16 8.16

4. 1. 2. 3. Discussion

To be considered on-par with the present LV distribution architecture,
from Section 4. 1. 1. Table 4-1, the target for the total loss which would
make a PUVR based architecture viable is 3.1%-6.7%. Therefore from
the results shown it is clear that a converter of 92% efficiency is outside
this target and not viable for use with PUVR.

According to these criteria, the absolute minimum efficiency to be
considered viable in terms of efficiency i1s 93.3%. This level of
efficiency should be possible with high quality modern power electronic

converters [54].
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4.1.3. Summary

The studies carried out have strongly indicated that PUVR would be
effective in easing congestion of low voltage urban distribution systems
by increasing capacity of the network without exceeding current/current
limits of the cables.

A potential disadvantage of implementing PUVR using power electronic
converters 1s that conversion losses are introduced to the system.
However, the results shown in Table 4-1 and Table 4-2 have shown that
this additional loss is compensated for by the lower losses in the
conductors due to the lower current levels so far as the efficiency of the

conversion stage is above 93.3%.

4. 2. Cost-Benefit Analysis of a PUVR Distribution System

Section 3. 1. established that increasing the voltage level of the LV
distribution network is a viable way in increasing the capacity and
Section 4. 1. established the lowest possible loss limit to be considered
on par with the presently used distribution method. Another important
issue that affects the viability of PUVR is cost and this section will focus
on this aspect, with particular reference being made to the cost of the
business as usual case i.e. network reinforcement by conductor

replacement.
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4.2.1. Methodology

The costs of transformer and cable replacement including excavation and
reformation were taken from the Scottish and Southern Energy (SSE)
2012 Statements, Methodology, Charges and Connection document [73].
Using this document and a diagram gained from industry partners which
specified cable length and type an estimation of the cost of replacing the
distribution cables was made.

The SSE document states a particular maximum and minimum charge
for laying LV cable in three classes of current rating 95mm?, 95-185mm?
and >185mm?. This cable sizing was taken into account when estimating
the conductor replacement costs for the representative section of the
network. The total distance of the network from the provided diagrams is
approximately equal to 1.7km and the calculated cost per meter was
found to be between £100/m-£280/m.

Please note that these figures estimate supply and installation of the
conductors only and does not account for such factors as traffic
management, project management e.t.c.

The cost of the converters was estimated using the cost of present off-
the-shelf converter units [74, 75].

A transformer replacement was considered for the cable replacement
method as it is possible that the breaching the reverse current limit with
future high distributed generation penetrations would trigger network
reinforcement 1.e. transformer replacement in any case. More
information on this issue is described in Section 1. 2. 3. However in
order to consider a worst case scenario a replacement was not deemed

necessary for this study.
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4.2.2.

Results

It was found that, at present, the PUVR method has a greater cost and

that a 20kW converter would need to cost £460-£2,100 (worst case and

best case respectively) to be equivalent to replacing the cables.

4.2.3.

Discussion

The costing for these converters was for 220 individual units and it is

expected that the price would reduce significantly if ordered in bulk. It is

also expected that when PUVR is taken into consideration semi-

conductor costs would be lower than they are at present as the cost of

semi-conductor devices decreases over time [76].

Table 4-3: Cost-Benefit Analysis

Cost of

Cost of

Proposed | Transformer Cable C(():ri)vsér(t)efrs Total Cost
Method Replacement | Replacement (£1,000) (£1,000)
(£1,000) (£1,000) ’
Min | Max | Min | Max | Min | Max | Min | Max
PUVR
Method 13.8 | 69.2 - - 622 | 1,336 | 635.8 | 1,405
Cable
Replacement - - 169.7 | 476.6 - - 169.7 | 476.6
Method
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4.2.4. Summary

It was found that using off-the-shelf inverter units, PUVR is not as cost-
effective as network reinforcement i.e. replacing the LV distribution
cables. It is expected, however, that future decreases in semi-conductor
costs and bulk orders will bring the cost to a comparable level with the

cable replacement method.

4. 3. Chapter Summary

Issues of cost and efficiency were investigated in this section. Results
found that for PUVR to be considered viable the efficiency of the
converter units in each home must have a maximum lower limit of
93.3% efficiency and the cost per unit must inexpensive and estimated to
be between £460-£2100. These limits at the very least provided on-par
results with traditional network reinforcement.

Therefore an evaluation of AC-AC converter architectures can be

undertaken with these limits as important selection criteria.
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CHAPTER S

5.  An Evaluation of Converter Architectures

Increasing the voltage of the distribution network was established in
Chapter 3. to be a viable method of increasing the capacity of the LV
network. Chapter 4. then established that if a power electronic converter
was used to buck the network voltage to a usable 230V ac phase, the
converter must be cost effective and highly efficient. This Chapter will
evaluate two converter architectures in detail according to these criteria

the back-to-back inverter and the AC chopper.

5. 1. Methodology

In order to evaluate the two topologies a design of both topologies was
undertaken. Design parameters were simply to receive a 345V ¢ phase
voltage and convert this to a 230Vac phase voltage with identical
frequency. Section 5.2 and 5.3 describe the design process for the AC
chopper and back-to-back inverter respectively.

Once designed, the two topologies were simulated using Matlab
Simulink and a comparison made which forms the basis of an evaluation

that determines the more suitable topology for use with PUVR.

5.2. AC Chopper

The AC Chopper, which is a variant of the matrix converter architecture,
is described in detail in Section 2. 4. This section will use the

information described to design an AC Chopper circuit.
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5.2. 1. Design

The sections to be designed for the AC Chopper are the input and output

filters and the switching frequency.

5.2. 1. 1. First Order Low Pass Filter Design

The cut-off frequency of the filter was chosen to be 75Hz as this is
between the fundamental and second harmonic frequencies ensuring the
3™ harmonic is filtered.

This is represented in angular frequency by w,=471rads' and using an
average household load of R=53Q (taken from the earlier 3 bedroom
household consumption average of 1kW as described in Section 3. 1. 1.
1. ) using Equation 7 the value for L was calculated to be 112.5mH.

A filter with this cut-off frequency is able to filter the high frequency
harmonics of the switching and additionally filter lower frequency
harmonics due to non-linear loading, which typically are at odd multiples

of the fundamental [77].

5.2. 1. 2. Second Order Low Pass Filter Design

Using Equations 9 and 10 with values R=53Q, w,=471rads"! and &=1
using the values for L and C were calculated to be: L=225mH and
C=20uF.

The second order filter was found to have improved performance as, post
cut-off frequency, the first order filter has a slope of 19.2dB/decade and
the second order filter has a slope of 37.3dB/decade.
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5.2. 1. 3. Switching Frequency against Harmonic Distortion

In order to optimise the size of the filter an analysis of harmonic
distortion and switching frequency for varying filter sizes was carried
out. The focus was to minimise harmonic content caused by the
introduction of the AC Chopper whilst also trying to minimise filter size.
A higher switching frequency will increase the frequency of the

harmonics, therefore the size of the filter can decrease [77].
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Figure 5-1: THD of Voltage/Current Output for Increasing
Switching Frequency for Various Filters (Note that there are 4 data
points per filter design)
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5.2.2. Results

Figure 5-2 shows the initial design of the AC Chopper operating at
10kHz switching frequency and with a first order filter. The final output
is a controlled 230V AC waveform at 50Hz shown in Figure 5-3, the
output shown is phase-shifted which is the result of filtering.

Figure 5-3 demonstrates the steady state operation of the AC Chopper it
is clear that the circuit successfully lowers a voltage of 346V to 230V. A
phase shift of 32° between the waveforms can also be observed; this is
due to the inductance in the low pass filter. This phase shift is not

detrimental to the operation of the circuit.

o ’

346V | i 230V
] 1
|

\
AC Chopper ! Low Pass Filter
i

Figure 5-2: Initial Design of AC Chopper, 10kHz Switching
Frequency and First Order Low Pass Filter
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Figure 5-3: Input and Output Voltage Waveforms of Initial AC
Chopper Design, Output Phase Shifted by 32°

5.2.3. Discussion

While the initial design has been demonstrated as acceptable, it is clear
that improvements can be made. A capacitor was added to the design to
increase the order of the filter; therefore increasing the response time of
the filter and decreasing the magnitude of any passed higher frequencies,
see Section 5. 2. 1. 2. Second order filters are also recommended for use
in matrix converter circuits [78]. For these reasons second order filters
are the design choice for output filter.

A second filter was also found to be required at the input in order to limit
the current harmonics injected back into the grid [61].

From the results shown in Figure 5-1 a second order filter designed to
filter out the 21 harmonic of the fundamental combined with a

switching frequency of 33kHz was chosen.
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This allows the use of a small filter without the distortion becoming
greater than 5% within the thresholds defined in Section 2. 1. 4. The new
value of L,/L, was calculated to be 2mH and the new value of C,/C; is
0.6puF.

It is worth noting that the filters were initially sized to filter low
multiples of fundamental frequency, this focus later changed to only
filter multiples of high frequency switching harmonics as the filter
design while suitable for simulation was found to be unrealistic in

practice.

5.2.4. Summary

An AC Chopper design has been produced which has two low pass
filters of size L,/L, equal to 2mH, C,/C, equal to 0.6puF and a switching
speed equal to 30kHz.

5. 3. Back-to-back Inverter

The back-to-back inverter is described in detail in Section 2. 3. This
section will use the information described to design a back-to-back

inverter.

5.3. 1. Design

The first step of the design is to determine a suitable switching frequency.
Once this has been determined the filters can be sized to appropriately

determine a cut-off frequency that limits the generated harmonics.
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5.3. 1. 1. Switching Frequency and Output Filter

In order, to give more comparable results the same switching frequency
and filter values of the AC Chopper were used for the back-to-back

inverter. These sizes were determined in Section 5. 2. 1.

5.3. 1. 2. Input Inductance

Where V is the voltage of the primary source at angle 01 (346Vms), V2 is
the voltage of the secondary source at angle 6, (425Vms) and X is the
reactance of the inductance L (0.02H) multiplied by the angular
frequency (100m). Therefore from Equation 4 we can state that the real
power bandwidth between the grid and the back-to-back inverter
rectification stage is 0-20kW dependant on the phase difference between

the two.

5.3. 1. 3. DC-Link Capacitor

Using Equation 5 with the values T is the fundamental period equal to
20ms, Vpeak 1s the highest voltage point equal to 600V, Rje.q 1s the load
resistance equal to 53Q and desired Vippe equals 10% DC link

capacitance required was calculated to be 1.88mF.
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5.3.2. Results

Figure 5-4 illustrates the input and output voltage from the back-to-back

inverter. By inspection of Figure 5-4 it can be seen that the output

voltage is shifted by 171° leading.
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5.3.3. Discussion

The back-to-back inverter deconstructs the voltage into DC. The back-
to-back inverter can then synthesise an AC voltage of any phase,
magnitude and frequency. Therefore the control of the input and output
stage are decoupled. The phase shift can be compensated for in the

control, this is shown in Figure 5-5.

5.3.4. Summary

A back-to-back inverter has been designed which operates at a switching
speed of 30kHz and has input inductance, L;, equal to 20mH, DC-link
capacitance, C;, equal to 1.88mF and an output filter, L, and C,, equal to
equal to 2mH and 0.6uF respectively.

5. 4. Comparison of Converter Architectures for PUVR

The two topologies presented in the previous section have been tested in
simulation and results for their performance in several areas compared.
They were compared in the following areas:

. Losses

. Power Quality

. Complexity

. Control
. Transient Behaviour
. Protection
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5.4. 1.

5.4.1. 1. Methodology

Losses

Calculations were undertaken using the data in the device datasheets [79,

80] and the loss calculation methods used in the relevant literature [53,

81, 82]. The method of calculating loss in semi-conductors was

previously described in Section 2. 2.

The switching losses for both of the topologies were calculated, using a

switching frequency of 33kHz. The energy loss for each time the devices

switched was taken from the device datasheet.

