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ACSR
AVR
CCT
DG
EHV
HV
LDC
Lv
Mv
NRC
OCTS
OLTC
PFIVAR

SCR

Aluminium Conductor Steel Reinforced (conductor types)
Automatic Voltage Regulator

Critical Clearing Time (relating to generator stability)

Distributed Generator, Distributed Generation

Extremely High Voltage (voltage levels greater than 132kV)

High Voltage (voltage levels from 33kV up to and including 132kV)
Line-Drop Compensation (AVR control feature)

Low Voltage (less than 1kV)

Medium Voitage (voltage levels from 1kV up to and including 33kV)
Negative Reactance Compounding (AVR control feature)
Off-Circuit Tap Switch

On-Load Tap Changer

Constant power factor or constant reactive power (synchronous generator control
mode)

Short Circuit Ratio
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Glossary

Active network. An electrical network that is equipped with at least one source of real-power
generation. DG-installed feeders constitute active networks.

Co-generator, Co-generation. A source of electric power that is facilitated by, or is in addition
to, some other manufacturing process. Sugar- and paper mills are the most common
operators of co-generation in South Africa. In the case of sugar mills, waste cane
fibre is used to produce steam that, in tumn, is used in the sugar drying process and is
available for the generation of electrical energy. Combined Heat and Power (CHP)
schemes are common forms of co-generation in countries with colder climates
[Jenkins et al., 2000, p.21]. Most co-generators fit the definition of DG, and some (as
do sugar- and paper mills) constitute sources of renewable energy.

Distributed Generator, Distributed Generation, Dispersed Generation, DG.  According to
Gaunt et al. [2002]: "Any source of electric power that is interconnected with an
electricty supply network at a sysiem voltage level not exceeding 132kV. The
generator is not centrally dispatched. It is probably not a trading participant in a
power pool but usually responds to a tariff signal” (p.9).

Distribution networks. In South Africa, distribution networks typically constitute those at
voltage levels up to and including 132kV. In the context of this thesis, however, these
networks are subdivided into “distribution” systemns (1 — 33kV) and "sub-transmission”
{44 — 132kV) networks. The term "distribution” in the latter context is also referred to
in South Africa as “reficulation” and refers specifically to 22kV and 11kV systems and
those at lower voitage levels.

XPassive network. An electrical network that does not include any sources of real power

generation. Traditional distribution feeders, where power is derived only from the
transmission systern, are examples of passive networks.

Renewable energy. Energy derived from resources that are replaced over a short time
period. Wind generators and photovoltaic cells are clear sources of renewable
energy. Less obvious examples are generators that are fuelled by wood chips and
waste cane fibre, as are commonly operated by paper- and sugar mills,

Reticulation network. See Distribution network.

Sub-transmission nefwork. See Distribution network,
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Summary

Reports have indicated a possibility of overvoltage problems that result when
operating DG on lightly loaded feeders, and it was expected that the "weak"” nature of
South Africa's distribution networks might exaggerate these effects. This thesis
considers the network parameters that determine the extent of voltage rise in radial
networks that are equipped with synchronous DG, and develops a generalised
approach fto evaluating the phenomenon. The new approach is useful in
understanding the relative influence of different network parameters on voltage rise
and in evaluating the options for voltage rise mitigation. The research indicates that
voltage rise is likely fo form a key constraint fo the widespread application of DG in
South Africa and other African countries.

The application of DG in South Africa is currently limited to a few synchronous co-generation
installations that are operated by sugar- and paper mills, and a number of small hydro power
stations. The imminent de-regulation of the Electricity Supply industry and mounting
environmental awareness in the country may, however, be catalysts for increased DG
penetrations into South African distribution networks. It is thus becoming increasingly
important that the effect of these machines on aspects of network operation is well

understood.

The application of DG to a distribution feeder tends to improve the voltage profile of the line.
This occurs by way of the reduction in the magnitude of load current that must flow across the
line impedance from the source substation, and hence reduces the voltage drop with respect
to the substation busbar. This phenomenon indicates the potential for DGs to be used for
network voltage support, although most DGs do not operate in this role. Rather, many DGs
seek to make a profit