5.4. 1. 2. Results

Table 5-1: Summary Table of Device Losses; Switching and

Conduction
Pconduction Pswitching Total Total
(W per arm) | (W per arm) (W) (%)
Calc. [PLECS| Calc. |PLECS| Calc. [PLECS| Calc. |PLECS
Back-to-
back 2.01 2.7 10.3 9.3 98.5 96 9.8 9.6
Inverter
AC 2.2 32 4.5 5.9 27 36.4 2.7 3.6
Chopper
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The results of these calculations are shown in Table 5-1. In order to
validate the calculations the back-to-back inverter and AC Chopper were
both modelled in PLECs.

The models calculated the conduction and switching losses, with a
current profile for each device created from information in the device
datasheets [79, 80]. These results indicate that the back-to-back inverter
generates approximately 6%-7% more total loss than the AC Chopper.

It is worth noting that the switching losses are quite high due to the fast
switching frequency. A reduction in switching frequency from 30kHz
will reduce the switching losses at the cost of increased harmonics. The

harmonics generated are discussed further in Section 5. 4. 2. 1.

5.4.2. Power Quality

5.4. 2. 1. Total Harmonic Distortion

Two Matlab models using idealised lossless devices were implemented
to study the effect of non-linear loads on power quality delivered to the
end user. The THD of both topologies was found with a standard linear
load of 53Q. Subsequently both topologies were tested with non-linear
loads added in parallel with the linear load. The 5 non-linear loads were
a TV, laptop, games console, desktop PC and desktop PC moniter. These
were modelled as a diode bridge rectifier attached to a resistance with a
parallel capacitance; the value of resistance was calculated using the
power draw of these loads. The power draw data was gained from
examining the power electronic transformers of these loads (See

Appendix B).
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Table 5-2: Summary table of THD on both topologies

Vout
' ' Vi THD | I, THD Iouw: THD
Device and Configuration THD
(%) (%) (%)
(%)

AC Chopper (Linear)
AC Chopper (Non-Linear)
Back-to-back Inverter (Linear)

0.81 |044 | 0.44
58.9 16.1 58.8
0.29 | 0.17 | 0.17
305 | 345| 699

o O O O

Back-to-back Inverter (Non-Linear)

Table 5-2 is a summary of the effects of total harmonic distortion (THD)
on both topologies. It was found that adding a switching device would
introduce a small amount of THD at each end-user; if PUVR were
implemented this would have to consist with industry standards.

It can be observed that the back-to-back inverter has a much lower level
of THD at the input when subjected to large non-linear loads. In reality
the THD of these non-linear loads is much less, as conducted harmonic
emissions are restricted by standards. However for the purposes of this
study a worst case scenario has been assumed. The back-to-back inverter
topology shows a decrease in harmonic content from the output to the
input.

For the back-to-back inverter the initial rectifying stage can be controlled
in order to gain the necessary power for the rest of the circuit, for a
detailed description see Section 2. 3. 5.

With the DC link capacitor acting as a buffer the source and the load are
decoupled, see Section 2. 3. 2. 2. for more detail. Therefore it is
reasonable to expect that in terms of power quality the back-to-back
inverter will perform better as the AC Chopper has no similar function.

For a detail description of AC Chopper control see Section 2. 4. 4.

112



5.4.2. 2. Non-Unity Power Factor Loading

Each topology was examined with a resistive load (R) of 53Q (see
Section 3.1.1) and then subsequently tested with the same resistive load
in series with an inductive load (L) of 17.2mH. The value of reactive
load was chosen to give a power factor in the region of 0.9.

The effect of reactive loading on the idealised models of both topologies
can be seen in Table 5-3. It was observed that under reactive loading the
AC Chopper demands the extra 100VAr required for the load directly
from the source. In contrast the back-to-back inverter topology requires
no additional reactive power from the source. Based on these
observations, the back-to-back inverter is the superior topology with
regard to power quality as it has been shown to reject load harmonics

and load reactive power draw.

Table 5-3: Summary table of power with and without reactive load

Pin (W) Qin (VAr) | Pout (W) | Qou( VAT)
AC Chopper (R) 1,000 15 1,000 0
AC Chopper (R+L) 990 86 990 101
Back-to-back Inverter
997 0 997 0
(R)
Back-to-back Inverter
988 0 088 101
(R+L)
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5.4.2. 3. Loading Extremes

Although an average load of 1kW has been assumed, the maximum

power that can be drawn in a UK household is 20kW, 90A through a

combination of fuses. The result of changing the power drawn is shown

in Table 5-4. It was found that the back-to-back inverter delivers better

power quality at different extremes of loading. In experiencing greater

loads the AC Chopper required more reactive power for its passive

filters, which caused a non-unity power factor.

Table 5-4: Power Quality Results from Varying the Load

Power P. Q P Q Vin Iin Vout Iout
Draw | Device |, " mopoout | Xout | THD | THD | THD | THD
(W) (O VANEWIVAD o) | o6 | ) | %)
AC 0.1 [-32.2] 0.1 0 0 398 | 0.48 | 0.48
Chopper
0.1 |Back-to-
back | 0.1 | -0.2 | 0.1 0 0 3.12 1.83 1.83
Inverter
AC 1 15 1 0 0 0.81 044 | 0.44
Chopper
1 [Back-to-
back {099 0 [0.99| O 0 029 | 0.17 | 0.17
Inverter
AC
10 |1,700( 10 0 0 0.77 | 0.42 | 0.42
Chopper
10 |Back-to-
back 10 -1 | 9.9 0 0 2.03 | 0.11 0.11
Inverter
AC
20 |7,100{ 20 0 0 1.15 | 0.61 0.61
Chopper
20 |Back-to-
back 20 |2,480[199| 0 0 498 | 0.06 | 0.06
Inverter
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5.4.3. Complexity and Cost

5.4.3. 1. Methodology

Table 5-5 provides a cost estimate comparison of the two solutions based
on the principal components in both converter topologies. The costs are
based on the semi-conductors used in Section 5. 4. 1. and includes the
costing of the associated power filters required for each topology [83-
85].

Table 5-5: AC Chopper and Back-to-back Inverter Primary

Components Cost Comparison

1 Module Cost to Convert
(£) an Urban Area (£)
AC Chopper 520 111,800
Back-to-back
1,070 228,300
Inverter

5.4.3. 2. Results

Comparing the description of the operation of both devices given in
Section 2. 3. and Section 2. 4. , it is clear that the AC Chopper is less
complex. From the results in Table 5-5 it is clear that the cost of using
the back-to-back converter topology to outfit the physical system
described in Chapter 3. is more expensive than outfitting the system with

the AC Chopper topology.
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5.4.4. Control

5.4.4. 1. Development and Testing of Controlled AC Chopper

The response of the closed-loop control was tested by applying a load
step to the output of the chopper. In order to improve dynamic
performance, a closed voltage feedback control loop was placed around
the AC Chopper. The closed loop control was tested via demand changes
from 0.5kW to 1kW to 2kW and the voltage fluctuations measured.
Figure 5-6 shows that when the load is doubled from 0.5kW to 1kW
after 1.35s the chopper output voltage remains at 230V and the current
doubles from 2.1A to 4.2A. After 1.55s the load is further doubled to
2kW. The output chopper voltage remains at 230V AC and the current
rises to 9A.

In response to the load steps, the output voltage was observed to dip
slightly by 1.3V and 1.7V over 0.03 seconds for the first and second load
steps respectively, which as a percentage of load is a dip of -0.4% and -
0.5%. These dips are caused by the change in load which increases
current demand. This results in a voltage dip due to the relationship
between voltage and current.

The PI controller then adjusts the PWM of the switches to match the
demand. The dips are within the British standards for voltage sag, which
18 230V+10%-6% [11].
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Figure 5-6: Dynamic Response to Step Changes
A block diagram with plant for the AC Chopper is shown in Figure 5-7,
with values taken from the filter design section. The closed-loop transfer

function was found to be cubic, shown in Equation 17.
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v, G =— K} G == Load
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Switching
r
Veut
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Pl Controller 1—@(
+ Voltage

Controller 1 Reference

Figure 5-7: AC Chopper Control Block Diagram with Plant
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The feedback based control for the AC Chopper has been described in
Section 2. 4. 4. In order to tune the third order equation the good gain
method was used [86]. Using this method to find approximate values
then manual tuning, the ideal values for K, and K; were found. See

Section 13. Appendix C for all calculated values of controller gain.

K K.
P s+ i
17 I/out — L2C2 LZCZ
I/[n 3 1 2 (K[’ + 1) K[
s+ s+ s+
RloadC2 L2C2 L2C2

The response of the AC Chopper is shown in Figure 5-8. In order to
demonstrate the stability of the controllers the poles of the control loops

were plotted in Figure 5-13.
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Figure 5-8: Step Response of AC Chopper Feedback Transfer

Function
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5.4.4. 2. Development and Testing of Controlled Back-to-
back Inverter

The response of the closed-loop control was tested by applying a load
step to the output of the back-to-back inverter. In order to improve
dynamic performance, a closed voltage feedback control loop was placed
around the load of the back-to-back inverter.

Controller 1 was tested using the same means as the AC Chopper,
demand changes from 0.5kW to 1kW to 2kW and the voltage
fluctuations measured.

The results are shown in Figure 5-9. It is observed that the back-to-back
inverter can supply the load with a steady 230V AC at the different
loads. In response to the load steps, the output voltage was observed to
dip slightly by 1.9V and 2.1V over 0.03 seconds for the first and second
load steps respectively, which as a percentage of load is a dip of -0.6%
and -0.65%; this is within the British standards for voltage sag, which is
230V+10%-6% [11].
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Figure 5-9: Back-to-back Inverter Controller 1 Block Diagram with

Plant

It can be observed that the inversion stage of the back-to-back inverter in
Figure 5-9 is identical to the output of the AC Chopper in Figure 5-7 but

with different values of L, and C,. Therefore Equation 17 can be used to

10mH

GSR

L Qe
1.88mkF

HSI

€z 5
4pF

Load

describe the control of the inversion stage.

In order to control the power flow into the back-to-back inverter from

the distribution grid, an additional control loop is required at the grid

PI Controller

Contraller 1

+

Voltage

Reference

side rectifier (GSR) as shown as Controller 2 in Figure 5-10.
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Figure 5-10: Back-to-back Inverter

with Plant
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The cascading feedback based control for the back-to-back inverter
rectification stage has been described in Section 2. 3. 5. 2. From this
section and the loop described in Figure 2-7 two equations can be
derived which describe the outer loop and the inner loop.

These are Equation 18 for the outer loop and Equation 19 for the inner
loop (where R is a small line resistance of 1m()). Using these two
equations the controller gain vales were calculated. Appendix C
catalogues the calculated values of controller gain.

The step response for Equations 17, 18 and 19 is shown in Figure 5-11.
This demonstrates the speed of the controllers to be sufficiently different,
to allow them to be considered decoupled from each other.

It was found that these calculated values had an overshoot response
despite being tuned for over-damping (&=1), this is due to the ignored
differential term in the numerator of Equation 18 and Equation 19.
Controller 2 was manually tuned by increasing K, and K3, the result of
this is shown in Figure 5-12. The final control values are catalogued in
14. Appendix D.

In order to demonstrate the stability of the controllers the poles of the

control loops were plotted in Figure 5-13.
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5.4.5. Transient Behaviour

The time taken to reach steady-state was found to be 0.1s for the back-
to-back inverter compared to 0.05s for the AC Chopper shown in Figure
5-8 and Figure 5-12. Both topologies are sufficiently fast.
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5.4.6. Protection

The proposed converter location is shown in Figure 5-14. To ensure that
the breaker on the main feeder does not activate in case of a fault on the
converter hardware, the converter must be placed after the fuses on the
distribution network. This will prevent a fault in any single converter

causing a trip that affects other customers.

Breaker

A 4 h k4 ¥

Fuse Fuse Fuse Fuse

Y v v v

Converter Converter Converter Converter

v v v v

Load Load Load Load

Figure 5-14: Proposed Converter Location

However this means that any present protection system must be rated
higher than 346V phase, otherwise it must be replaced. This will not be
problematic as British Standards fuses have a voltage rating of up to 1kV
line AC [87].

A standard 3 bedroom home will have a series of fuses with upstream
reclose devices on the main feeder or breakers on the local transformer
[88].

Increasing the power density in the network increases the fault level
substantially, consider a short circuit across the load of 0.1Q and

Equation 20 [89].
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20 P =lm

With the present system where V.,—=230V the resulting fault level, Py, is
equal to 0.53MW. With V=346V the resulting fault level is 1.2MW,
an increase of 0.7MW. Therefore both converter types share this
common disadvantage. However if the installation follows IET wiring
standards, which considers low voltage to be under 1kVsp, or 600V,

there will be no comprise to safety by increasing the voltage [90].

5. 5. Discussion

It was found that the AC Chopper produces 6%-7% less total power loss
through modelling validated through calculation. Converter losses have
been previously discussed in Section 4. 1. 3. and must be as low as
possible for PUVR to be considered viable. The minimum efficiency
value required was found to be 93.3%, comparing the efficiency values
gained of 90.2%-90.4% for the back-to-back inverter and 96.4%-97.3%
for the AC Chopper; it is clear that the AC Chopper is the better choice
of architecture in terms of losses.

It is worth noting that the initial rectification stage can only ‘boost’ the
Ve, therefore the voltage is not able to go below the peak Viy of 490V.
This means the modulation index of the inverter stage will be low and
this will lead to more loss in the switching of the inverter stage [91].

The power quality of the two architectures was assessed through three
tests on the Matlab simulations. The first test evaluated the THD
generation of the converters and how they interact with non-linear loads.
The tests found that each device generates an acceptably low level of

THD.

125



However the back-to-back converter architecture was demonstrated to
have a superior interaction with non-linear loads as much of the high
magnitude, low order harmonic currents were not passed through the
converter. This is due to the decoupling of the back-to-back inverters
conversion stages as described in Section 2. 3.

The second test evaluated a non-unity power factored load; the results
showed that the back-to-back inverter had a superior interaction as again
the conversion stages are decoupled allowing the inverter to supply a
load that has a non-unity power factor without affecting the power factor
of the rectifier.

The final test evaluated the converters under the maximum possible load
of a UK household 20kW. The results found that both converters
perform within standards for the full operating range of the converter.
However at maximum operating point the power factor of the converters
drop to 0.94 lagging for the AC Chopper and 0.99 lagging for the back-
to-back inverter.

This 1is still within UK standards of power factor and any household is
rarely going to reach maximum power draw. However it is worth noting
that the back-to-back inverter generates less reactive power and that
smaller filters may be required for the AC Chopper.

It is also worth noting that radiated electromagnetic interference (EMI) is
a problem associated with the use of power electronics. However at these
power levels well established rules for enclosures, connection layout and
semi-conductor gate drive devices can be used to ensure EMI is
minimised [77].

From the results shown Table 5-5 in the cost reduction in using the AC
Chopper over the back-to-back inverter will make PUVR more viable in

terms of cost benefit.
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The control of both topologies was found to perform well within industry
standards for voltage fluctuation and the topologies were both found to
be sufficienctly fast. However the control of the back-to-back converter
was found to be more complex with a second controlled required that
incorporates a cascaded PI control.

Neither converter has any significant advantage in protection nor were
any protection issues found as the IET wiring regulations define LV
equipment as 1kV or lower and the end-user shall still receive 230V 5c
phase.

It 1s also worth noting from a reliability perspective that the large storage
device required for the back-to-back inverter will dramatically increase
required maintenance and device failure rates [54]. The AC Chopper
does not require this large capacitance.

In addition, if PUVR is implemented, household protection would need
to be modified. Miniature Circuit Breakers (MCBs) and fuses presently
operate for a specified amount of current; if the amount of current the
end-user can access is increased it follows that household protection

systems will need to account for this increase.
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5. 6. Chapter Summary

Of the two possible system architectures considered, it is clear that an
AC Chopper architecture has several advantages over a back-to-back
inverter system. The AC Chopper was found to generate less loss, cost
less to build, require smaller filters and have simple control. Cost and
efficiency was found in Section 4. 1. 3. to be the most important factors
in implementing PUVR.

However, the back-to-back inverter was found to be better 1n
maintaining power quality seen by both the grid and consumer. The AC
Chopper is not decoupled from the grid, there is no intermediary buffer,
and power quality suffers as a result.

If the AC Chopper could improve the power quality seen by the end-user
it would make it comparable to the back-to-back inverter but without the

problems found with the back-to-back inverter architecture.
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CHAPTER 6

6.  Practical Implementation

On order to be able to fully justify the simulated results, a physical
demonstration of the AC Chopper circuit must be produced. This will
validate the simulated results recorded in Chapter 5.

In this Chapter a full description of all equipment will then be provided
followed by a methodology describing how this equipment was used in
order to implement an AC Chopper circuit. The results recorded from the
circuit will then be shown numerically and graphically. The results will
then be considered and compare to simulated results.

Subsequent to this a second architecture will be introduced, the AC
Chopper and Auto-Transformer Hybrid. Any additional equipment used
and how this circuit is implemented will be described. Results from this
circuit architecture will then be presented followed by a discussion of the
gained results and their relevance compared to results from Chapter 5.
Finally a section will summarise the main points of interest that can be
taken from this work.

It is worth stating that size of converter is considered beyond the scope
of this thesis. It is desirable to keep converter size to a minimum, if the
converter is to be installed in the household. If the converter is placed
outside the household in an IP rated box there are less size restrictions,
however this may require trench work adjacent to the consumer
household. Clearly this is not a trivial matter and therefore should be
researched thoroughly before an implementation strategy is decided

upon.
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6. 1. AC Chopper Circuit

This section will describe the equipment used in the AC Chopper circuit
and how the equipment was implemented in order to produce the circuit.
A circuit diagram of the practical AC Chopper circuit is shown in Figure
6-1. The difference between this circuit and the AC Chopper modelled in
Chapter 5. is the inclusion of filter resistances, non-ideal switching and a

1:2 ratio transformer which doubles the input voltage of the circuit from

230V ac to 460V ac.

In practice it was also required to redesign the IGBTs and more

efficiency higher rated IGBTs have been used for the practical

implementation than in Chapter 5.
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Figure 6-1: Practical AC Chopper Circuit Diagram

6.1. 1. Equipment

A description of each element in the practical circuit including the

function of the equipment, how it operates and why this equipment is

necessary.
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6. 1. 1. 1. Isolating Transformers

Isolating transformers are simply standard 1:1 ratio transformers used for
galvanic isolation of circuits. With galvanic isolation circuits become
electrically separate; this in-turn has two beneficial effects. Separation of
circuits allows for testing of the prototype and any accidents which occur
will trip the fuse of the isolating transformer rather than a breaker further
upstream.

Electrical isolation also limits the effect of noise generated by switching
operations on the very sensitive measurement units, microcontroller and
control circuits. Therefore the main electricity supply to the circuit was
isolated via a grey 2kVA. Control elements of the circuit were also
electrically isolated via smaller isolating transformers with smaller
ratings; a blue 750VA isolating transformer A second yellow 750VA
isolating transformer was wused to isolate the supply to the
microcontroller.

The supply isolation transformer would not be necessary if this circuit
were to be used in a real system. Controller power would likely be
provided using an isolated AC-DC converter stage which is standard for

many power electronic systems.

131



6. 1. 1. 2. Variac (Auto-transformer)

A single auto-transformer was connected to the isolating transformer in
order to supply electricity to the AC Chopper, shown diagrammatically
in Figure 6-1 as component ATF. This allowed gradual testing and aided
in the debugging of the chopper circuit. This also allowed the switching
arrangement to be operated at different power levels allowing an
efficiency curve to recorded, see Section 6. 3. The auto-transformer rated
steady state values are 230V and 6A.

If implemented in a product for use outside laboratory confirnes this step
would not be necessary as a varied voltage input for experimental testing

1S not necessary.

6. 1. 1. 3. Transformer

As the voltage rating of the auto-transformer is only 230V ¢ (phase to
ground), a 1:2 ratio transformer was required in order to double the
voltage to an appropriate level shown diagrammatically in Figure 6-1 as
component TF. This allowed a maximum voltage of 460V to be reached
at the input appropriate for testing the AC Chopper which shall reduce
any input voltage to 230V,.. The transformer used in the experiments has
a power rating of 4kVA.

This transformation stage would not be necessary in the real system as
input (phase to ground) voltage of the real system would already be

above 230V xc.
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6. 1. 1. 4. Measurement Units

In order to record results measurement units must be utilised. In this case
voltage, current, power factor, voltage output total harmonic distortion,
input current total harmonic distortion was measured by Voltec PM100
single phase power analysers at the input to the circuit, after the filters,
after the switching arrangement and at the output stage. Therefore power
loss at all stages can be measured.

A long averaging function built into the analysers was used to record the
measurements in order to increase the accuracy of results which may be
distorted.

Waveforms of voltage and current were recorded using voltage/current
transducers and oscilloscopes.

Although care was taken to remove noise from the measurements by
using isolating transformers to supply the mains to these devices, there is
background noise in the system from switching operations which was
not possible to completely eliminate.

In a real system these measurements would not be necessary as there is
no requirement in the distribution system to measure properties of the

electricity at the loading point of the distribution network.
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6. 1. 1. 5. Input Filter

As discussed in Sections 2. 3. 2. low pass filtering is required in order for
the switching arrangement to operate within the harmonic limits
presented in Section 2. 1. The size of filter used within the modelling is
also described in these sections.

The input filter is shown diagrammatically in Figure 6-1 as components
L1, C1 with resistances L1g, Clg. The values of these components are
3mH and 4x470nF (1.88uF in parallel), however the measured value of
these components are 2.79mH and 1.8uF respectively. The ratings of
these components are a steady state current of 10A though the

inductance and 1kV across the capacitors.

6. 1. 1. 6. Switching Arrangement

The AC Chopper circuit is described in detail in Section 2. 4. The circuit
produced to gain experimental results is presented in Figure 6-2. In
Figure 6-2 the individual IGBTs, diodes, driver circuits, snubbers and
varistors are shown.

It 1s also worth noting that the heat sink used is overrated to provide a
safety margin during testing and could be redesigned to reduce the

converter volume and mass.
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Figure 6-2: Practical AC Chopper circuit
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6.1.1.7. IGBTs

The discrete Insulated Gate Bipolar Transistors (IGBTs) that were used
to demonstrate the AC Chopper circuit are International Rectifier
IRG7PH50UPbF and they are shown in Figure 6-2 and shown
diagrammatically in Figure 6-1 as components S1-S4. These IGBTs in
particular were chosen due to their high collector-to-emitter voltage of
1.2kV, low losses and high quality load current vs frequency
characteristic.

At first glance a collector emitter voltage of 1.2kV may seem
inappropriate for an input voltage of 345V ¢, however when considering
that the peak of this voltage would be 488V .. and that the voltage may
overshoot during switching a 600V device does not offer enough
headroom to be considered robust.

The voltage across the collector emitter when switched on is 1.7V-2.1V
dependant on junction temperature (lower temperature equates to smaller
voltage). The device also turns on and off very quickly with a maximum
turn on time of 115ns (turn on time plus rise time), and a maximum turn

off time of 710ns (turn off time plus fall time).
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Figure 6-3: Typical Load Current vs Frequency [92]

The load current vs frequency characteristics of this IGBT are shown in
Figure 6-3. From this graph the maximum load current can be observed
for a given switching frequency. Some results are shown in Table 6-1.
Note that 90A is the maximum household power draw and that 10kHz
and 30kHz are switching frequencies used in simulations or experiments
throughout this thesis. For a 1kW demonstration prototype these IGBTs
are more than sufficient.

Table 6-1: Combinations of switching frequency and load current

N Load Current
Switching Frequency (Approximate)
1kHz 90A
10kHz 55A
30kHz 22A
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6. 1. 1. 8. Diodes

The discrete diodes are Fairchild Semiconductor RHRG75120, also
shown in Figure 6-2 and shown diagrammatically in Figure 6-1 as
components D1-D4. They have blocking voltage of 1.2kV; this is in line
with the IGBT collector-emitter voltage when turned off. The reasoning
behind this relatively high blocking voltage is also described in Chapter
6. 1. 1. 7. These diodes also support a high forward current of 75A and
can recover very quickly under this current, in 100ns [79]. The voltage
over the device when on is also low at from 2.6-3.2V dependant on

junction temperature.

6. 1. 1. 9. Snubber Circuit

Snubbers allow high frequency transient currents to bypass the IGBT
and diode bridge these are shown diagrammatically in Figure 6-1 as
components Cs;, Csy, Rsi, Rsp. This in turn causes switching to be
smoother and reduced stressed on power electronic devices increasing

reliability [53], however this comes at the cost of power losses.
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The prototype circuit is made out of discrete components with a
relatively large electrical distance between them compared to a surface
mount or packaged circuit. Therefore parasitic (or stray) inductance will
be greater in this prototype circuit than in any finished product as
conductors will always have intrinsic inductive and capacitive
components and greater conductor length will directly increase the
intrinsic inductive component associated with it [10]. Therefore a
snubber circuit was used in this prototype to limit the effects of parasitic
inductance however it may not be necessary in a refined circuit.

Section 2. 3. 6. describes the sizing of the capacitor and resistor used in
the snubber; the snubbers used can be observed in Figure 6-2 as small
red squares. They have a size of 2.2 uF and 4.7 ohms.

Theoretical values for the snubber size were calculated in Section 2. 3. 6.
However as the prototyping process is circular, these values were later
re-determined as other constraints became apparent; this is further

discussed in Section 6. 1. 2. 6.

139



6. 1. 1. 10. Surge Protection

In the AC Chopper architecture there is the possibility of incorrect
commutation which may result in interruption of the current path with no
alternative current path for the output inductive element. This could
result in failure without surge protection.

The varistors are shown diagrammatically in Figure 6-1 as components
SAi, SA;. The need for varistors is due to inductance in the circuit, any
sudden changes in current may damage the IGBTs and diodes in the
circuit. This is due to the well-known relationship between inductance

and rate of change of current defined in Equation 21.

:Lxﬂ
dt

21 v

drop

It is possible to circumvent these extremely large transient voltages via
use of surge arrestors i.e. varistors. The varistors used in the circuit can
be seen in Figure 6-2 and they have a breakdown voltage of 1kV. This
limit is below the maximum operating voltage of the IGBTs but is well

above the expected operating voltage.

Varistors have a low resistance at a high voltage; therefore in this case if
a voltage of 1kV is applied over the varistors, the varistors will become
very conductive and shunt the current away from the relevant
component(s) protecting them from damage. The high current due to the

high conductivity will also clamp the voltage over the IGBT to 1kV [93].
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6. 1. 1. 11. Output Filter

In order for the output of the switching arrangement to be useable, any
high frequency components must be filtered out of the waveform. This is
part of the regulations of the UK grid described in Section 2. 1. 4.
Therefore a low pass filter is required at the output of the switching
arrangement; how a low pass filter is designed is described in Section 2.
3.2.4.

For the practical implementation the AC Chopper, the output filter is
shown diagrammatically in Figure 6-1 as components L2, C2 with
resistances L2r, C2r . The inductance has a value of 10mH and a
measured value of 7mH.It also has a current rating of 30A steady-state,
and therefore it is over-rated for the purposes of this experiment,
however it is not expected that this will affect the experimental results in
any way.

The capacitor used in the output filter has a value of 0.47uF and a
measured value of 0.45uF. It has a voltage rating of 1kV.
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6.1.1.12. Test Loads

Three household loads were simulated in the experiments, these are:
Firstly, a unity power factored load i.e. a load that is purely resistive and
linear such as heating elements. They are represented diagrammatically
in Figure 6-1 as component R;. For the unity power factor tests a
resistance of 44Q) was used, as this was the closest value available to a
230V, 1kW load.

Secondly, a non-unity power factored load i.e. a load that is resistive and
inductive but still behaves linearly such as a washing machine. These
loads have a value of 20mH, 20mH and 10mH; these are place in series
with a resistive load of 17.7Q to create a non-unity power factored load
of 0.75.

Finally, a non-linear load was tested. These types of load are named as
such as they do not vary voltage with current in a linear fashion and are,
most commonly, loads based on semi-conductor technology. A standard
800W microwave found commonly in the modern UK household was
used.

More information on the types of loads used in UK households is

available in Section 2. 5. 2.
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6.1.2. Methodology

This Methodology describes in detail how the equipment described in

Section 6. 1. 1. was used in order to produce the practical circuit.

6. 1. 2. 1. Semi-Soft Switching

There are various methods in switching the four semi-conductors in the
matrix converter circuit [61]. The method used in this practical
implementation is the four-steps commutated semi soft-switching
method. This will give 50% less switching loss than hard switching the
device [61]; a two-steps commutated method is also possible, but
requires a more elaborate zero-crossing detection method involving
intelligent gate drives [61]. The zero crossing detection method used is
discussed in Section 6. 1. 2. 2. and the methods available discussed in
Section 2. 4. 4. 4.

In order to correctly use this method information is required on the input
current waveform. The microcontroller which controls the switch must

be aware of the current direction of electric current drawn from the grid.

6. 1. 2. 2. Zero-Crossing Detection

The direction of the input current to the AC Chopper is measured by a
current transducer at the input to the device; this isolated the control
circuit from the main circuit and outputted a representative voltage

measurement which was then passed to a comparator circuit.
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The comparator essentially generates a square voltage waveform from
the voltage outputted from the current transducer that is based on
whether the current direction is positive or negative.

This square voltage waveform is then passed to a buffer circuit which
makes the square wave compatible with the microcontroller input/output
(I0) pins. This information then informs the microcontroller about
whether the current is positive or negative and therefore the correct
commutation mode is chosen. This process is shown in Figure 6-4 and
how the microcontroller detects the current direction change and

implements the soft-switching algorithms is described in Section 6. 1. 2.
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Figure 6-4: AC Chopper with Control Stages Circuit Diagram

6. 1. 2. 3. Closed Loop Control

It can be observed from Figure 6-4 that a voltage transducer measures
the output voltage across the load. The transducer isolates the control
circuit from the main circuit and outputs a representative voltage
waveform that is compatible with the analogue-to-digital (ADC) of the

microcontroller.
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This information was then used to modify the duty cycle of the switches
to keep the voltage over the load at a constant 230V. The theory of how
to design a closed loop control of an AC Chopper circuit is fully
described in Section 2. 4. 4. and Section 5. 4. 4. 1. How the
microcontroller processes the information and modifies the duty cycle is

described in Section 6. 1. 2. 4.

6. 1. 2. 4. Microcontroller

The microcontroller used for the practical experiment was the Texas
Instruments TMS320 F2833, and the program was coded in C++. A
flowchart for the program is shown in Figure 6-5 and from this it can be
observed that it is necessary to understand the following parts of the
microcontroller.

e Pulse-Width Modulation (PWM)

e General Purpose Input and Output (GPIO)

e Interrupts

e Analogue-to-Digital Converter (ADC)
The full code used in the program is available in a separate compact disc,
supplied with this thesis. The following sections will provide some

commentary on particular sections of code.
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The sections referred to as InitEPWMx(); set up the pulse width
modulation pins to produce input pulses to the external driver circuits.
Note that despite only four semi-conductors needing to be switched, all
six PWM pins are necessary. There are three reasons for this.

Firstly complementary pins are not unusable with the matrix converter
switching arrangement. Complementary pins are designed to be used
with an H-bridge configuration. This is due to the way that deadbands
are applied to the master and complementary pins. The master pin will
receive either the Rising Edge Delay (RED) or the Falling Edge Delay
(FED) shown in Figure 6-6, the complementary pin will receive the
opposite delay. This is exactly what is required for the operation of an H-
bridge circuit, however for a soft-switched matrix converter circuit a
PWM pin must have both FED and RED in order to operate correctly. A
solution was devised in which a phase delay was added to each pin and
then appropriate FED added to each PWM pin. Therefore, in this case,

four master pins must be used and no complementary pins.
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Figure 6-6: Deadbands in PWM [94]
Secondly, in order for the phasing of the PWM pins to operate as
intended PWMI1A must be used as a master (or reference) pin in order to

correctly apply phase differences to 4 pins simultaneously[94].
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The required inputs for the switching arrangement have been previously
described in Section 2. 4. 4. 3.
Finally the last PWM pin is used for a timed interrupt in order to
measure and store the value held in the ADC; this can be observed in the
section of code “interrupt void epwm6_timer isr(void)”. This code will
be elaborated upon further later in this section.
The GPIO pins serve as simple input and output digital signals; the most
significant GPIO pins in the code are the pins used for interrupting.
Through the control circuits which were described in Section 6. 1. 2. 2.
Two GPIO pins receive square waveforms that are in anti-phase with
each other. These square waveforms describe whether the current is
positive or negative and when a rising (or falling) edge is detected it is
known that the current is transitioning from one state to another.
Two interrupts are set to trigger from these GPIO pins; these interrupts
set flags that inform the rest of the program that a current transition has
occurred and to take steps to instantaneously change the commutation
method. This ensures that the commutation method switches over
quickly and therefore no mal-operation occurs.
These GPIO pins are highly qualified 1.e. the sensitivity to change is very
low. To elaborate, the same result must be measured several times before
the result is considered valid enough to change. This stops any nuisance
changes due to any interference from the switching of the main circuit.
There are three interrupts in this program; these have been described
somewhat already. The order of importance of these interrupts is as
follows

1. GPIO interrupt 1

2. GPIO interrupt 2

3. PWM timer interrupt
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Therefore it is possible that during the code that forms part of interrupt 3,
a second interrupt occurs from interrupt 1 or 2. This is an important
distinction to have in the program as the PI control of the switching
outputs which is controlled by interrupt 3 is far less important than
ensuring proper commutation which is controlled by interrupts 1 or 2.
Also note that it is impossible for interrupts 1 and 2 to activate at the
same time.

Another important note to make with interrupts is that the timer interrupt
operates at the very fast rate in order to have a high sampling frequency.
With this in mind it is important to “protect” certain important sections
of code, such any code that re-configures the PWM pins, by temporarily
switching off the interrupts at the beginning of these sections of code and
subsequently re-enabling interrupts post the code.

The Analogue-to-Digital Converter or ADC is used to take the measured
output voltage from the voltage transducer and process this information
so the microcontroller can make informed decisions based on the
measurement. The ADC is set to continuously sample the voltage
waveform from the transducer, however the actual sampling rate is
determined by the PWM interrupt which takes a measurement and stores

in a matrix it at a rate of 2kHz (40 samples per sine wave).
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In order to limit to influence of interference from the main circuit a
coaxial cable was used to transmit the transducer voltage waveform to
the microcontroller. This was found to be a very effective way of
limiting the effects of noise. Other routes taken to increase the accuracy
of the information are, akin to the GPIO pins, a high qualification rate.
This ensures that any “spikes” or “dip” in the waveform are not counted
as valid results, this lowers the sample rate of the ADC but the ADC
samples extremely quickly and the rate at which the ADC samples is far
greater than the rate that the PWM samples therefore this is not an issue.
Using the waveform data stored in a matrix from the PWM sampling of
the ADC, the data is processed and a voltage output voltage is
determined. This value is then utilized to change the duty of the
switching. This can be observed in the section of the code entitled
“interrupt void epwm6_timer isr(void)”.

The information taken from the ADC is a 16-bit unsigned integer; this
means that the sampled signal is assigned a value in the range of 0-65535
216).

The first step is to find the maximum and minimum values of the
waveform; this informs us of the peak-to-peak value of the sine wave in
digital steps. The peak-to-peak value is then converted to “voltage” by
multiplying by a constant.

It is important at this point that all numbers used in calculation are
floating point numbers. This is due to the overflow problems with other
number formats.

The measured signal is compared with the target output voltage; this
produces an error signal. This error is then passed through PI control and

the controlled error signal is added to the present value of duty cycle.
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The proportional control is achieved simply multiplying the error signal
by a constant. The integral control is achieved via the following
algorithm shown in Equations 22, 23, 24 and 25 which can be used to

provide integral control for discrete systems (Z-Domain) [95].

22 v=v_1+(f, xe)

23 v 1=v

24 PI,=((K,xe)+(K,xv))
25 d=d+PI,

Where:

v 1s the integral error

v_1 1s the previous integral error

f; 1s the switching frequency

e 1s the error

K, 1s the proportional gain

K; is the integral gain

P1I. is the combined error feedback

d is the duty cycle

One of the issues with this type of control is that in debugging, the v and
v_1 values can become extremely large and the algorithm will no longer
function correctly. This is why it is important to be able to reset the
integral error value. In lieu of this function, the integral values have a
positive and negative limit of 10,000 and -10,000 respectively. This was

found to stop any problems caused by erroneous integrator values.
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6. 1. 2. 5. Electromagnetic Interference

Due to the switching of the IGBTs electromagnetic interference (EMI)
will radiate from the circuit. This causes errors in measurement such as
the additional distortion added to the output current measurement shown
in Figure 6-7. This was confirmed as, upon a change in equipment, the
EMI visibly reduced.

While this is a nuisance, it will not affect the circuit operation, however

it will cause measured THD results to be higher than expected.
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6. 1. 2. 6. Optimization of switching frequency, filter size and
IGBT

A study was performed in Matlab Simulink with the aim of optimising
the filter size for the AC Chopper, while paying particular attention to
the various loads used in the average UK household.

Figure 6-8 to Figure 6-15 show the variety of simulations run to
determine the appropriate size of inductance and capacitance. All
inductance values are in mH and capacitance values in uF. THD; and
THDy are the input current total harmonic distortion and the output
voltage total harmonic distortion; these values are measured in %.

Figure 6-8 to Figure 6-11 show the results from a value sweep of the
input and output filters of the AC Chopper at a switching frequency of
30kHz. These tests were run against for various types of load typical in
the UK household, so the resulting filter design will be extremely robust.
Figure 6-12 to Figure 6-15 show the same tests run with a AC Chopper
operating at a switching frequency of 10kHz.
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Distortion Vs Change in Input Inductance for Various Load Types, 30kHz Switching Frequency
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Distortion Vs Change in Input Capacitance for Various Load Types, 30kHz Switching Frequency
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Figure 6-9: Voltage and Current THD for Various Load Types, Changing C1, Switching Frequency 30kHz
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Distortion Vs Change in Qutput Inductance for Various Load Types, 30kHz Switching Frequency
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Figure 6-10: Voltage and Current THD for Various Load Types, Changing L.2, Switching Frequency 30kHz
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Distortion Vs Change in Output Capacitance for Various Load Types, 30kHz Switching Frequency
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Figure 6-11: Voltage and Current THD for Various Load Types, Changing C2, Switching Frequency 30kHz

157



Distortion Vs Change in Input Inductance for Various Load Types, 10kHz Switching Frequency
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Figure 6-12: Voltage and Current THD for Various Load Types, Changing L.1, Switching Frequency 10kHz
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Distortion Vs Change in Input Capacitance for Various Load Types, 10kHz Switching Frequency
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Figure 6-13: Voltage and Current THD for Various Load Types, Changing C1, Switching Frequency 10kHz
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Distortion Vs Change in Qutput Inductance for Various Load Types, 10kHz Switching Frequency
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Figure 6-14: Voltage and Current THD for Various Load Types, Changing L2, Switching Frequency 10kHz

160



Distortion Vs Change in Output Capacitance for Various Load Types, 10kHz Switching Frequency
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Figure 6-15: Voltage and Current THD for Various Load Types, Changing C2, Switching Frequency 10kHz
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From the using the previous studies as a starting point, filter values were
found, these values were tested using the same method as the simulations
in Figure 6-8 to Figure 6-15. The results are shown in Table 6-2 and
Table 6-3 for 30kHz and 10kHz respectively.

Table 6-2: Filter Value Tests - Switching Frequency 30kHz - Row 1:
20kW, Row 2: 0.75pf, Row 3: 5% THD, Row 4: 0.78pf and 5% THD

L1|C1|L2|C2|Fl|Fe2| Pin | Qi |THD;|THDy| Pf

111]030.3] 5 |16.7|20.9| 1.89 | 0.45 | 1.37 |1.00

1]11]03(0.3] 5 [16.7]0.94|0.73 | 0.6 | 4.24 |0.79

1|1103(0.3] 5 (16.7/1.07/-0.07| 4.7 | 3.3 |1.00

1]11]03(0.3] 5 (16.7] 1 |0.695| 44 | 3.4 |0.82

Table 6-3: Filter Value Tests - Switching Frequency 10kHz - Row 1:
20kW, Row 2: 0.75pf, Row 3: 5% THD, Row 4: 0.78pf and 5% THD

L1|C1|L2| C2 |Fel |Feo2| Pin | Qi |THD:|THDy| Pf

2.5/1.5/21045/2.6 53|21 | 85 |0.86| 0.82 [1.00

2.5(1.5/21045/2.6|53|092| 0.66 | 1.1 | 44 (0.79

25|15/ 21045/2.653(1.02/-0.07| 5 3 |1.00

2.5(1.5121045|2.6|53]096| 0.7 5 3.2 10.82
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From Figure 6-8 to Figure 6-15 it is clear that a higher switching
frequency gives a better power quality. However as discussed in Sections
2.2.4. and 2. 3. 6. higher switching speeds results in higher losses in
the IGBTs and snubbers. A higher switching frequency will also reduce
the load current though the IGBT, see Section 6. 1. 1. 7. for more detail.
Therefore a decision must be made regarding the best possible switching
frequency to use.

During experimental work it was found that a switching frequency of
30kHz generated too much switching loss in the IGBT. This can be
observed in Figure 6-16 which was operating at S00W (half-load). The
IGBT temperature was very high at 77.7°C therefore to increase the
circuit reliability a new lower switching frequency of 10kHz was used in
subsequent experiments.

As a higher operating temperature is indicative of device stress and will
reduce device lifetime. This 1s described in Section 2. 2. 3.

The effect of adding the snubbers of value 2.2nF and 4.7Q to the circuit
1s shown in Figure 6-17. It can be observed that a much cleaner transient

was achieved that has no overshoot at device turn on.
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Figure 6-16: Operation of AC Chopper at half load, 30kHz
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From the results presented in Section 6. 1. 2. 5. we have determined that
the most suitable switching frequency for the IGBTs presented in
Section 6. 1. 1. 7. 1s 10kHz From Table 6-1 we can therefore obtain the
maximum load current value of 55A, this is acceptable for the AC
Chopper demonstration prototype. In order to use this circuit in a real
household a load current value of 90A is required, see Section 2. 1. 3. for
more detail. From Table 6-1 this means that if the circuit were to be
practically implemented in the household the switching frequency must
be 1kHz in value. From Figure 6-8 to Figure 6-15 it can be observed that
the drop in switching frequency in-turn means a drop in power quality.
As the filters must be larger in order to eliminate the lower frequency
harmonics, this in-turn causes the circuit to absorb more reactive power.
This may breach the power quality aspects of G59/3, described in
Section 2. 1. 4. In such a case, an IGBT with a better switching
frequency vs load current must be selected or a newer technology used
with a faster switching frequency such as SiC MOSFETs [96].

The filter sizes for a switching frequency of 10kHz were found to be an
input inductance of 2.5mH, a input capacitance of 1.5pF, an output
inductance of 2mH and a output capacitance of 0.45uF. These values
provided good performance under all loading conditions and do not

absorb too much reactive power.
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6.1.2. 7. Testing

The objective of the practical studies is to discover the efficiency of the
converter at various power levels up to a maximum of 1kVA. This was
achieved via power measurement devices described in Section 6. 1. 1. 4.
These were placed at the input to the converter and the output of the
converter. Therefore the power lost over the converter could be
measured via the difference of these values. The power lost can be used
to determine the efficiency of the converter.

The THD of the circuit was also measured; this was achieved via two
more power measurement devices placed at the input to the circuit and
the load of the circuit. These measured the input current THD and the
output voltage THD. Therefore the results gained will be a series of

efficiency and THD values for various power levels.

6. 2. Grid Conditions

It is worth noting that due to the extremely high amount of electronics at
the University of Strathclyde, the voltage waveform is slightly flat
topped, this was measured as 1.77% voltage THD.

6.3. AC Chopper Results

For the equipment described in Section 6. 1. 1. and using the method
described in Section 6. 1. 2. the AC Chopper demonstration prototype

produced the following results.
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For the equipment described in Section 6. 1. 1. an identical circuit was
also simulated in Matlab Simulink; this is the same model used in
Chapter 5. However the model was updated with new component values
to validate experimental results. Two simulation curves were generated
from the models which indicate a best and worst case as the voltage drop
and resistance of the IGBT is highly dependent on the temperature and
operating point respectively.

From Figure 6-18 it can be observed that in this case the best and worst
possible voltage drop across the IGBT is 1.7V and 2.1V.

Figure 6-19 shows the resistance of the IGBT and the voltage across it
and the current through it changes (Vge=10V).

From this graph a value of 0.008Q was calculated as the best case value
of Ry, with a current of 30A or greater flowing through the device while
a worst case value of 0.5Q was calculated with a current of 3A or less
flowing through the device.

Similarly for the diodes in the circuit the best case V4rop and Ron are 3.2V
and 0.033€Q2, and the worst case 1s 3.2V and 0.9Q. These values can be
gained from the diode datasheet [80].

Electrical Characteristics @ T, = 25°C (unless otherwise specified)

Parameter Min. | Typ. | Max. [Units Conditions
VeRices Collector-to-Emitter Breakdown Voltage 1200 — — V  [Vge =0V, Ig=100pA @
AVgrices/AT, | Temperature Coeff. of Breakdown Voltage — 1.0 — V/°C |Vge = 0V, Ic = 1mA (25°C-150°C) @
— 1.7 | 20 I = 50A, Ve = 15V, T, = 25°C @
VeE(on) Collector-to-Emitter Saturation Voltage — 2.0 — V |lg=50A, Vge = 15V, Ty = 150°C @
— 2.1 — lg=50A, Vge = 15V, T, = 175°C @
V() Gate Threshold Voltage 3.0 — 6.0 V  [Vge = Vag Ig=2.0mA
AVey/ATJ  [Threshold Voltage temp. coefficient — -17 — |mV/°CG|Vee = Vag, e = 1mA (25°C - 175°C)
gfe Forward Transconductance — 55 — S |Vge =50V, Ig = 50A, PW = 80ps
lces Collector-to-Emitter Leakage Current — 2.0 100 uA Vge = 0V, Vge = 1200V
— | 1700 | — Ve = OV, Ve = 1200V, T, = 175°C
laes Gate-to-Emitter Leakage Current — — +200| nA |Vge = 30V

Figure 6-18: IGBT Electrical characteristics [92]
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Figure 6-19: IGBT Resistance Curve [92]

6.3.1.  Unity Power Factor Load

For a power level of up to 1kVA the results recorded are shown
graphically in each individual section. An excel spreadsheet entitled “All
Practical Results”, is supplied on the accompanying CD which details
each data point recorded. The first study records the efficiency and THD
of the AC Chopper with a load of unity power factor. A sample result is
shown in Figure 6-20 which demonstrates the waveforms found with the

operation of the AC Chopper driving a unity power factor linear load.
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Figure 6-20: Sample Result of AC Chopper Operating with a Unity
Power Factor Load. The Yellow Waveform is the “chopped” Voltage
Input, the Purple Waveform is the Filtered Voltage Output, the Blue
Waveform shows the Input Current, the Green Waveform shows the

Output Current.

169



6. 3. 1. 1. Efficiency Results

Figure 6-21 shows the results from the study plotted graphically. It was
observed that the results fall within the expected region. The curve of
simulation results that was observed in the simulated results can also be
observed in the practical results. This curve exists at the IGBT devices
become more efficient as the circuit operating point comes closer to the
rated values of the IGBTs.

It is also worth noting that the Matlab Simulink does not take into
account all switching losses as only the current fall time is modelled in
simulation therefore there will be a loss generated at device turn-off but
not at device turn-on. The switching loss at turn-off will be greater than
the switching loss at turn-on, due to the greater time required to switch
off the device [92].

In summary it was expected that the simulated model would have greater
efficiency than the practical model and this was verified.

The results show that the maximum efficiency of the AC Chopper is
approximately 97% and the maximum efficiency from the simulation is
slightly higher than 97%. The minimum efficiency is approximately
87.5% at near zero active power drawn. All results conform in terms of

form and magnitude, therefore the practical results are validated.
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Figure 6-21: AC Chopper - Resistive Load - Switching Efficiency at
Various Power Levels. The Simulation Results Use Semiconductor
On-State Resistance Characteristics at <3A and >30A in order to

provide a Window for the Results

6.3. 1. 2. THD Results

From Section 6. 1. 2. 5. it was expected that the value of distortion
would be greater in a practical circuit than in a simulated circuit. This
was confirmed and is shown graphically in Figure 6-22. It can be
observed that the initial harmonic distortion of the circuit is

approximately 2.8% which decreases to a steady value of approximately

1.9% THD under full load.
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Figure 6-22: AC Chopper - Resistive Load - Total Harmonic
Distortion of Output Voltage

The levels of distortion shown in Figure 6-22 are far below the limits
described in Section 2. 1. 4. and considering the initial grid voltage THD
of 1.9% described in Section 6. 2. very little harmonic content has been
introduced to the voltage waveform as a result of switching. The
simulation did not account for distorted grid voltage of the effects of
EMI on distortion measurement. The simulation consistently measured
1.5% THD other than a small anomalous spike to 1.75% THD. Despite
the external factors the values conform in terms of form and magnitude,

therefore the practical results are validated.

172



Figure 6-23 shows the THD of input current, as before these
measurements were subject to external factors of the EMI and initial grid
distortion. The practical results indicate a consistent input current THD
of 1.9% while the simulated results indicate a consistent input current
THD of 1%. As before despite the external factors the values conform in

terms of form and magnitude, therefore the practical results are validated.
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Figure 6-23: AC Chopper - Resistive Load - Total Harmonic

Distortion of Input Current

6.3.2.  Non-Unity Power Factor Load

The second study records the efficiency and THD of the AC Chopper
with a load of non-unity power factor. A sample result is shown in
Figure 6-24 which demonstrates the waveforms found with the operation

of the AC Chopper driving a non-unity power factor load.
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Figure 6-24: Sample Result of AC Chopper Operating with a Non-
Unity Power Factor Load. The Yellow Waveform is the “chopped”
Voltage Input, the Purple Waveform is the Filtered Voltage Output,
the Blue Waveform shows the Input Current, the Green Waveform

shows the Output Current.

6. 3. 2. 1. Efficiency Results

The presented results shown in Figure 6-25 provide evidence that the
maximum efficiency of the AC Chopper is approximately 96.8% and the

maximum efficiency from the simulation is slightly higher than 97.1%.
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Figure 6-25: AC Chopper - Resistive and Inductive Load - Efficiency.
The Simulation Results Use Semiconductor On-State Resistance
Characteristics at <3A and >30A in order to provide a Window for
the Results

The minimum efficiency is approximately 90% at near zero active power
drawn. All results conform in terms of form and magnitude, therefore the

practical results are validated.

6. 3. 2. 2. THD Results

Figure 6-26 shows the THD of output voltage, as before these
measurements were subject to external factors of the EMI and initial grid

distortion.
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The practical results indicate a consistent output voltage THD of 2.4%
while the simulated results indicate a consistent output voltage THD of
1.5%. As before despite the external factors the values conform in terms

of form and magnitude, therefore the practical results are validated.
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Figure 6-26: AC Chopper - Resistive and Inductive Load - Voltage
THD

Figure 6-27 shows the THD of input current, as before these
measurements were subject to external factors of the EMI and initial grid
distortion.

The practical results indicate a consistent input current THD of 1.2%
while the simulated results indicate a consistent input current THD of
0.9%. As before despite the external factors the values conform in terms

of form and magnitude, therefore the practical results are validated.
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Figure 6-27: AC Chopper - Resistive and Inductive Load - Current
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6.3.3. Non- Linear Load

The non-linear load is practically modelled via a microwave. Unlike the
other load types this non-linear load only has one operating point and
therefore only one set of results can be taken. A demonstration of this
circuit is available in the supplied CD. The results taken are shown in
Table 6-4, note that the long averaging technique used for measurements
in Section 6. 3. 1. and Section 6. 3. 2. could not be used in this instance
due to the transient nature of the microwaves operation therefore results

are subject to greater measurement error.
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The results show that standard operation of the microwave without using
the chopper circuit generates a very high amount of harmonic current.
The waveforms of the microwave operation are shown in Figure 6-28
and Figure 6-29.

From the table it can be observed that in line with results from previous
sections at low power levels the efficiency of the AC Chopper is low at
approximately 20.7%. However at high power levels the efficiency is
very high at 98.1%. It can also be observed that the voltage distortion is
4.9% and current distortion 22.3%. From the waveforms it is clear that
the current 1s extremely distorted and that despite this the AC Chopper

behaves as normal.

Table 6-4: AC Chopper - Microwave Load - Efficiency, Voltage
THD and Current THD

Microwave| 1 (%) Viup (%) | Itup (%)

Standard - 1.75 24 .35
Standby 20.7 2.08 19.72
Full Load 98.1 4.9 223
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Figure 6-28: AC Chopper - Microwave Operation - Standby Mode.
The Yellow Waveform is the Voltage Input, the Purple Waveform is
the Current Output, the Blue Waveform shows the Voltage Output,
the Green Waveform shows the Control Circuitry Operation Which

Changes the Current Commutation Mode
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Figure 6-29: AC Chopper - Microwave Operation - Full Load. The
Yellow Waveform is the Voltage Input, the Purple Waveform is the
Current Output, the Blue Waveform shows the Voltage Output, the
Green Waveform shows the Control Circuitry Operation Which

Changes the Current Commutation Mode
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6.4. AC Chopper Discussion

This section will discuss the results from the practical circuit. Sections 4.
1. 2. 3. and 5. 2. simulated the AC Chopper circuit and found it to be a
viable method of enhancing the LV distribution infrastructure but only if
three important conditions were met.

1. The circuit must have an extremely high efficiency

2. The circuit must be able to provide a high quality waveform to the

end-user

3. The circuit must be affordable
These are not the only aspects to consider, problems such as size and
maintainability are also important. However these three issues were
considered vital.
From the results in this section we address the first two points. It was
found that no matter what type of load was used the AC Chopper has a
high efficiency of 95% or higher. The only exception to this is when a
low amount of power is drawn and arguably in these circumstances the
amount of power drawn is so small that the efficiency of the circuit is not
as important.
It was also found that the power quality of the circuit is always below
5% voltage distortion seen by the consumer. In fact considering the
initial grid voltage distortion of 1.77% the voltage distortion “seen” by
the consumer was found to be 2-2.5%, therefore very little harmonic

distortion has been added to the waveform.

181



The most intriguing results are those provided via the use of a
microwave oven. Overall the amount of current distortion “seen” by the
network has lessened, but a greater voltage distortion is “seen” by the
user.

Whilst still not outside any regulatory limits as described in Section 2. 1.
4. , the inclusion of the AC Chopper circuit has increased the level of
voltage distortion. The increased voltage distortion may be due to the
harmonic voltage drop across the filter.

The issue of cost will be further explored in Chapter 7.

Therefore from the results collected so far, PUVR via the use of an AC
Chopper is a viable prospect. However an exploration of ways to further
increase the power quality in particular that of the output voltage

waveform would be recommended as a next step.

6.5. AC Chopper and Auto-Transformer Hybrid Circuit
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Figure 6-30: Practical AC Chopper with Auto-Transformer Circuit

Diagram
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In order to increase the power quality of the AC Chopper circuit a
variant of the circuit was tested which included an additional auto-
transformer with the premise that, if the voltage is partly transformed
and partly converted by the chopper circuit the distortion generated
should be diminished. However the output voltage will still maintain the
level of control offered by the use of power electronics over traditional
transformers.

The architecture shown in Figure 6-30 was known to not be the most
optimal experimental set up.

To elaborate, best practice would be to have the transformer, TF, before
the auto-transformers, ATF1 and ATF2. It can be observed in Figure
6-30 that the galvanic isolation provided by transformer, TF, is not
utilised. The reason behind this is purely due to equipment constraints in
that the rated voltage of the auto-transformers is 230V and therefore
cannot be placed after the transformation up to 460V.

It 1s recommended that if any future attempt is made at demonstrating
this architecture, the boosting transformer will first transform the voltage
to 460V and subsequently two 460V rated auto-transformers are supplied

from this in parallel operation.

6.5.1.  Additional Equipment

Only one additional piece of equipment was required to implement this

architecture, an additional autotransformer.
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6. 5. 1. 1. Additional Variac (Auto-transformer)

The additional auto-transformer required is shown diagrammatically in
Figure 6-30 as component ATF,. As with the first auto-transformer it has

a rating of 230V at a steady state current of 6A.

6. 6. AC Chopper and Auto-Transformer Hybrid Results

With the initial equipment described in Section 6. 1. 1. , the additional
equipment described in Section 6. 5. 1. and using the original
methodology described in Section 6. 1. 2. the following results were
gained.

As before, these results compare the efficiency of the AC Chopper
circuit and the voltage and current total harmonic distortion against
increasing input power. The input power is increased via the auto-
transformers. In general ATF; and ATF; are increased equally. However
during operation a fault in the circuit was perceived and therefore, for the
sake of diligence, the maximum supplied voltage of ATF, is 80V. After
collecting results the perceived fault was identified to be an incorrect
setting on a measurement transducer. Therefore there is no reason to
believe that there is any inherent fault due to the circuit architecture.
Results were not re-recorded as the recorded results are still valid.
Section 6. 6. 3. is the only exception to this as these results were
recorded after finding the fault. In this section only 75V of the waveform

was chopped and the remaining voltage transformed by ATF,.
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The results have been overlaid with the results from Section 6. 3. to

provide a clear comparison.

6.6. 1. Unity Power Factor Load

For a power level of up to 1kVA the results recorded are shown

graphically in each individual section.
Tek L @ Stop b Pos: 100,05

Off

CHE f00v M 2.50ms AC Line . 0,00Y
CH3 10,0 19-How—14 1423 49.9517Hz

Figure 6-31: Sample Result of AC Chopper and Auto-Transformer
Hybrid Operating with a Unity Power Factor Load. The Yellow
Waveform is the Input Voltage, the Blue Waveform is the
Magnitude of Transformed Voltage, the Purple Waveform is the
Magnitude of Converted Voltage.
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An excel spreadsheet entitled “All Practical Results”, is supplied on the
accompanying CD which details each data point recorded. The first
study records the efficiency and THD of the AC Chopper and auto-
transformer hybrid circuit with a load of unity power factor.

A sample result is shown in Figure 6-31 which demonstrates the
waveforms found with the operation of the AC Chopper with auto-

transformer hybrid driving a unity power factor linear load.

6. 6. 1. 1. Efficiency Results

The results are shown graphically in Figure 6-32. It can be observed that
results fall within the expected region of efficiency providing validation.
Interestingly the curve of the efficiency is less steep and takes a greater
amount of power to plateau. Upon consideration this is sensible as the
nature of this curve was previously attributed to the conduction loss and
the relative magnitude of the conduction loss in comparison to the
operating power level, described in Section 6. 3. 1. 1.

Considering that a part of the voltage is now being transformed it is
reasonable to assume that less power is being converted by the AC
Chopper. This results in a shift backwards in operating point, therefore
the shallower slope also serves to validate the results gained.

The maximum efficiency observed was approximately 97% with a rising
trend; this is different to previously gained results for the standalone AC

Chopper which suggested a plateau of approximately 97% efficiency.
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Figure 6-32: AC Chopper and Auto-Transformer Hybrid - Resistive
Load - Switching Efficiency at Various Power Levels. The
Simulation Results Use Semiconductor On-State Resistance
Characteristics at <3A and >30A in order to provide a Window for

the Results

This is in line with expectations as the hybrid converter switches at a
lower voltage level but the level of current remains the same, therefore it
is expected that the conduction loss is the same as the standalone AC
Chopper architecture and that some efficiency gains would be made with
regard to switching loss.

The marginal gain in efficiency is considered reasonable as the change in
architecture was designed to facilitate a better power quality

performance rather than an increase in operating efficiency.
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6. 6. 1. 2. THD Results

The THD results gained from the practical implementation of the AC
Chopper with auto-transformer is shown graphically in Figure 6-33 and

Figure 6-34. From Figure 6-33 it can be observed that the AC Chopper

and auto-transformer hybrid circuit delivers better power quality in terms

of output voltage THD with an average operating voltage THD of 1.5%

compared to the standard AC Chopper’s average operating voltage THD
of 2%. In fact, considering that the standard grid conditions were

measured as 1.77% voltage THD the AC Chopper with auto-transformer

hybrid was observed to improve power quality.
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Figure 6-34 shows the input current THD, as before it can be observed
that harmonic content has dropped by 0.5% from 2% to 1.5% as a result

of incorporating a second auto-transformer into the design.

6.6.2.  Non-Unity Power Factor Load

The second study records the efficiency and THD of the AC Chopper
incorporating an additional auto-transformer with a load of non-unity
power factor. A sample result is shown in Figure 6-35 which
demonstrates the waveforms found with the operation of the AC

Chopper with auto-transformer hybrid driving a unity power factor linear

load.
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6. 6. 2. 1. Efficiency Results

The results shown in Figure 6-36 show the same trends as Figure 6-32,

which further validates simulated and practical results.
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Figure 6-36: AC Chopper and Auto-Transformer Hybrid - Resistive
and Inductive Load - Switching Efficiency at Various Power Levels.
The Simulation Results Use Semiconductor On-State Resistance
Characteristics at <3A and >30A in order to provide a Window for

the Results

A maximum efficiency of approximately 96.7% is observed, maximum
efficiency of the standard AC Chopper is shown to be approximately
96.8%. This comparison is considered to be reasonable as no increase in

efficiency was anticipated.
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6. 6.2. 2. THD Results

The results from THD measurement are shown in Figure 6-37 and Figure
6-38. The output voltage THD is shown in Figure 6-37; the results
clearly show a decrease in harmonic content when an auto-transformer is
incorporated into the circuit.

The output voltage THD stays at approximately 0.9%, decreased from
approximately 2.4%. Therefore a reduction of approximately 1.5% THD

was observed in the voltage output.
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Figure 6-37: AC Chopper and Auto-Transformer Hybrid - Resistive
and Inductive Load - Output Voltage THD at Various Power Levels
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The current THD is shown in Figure 6-38, the harmonic content varies
consistently so in this case it is difficult to approximate the THD as one
value. However, it can be observed that the maximum input current THD
from the AC Chopper with auto-transformer is equal to 1.2% compared
to a maximum of 1.28% without the auto-transformer. It can also be

observed that the THD of the auto-transformer variant is consistently

lower.
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Figure 6-38: AC Chopper and Auto-Transformer Hybrid - Resistive

and Inductive Load - Input Current THD at Various Power Levels

6.6. 3. Non- Linear Load

The non-linear load is practically modelled via a microwave. Unlike the
other load types this non-linear load only has one operating point and
therefore only one set of results can be taken. A demonstration of this

circuit is available in the supplied CD.

193



The results taken are shown in Table 6-4. Note that the long averaging
technique used for measurements in Section 6. 3. 1. and Section 6. 3. 2.
could not be used in this instance due to the transient nature of the
microwaves operation therefore results are subject to greater
measurement error.

The results show that standard operation of the microwave without using
the chopper circuit generates a very high amount of harmonic current.
The waveforms of the microwave operation are shown in Figure 6-28

and Figure 6-29.

Table 6-5: AC Chopper and Auto-Transformer Hybrid - Microwave
Load - Efficiency, Voltage THD and Current THD

Microwave| 1 (%) Viup (%) | Itup (%)

Standard - 1.75 24 .35
Standby 8&8.3 2.02 11.6
Full Load 97.2 9.49 20.9

From the table it can be observed that in line with results from previous
sections at low power levels the efficiency of the AC Chopper is low at
approximately 88.3%. However at high power levels the efficiency is
very high at 97.2%. It can also be observed that the voltage distortion is
9.49% and current distortion 20.9%.
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Figure 6-39 - AC Chopper and Auto-Transformer Hybrid -
Microwave load - Standby Mode. The Yellow Waveform is the
Voltage Input, the Purple Waveform is the Current Qutput, the Blue
Waveform shows the Voltage Output, the Green Waveform shows

the Magnitude of “chopped” Input Voltage.

From the waveforms it is clear that the current is extremely distorted and

that despite this the AC Chopper behaves as normal.
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Figure 6-40- AC Chopper and Auto-Transformer Hybrid -
Microwave load - Charging Mode. The Yellow Waveform is the
Voltage Input, the Purple Waveform is the Current Output, the Blue
Waveform shows the Voltage Output, the Green Waveform shows

the Magnitude of “chopped” Input Voltage.
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Figure 6-41- AC Chopper and Auto-Transformer Hybrid -
Microwave load - Full Load. The Yellow Waveform is the Voltage
Input, the Purple Waveform is the Current Qutput, the Blue
Waveform shows the Voltage Output, the Green Waveform shows

the Magnitude of “chopped” Input Voltage.

6.7. AC Chopper and Auto-Transformer Hybrid
Discussion

This section will discuss the results gained from Section 6. 1. and 6. 3.
and ascertain if the AC Chopper and Auto-Transformer Hybrid is a more
suitable architecture for PUVR.
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6.7. 1. Loss Comparison

A summary of efficiency results is tabulated in Table 6-6. From these
results it is clear that the efficiency of the new architecture is similar to
the efficiency of the old architecture. Therefore no efficiency gains were
made by adding the auto-transformer to the circuit.

Table 6-6: Summary of Efficiency Results

: : Non- Unit :
Maximum Unity Power PO\(;::I‘ gerllclthr Non- Linear
Efficiency Factor (%) %) Load (%)

0
AC Chopper 97 96.8 98.1
AC Chopper and
ATF Hybrid 97 96.7 97.2

However, as the amount of voltage that is converted can be varied it
becomes possible to consider further changes in circuit design. In Figure
6-39, Figure 6-40 and Figure 6-41 it can be observed that the amount of
voltage converted is very small (green waveform). The magnitude of the
chopped waveform was a maximum of 75Vrus, with this level of voltage
a 200V MOSFET could be used to replace the circuit IGBTs resulting in
a circuit architecture shown in Figure 6-42.

This would further reduce the conduction loss due MOSFETs very low
on-state resistance and reduce harmonic content due to the higher

switching frequencies possible with MOSFETS [53].
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Figure 6-42: Practical AC Chopper with Auto-Transformer Hybrid
MOSFET version

6.7.2. THD Comparison

A summary of results from the practical measurements is shown in Table
6-7. It was found that the AC Chopper and auto-transformer hybrid
improved both the voltage and current THD for loads of power factor
0.75 or greater. This was in line with expectation as less of the waveform
is subject to high frequency switching.

What was not expected was the large increase in voltage THD when a
non-linear load was energised. This large increase is due to the line
impedance added by the additional auto-transformer. Current distortion
caused by non-linear loads can essentially be thought of as current
sources in shunt with the load injected into the power system. When this
injected current passes through a linear resistance a varied voltage is

dropped over the element effectively causing voltage distortion [65].

199



Table 6-7: Summary of Power Quality Results

Average THDy Unity Power Non- Unity Non- Linear
Factor (%) Power Factor Load (%)
Average THD, (%)
1.9 2.4 4.9
AC Chopper
1.9 1.2 22.3
AC Chopper and 1.5 0.9 9.49
ATE Hybrid L5 1.1 20.9

The current harmonics generated by the microwave load is substantial in
terms of magnitude and level of distortion. While this is not against any
regulations described in Section 2. 1., it is cause for concern and any
device which introduces a line impedance should be tested with this load

so that the level of voltage distortion can be deduced.

6.7.3. Suggested Architecture

In terms of efficiency, there was no observed appreciable difference
between the AC Chopper and the AC Chopper and auto-transformer
hybrid. However it is expected that using the MOSFET version of the
AC Chopper with auto-transformer, suggested in Section 6. 7. 1., Figure
6-42, will be of greater efficiency due to higher switching frequency 1.e.
less switching loss and small Rpgony of MOSFETs [53]. Therefore in
terms of efficiency the AC Chopper with auto-transformer hybrid is the

suggested architecture.
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In terms of power quality, the AC Chopper provides adequate
performance with harmonic distortion of linear loads never exceeding
2.5% THD, even when the source voltage is already distorted. However
the AC Chopper with auto-transformer hybrid for linear loads a power
quality improvement has been observed, with voltage distortion dropping
from 1.77% to as low as 0.9%.

For non-linear loads however, the standard AC Chopper offered better
performance as the voltage THD equalled 4.9% compared to the ac
chopper with auto-transformer hybrid voltage distortion of 9.49%.

As established in Section 2. 1. 4. a voltage THD supplied to the customer
of greater than 5% is unacceptable in the UK distribution grid, therefore
while the AC Chopper with auto-transformer performs better in terms of
power quality with linear loads, due to the fact that it cannot supply a
common household non-linear load without breaching distortion limits, it
1s not suitable for PUVR. However PUVR still remains viable using the
original AC Chopper architecture.
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6. 8. Chapter Summary

The efficiency and power quality results from the practical experiments
with the AC Chopper are in line with predicted values from simulation,
reaching a maximum efficiency of 97%. The harmonic distortion was
found to never breach any established limits. The AC Chopper with
auto-transformer hybrid was found to have a similar level of efficiency
but improved the power quality by decreasing the voltage distortion seen
by the user for linear loads. However it was found that for non-linear
loads, due to the line impedance introduced by the auto-transformer,
voltage distortion exceeded the 5% limit described in ENA Engineering
Recommendation G5/4 with values of voltage distortion as high as 9.5%
being observed. Therefore the AC Chopper with auto-transformer hybrid
is not acceptable for use with PUVR and that other methods of

increasing efficiency and power quality must be used.
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CHAPTER 7

7. Updated Cost-Benefit Analysis

Using the results previously gained in Section 4. 1. 2. 3. and the AC
Chopper design from Chapter 6. a new cost benefit analysis can be
performed which utilises the AC Chopper design in lieu of off-the-shelf
back-to-back converters. This will inform on whether the use of the AC
Chopper has made PUVR more or less viable as an alternative to

standard network re-enforcement

7. 1. Cost-Benefit with AC Chopper Methodology

It has been established that the AC Chopper is a viable architecture for
PUVR in terms of efficiency. However it has yet to be proven viable in
terms of cost. Therefore a second cost-benefit analysis has been carried
out which evaluates the costing of the practical AC Chopper circuit for

use in PUVR compared to network reinforcement.
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The costing of the AC Chopper was calculated based on available cost
data for the following components:

e one microcontroller [97]

e two filter inductors [83]

e one¢ heatsink [98]

e four drivers [99]

e two transducers [100]

e two filter capacitors [101]

e two varistors [102]

o four IGBTs [103]

e four diodes [104]

e two snubbers [105, 106]
After costing information was gathered, a spreadsheet was produced
entitled “Updated CB”, available on provided disc, which calculated the
aggregated cost for one AC Chopper unit and two-hundred and twenty
AC Chopper units. This is the amount of three bedroom houses in a
representative section of the urban UK network, as was used previously
in Sections 4. 2. and 4. 1. 2. 3. to establish a comparison between cable
reinforcement and PUVR.
The minimum cost takes into account economies of scale and uses the
costing information as if two-hundred and twenty units were being
manufactured. The maximum cost does not take economies of scale into
consideration. It is also worth noting that the cable replacement costing
does not take into account any costs incurred due to customer
inconvenience e.g. any necessary close of business’s to proceed with
works and that the PUVR costing does not take into account any labour,

manufacturing, profit margin or maintenance costs.

204



7. 2. Cost-Benefit with AC Chopper Results

The results of the updated cost-benefit analysis are shown in Table 7-1.

It can be observed that the minimum cost favours network reinforcement

as the minimum cost of PUVR with the AC Chopper is £54,000 more

expensive. However the maximum cost favours PUVR with the AC

Chopper as network reinforcement is £162,000 more expensive.

Table 7-1: Updated Cost-Benefit Analysis

Cost of Cost of Cost of
Proposed Transformer Cable Converters Total Cost
Method Replacement | Replacement (£1,000) (£1,000)
(£1,000) (£1,000) ’
Min | Max | Min | Max | Min | Max | Min | Max
PUVR
Method with
Off-the-Shelf 13.8 | 69.2 - - 622 | 1,336 | 635.8 | 1,405
Components
PUVR
Method with | 13.8 | 69.2 - - 210 | 245 |223.8|314.2
AC Chopper
Cable
Replacement - - 169.7 | 476.6 | - - 169.7 | 476.6
Method

7. 3. Cost-Benefit Discussion

From the results shown in Table 7-1 it was found that in terms of cost,

network enhancement via the use of AC Chopper circuits is a viable

alternative to network reinforcement.
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This is an improvement over the previous cost-benefit analysis shown in
4. 2. and Table 4-3. which showed that using off-the-shelf converters
based on the back-to-back topology PUVR was not a cost viable

compared to network reinforcement.

7.4. Chapter Summary

An updated cost-benefit analysis was carried out using available costing
data from an internet retailer, knowledge of the equipment required from
Chapter 6. and data previously collected in Section 4. 1. 2. 3.

From this information it was found that implementing PUVR with an
AC Chopper circuit is viable in terms of cost as it is roughly equivalent

or cheaper in comparison with standard network reinforcement.
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CHAPTER 8

8. Controlled Harmonic Elimination

It has now been established that the AC Chopper circuit is viable for use
in PUVR in terms of cost and efficiency but as discussed in Chapter 5. It
was also necessary for the AC chopper to improve the power quality in
order to be considered a viable alternative to network reinforcement.
This was attempted with a new architecture incorporating an auto-
transformer that would limit the amount of waveform converted; this
was successful with household linear loads however this was found to
breach set UK voltage THD limits when energised with household non-
linear loads, see Section 6. 6. 3. Therefore other avenues of power
quality improvement were explored. It is possible to improve the power
quality via an improved control system which dynamically controls the
modulation index to eliminate harmonics; this concept will be further

explored in this Chapter.

8. 1. Controlled Harmonic Elimination Methodology

A method was considered which adds a second control loop to the PI
control. This is shown in Figure 8-1, this second loop compares the input
signal to dynamically control the modulation index. This is achieved by
first extracting the frequency of the input voltage by use of a Phase-
Locked Loop (PLL), therefore even if the input to the circuit has a high
voltage THD, a sine wave of unity magnitude and fundamental

frequency (50Hz) in sync with Vgrip 1s produced.
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Figure 8-1: AC Chopper Circuit Diagram with Second Control Loop

This signal named frgr in Figure 8-1lis then multiplied by the desired
amplitude which in this case is 230, now the ideal waveform has been
manufactured by the control system, Vipr. This ideal waveform is then
compared with the original input waveform and the difference value,
Vprr 1s produced. Therefore any changes from the ideal waveform will
be immediately corrected for the end-user via change in modulation
index.

The block in Figure 8-1 named |u| produces the absolute value of the
input as the output, essentially turning any negative value into the
equivalent positive. This is a required step due to the nature of the
modulation of a matrix converter, as if the voltage is negative, the
change in modulation index must be positive to decrease the voltage. The
increase in modulation will increase the duty of the negative voltage.
More information on the modulation of the matrix converter is available

in Section 2. 4.
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In order to test and evaluate the harmonic elimination control system, a
model was created using Matlab Simulink. This was the same model
used in Chapter 5. and Chapter 6. but with the additional control loop
shown in Figure 8-1.

To test the effectiveness of the controller in removing harmonics, a
source with a high THD must first be created and used with the circuit.
Therefore a diode rectifier was placed in parallel with Vgrip in order to
produce a voltage source with voltage harmonics of low order (3%, 5
and 7™) and a magnitude greater than the recommended limit of 5%

described in Section 2. 1. 4.

8. 2. Controlled Harmonic Elimination Results

From placing the diode rectifier in parallel to the AC Chopper source
(the grid) harmonic distortion was observed in the input current and
output voltage of the AC Chopper. The harmonic distortion of input
current to the AC Chopper can be observed in Figure 8-2 and Figure 8-3
and the harmonic distortion of output voltage can be observed from
Figure 8-4 and Figure 8-5. These figures show that the distorted input
voltage to the circuit also provides an equal amount of harmonic

current/voltage of approximately 7% THD at steady state.
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Figure 8-2: AC Chopper without Harmonic Elimination - Input
Current THD

It can also be observed that when the input ramps up sufficiently for the
PI control to activate the harmonic content is still present in the
controlled waveform.

With the second control loop active the observed results are shown in

Figure 8-6, Figure 8-7, Figure 8-8and Figure 8-9.
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Figure 8-3: AC Chopper without Harmonic Elimination - Input

Current
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Figure 8-4: AC Chopper without Harmonic Elimination - Qutput
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Figure 8-5: AC Chopper without Harmonic Elimination - Qutput
Voltage

It can be seen from Figure 8-6 that the value of input current THD has
increased to from 7% to 10% THD and that a corresponding distortion

has been added to the input current waveform shown in Figure 8-7.
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Figure 8-7: AC Chopper with Harmonic Elimination - Input
Current - Solid Line without Second Controller, Dashed Line with
Second Controller

However it can also be seen from Figure 8-8 that the output voltage
distortion has decreased from 7% to 3% and that the corresponding
waveform shown in Figure 8-9 is much cleaner than the waveform

without the control.
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8. 3. Controlled Harmonic Elimination Discussion

From the results it is clear that dynamically changing the modulation
index with reference to an ideal waveform improves the power quality
for the end-user. In this case a decrease of output voltage THD from 7%
to 3% was observed which brings the customer to within the
recommended harmonic limits of 5% described in Section 2. 1. 4.

This comes at the cost of increasing the harmonic current injected back
into the grid; however this is considered to be of less importance due to
attenuation of current harmonics upstream of load.

It is also worth noting that these results are only applicable for

harmonics of low harmonic order.

8. 4. Chapter Summary

A second control loop was added that compares the input waveform to
an idealised version of the same waveform. Any resultant errors were
then used to dynamically alter the modulation index of the matrix
converter switching. This technique was found to be effective in
removing low-frequency harmonics present in the voltage supply to the
consumer from the output voltage seen by the consumer. This however
comes at the cost of increasing the current harmonics injected back into
the grid. However as this is not regulated as the waveform seen by the
consumer is, it is considered to be an effective method of increasing the

power quality.
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CHAPTER 9

9. Conclusion

It was found that the capacity of the network cannot support the
predicted increase in load due to current limits on the network. This
increase in load would be synonymous with a heat pump boiler or
electric vehicle at every household.

To increase the capacity of the network, increasing the voltage level of
the system was explored; this is possible as the conductors of the UK LV
distribution system were found to have an underutilised insulation limit.
Studies have indicated that increasing the voltage level of the UK LV
distribution system will significantly increase the load capacity of urban
distribution networks.

The difficulty with this approach is that the end-user receives an
unusable voltage supply incompatible with any most household
equipment. PUVR was suggested as a possible way of solving this
difficulty.

Issues of cost and efficiency were investigated. Results found that for
PUVR to be considered viable the efficiency of the converter units in
each home must have a maximum lower limit of 93.3% efficiency and
the cost per unit must inexpensive and estimated to be between £460-
£2100. These limits at the very least provided on-par results with
traditional network reinforcement.

With these limits in mind, an evaluation of AC-AC converter
architectures was undertaken with these limits as important selection

criteria.
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Of the two possible system architectures considered, it was made clear
that an AC Chopper architecture has several advantages over a back-to-
back inverter system. The AC Chopper was found to generate less loss,
cost less to build, require smaller filters and have simple control. Cost
and efficiency was previously stated as important selection criteria in
implementing PUVR.

However, the back-to-back inverter was found to be better in
maintaining power quality seen by both the grid and consumer. The AC
Chopper is not decoupled from the grid, there is no intermediary buffer,
and power quality suffers as a result.

If the AC Chopper could improve the power quality seen by the end-user
it would make it comparable to the back-to-back inverter but without the
problems found with the back-to-back inverter architecture.

The efficiency and power quality results from the practical experiments
with the AC Chopper are in line with predicted values from simulation,
reaching a maximum efficiency of 97%. The harmonic distortion was
found to never breach any established limits.

The AC Chopper with auto-transformer hybrid was introduced to try and
increase power quality and efficiency. Results found a similar level of
efficiency but improved the power quality by decreasing the voltage
distortion seen by the user for linear loads. However it was found that for
non-linear loads due to the line impedance introduced by the auto-
transformer, voltage distortion exceeded acceptable standards. Therefore
the AC Chopper with auto-transformer hybrid is not acceptable for use
with PUVR and that other methods of increasing efficiency and power

quality must be used.
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An updated cost-benefit analysis was carried out using available costing
data from an internet retailer. From this information it was found that
implementing PUVR with an AC Chopper circuit is viable in terms of
cost as it is roughly equivalent or cheaper in comparison with standard
network reinforcement.

To improve the power quality of the AC Chopper a second control loop
was added that compares the input waveform to an idealised version of
the same waveform. Any resultant errors were then used to dynamically
alter the modulation index of the switching. This technique was found to
be effective in removing low-frequency harmonics present in the voltage
supply to the consumer from the output voltage seen by the consumer.
This comes at the cost of increasing the current harmonics injected back
into the grid, however as this is not regulated and the waveform seen by
the consumer is regulated, it is considered to be an effective method of
increasing the power quality.

Therefore it can now be stated that the AC Chopper meets the required
cost reduction and high efficiency that was previously stated as required
to make PUVR viable. It has also been demonstrated that the AC
Chopper can improve the power quality which confirms that the
architecture is truly the better choice over the back-to-back inverter for
this application.

Therefore PUVR has now been demonstrated as a viable alternative to
standard network reinforcement which is required to meet the challenges

of future loads and generation placed on the UK LV distribution network.
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11. Appendix A - PowerWorld Cable Data

Cable

Cable Cab}e Cable Cprrpnt

Resistance Reactance Limit

(Ohm) (jOhm) (MVA)
1 0.006992 0.0031188 0.34431
2 0.00564 0.0021 0.22287
3 0.00188 0.0007 0.22287
4 0.00188 0.0007 0.22287
5 0.012 0.00555 0.26841
6 0.01128 0.0042 0.22287
7 0.049555 0.00646 0.12282
8 0.01222 0.00455 0.22287
9 0.01222 0.00455 0.22287
10 0.00583 0.00076 0.12282
11 0.014575 0.0019 0.12282
12 0.014575 0.0019 0.12282
13 0.0112 0.00518 0.26841
14 0.0188 0.007 0.22287
15 0.0016 0.00074 0.26841
16 0.0016 0.00074 0.26841
17 0.0216 0.00999 0.26841
18 0.0128 0.00592 0.26841
19 0.0192 0.00441 0.18354
20 0.0064 0.00147 0.18354
21 0.00583 0.00076 0.12282
22 0.00752 0.0028 0.22287
23 0.008745 0.00114 0.12282
24 0.008745 0.00114 0.12282
25 0.000376 0.00014 0.22287
26 0.02256 0.0084 0.22287
27 0.024 0.0055125 0.18354
28 0.00846 0.00315 0.22287
29 0.00752 0.0028 0.22287
30 0.016 0.0074 0.26841
31 0.0008 0.00037 0.26841
32 0.00188 0.0007 0.22287
33 0.0216 0.00999 0.26841
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34 0.0094 0.0035 0.22287
35 0.00583 0.00076 0.12282
36 0.0047 0.00175 0.22287
37 0.00583 0.00076 0.12282
38 0.01166 0.00152 0.12282
39 0.008745 0.00114 0.12282

12. Appendix B - Non-Linear Power Draw Data from

Devices

DC Power Draw
Voltage (V) | Current (A)
Laptop 19 4.74
TV 66.7 1.5
Games Console | 12 3.7
PC 12 17
Monitor 66.7 1.5

13. Appendix C - Calculated Value of Controller Gain

Kot [ Kii [ Ky [ K [ Ky | Kis
AC Chopper 1 120 | - - - -
Back-to-back Inverter | 1 120 1 0.077 [ 0.8 | 0.85| 860
14. Appendix D - Final Manually Tuned Values of
Controller Gain
Kot [Kii [Kp [ K2 [ Ky [Kis
AC Chopper 1 120 | - - - -
Back-to-back Inverter | 1 120 | 0.1 [{0.8 [50 | 860
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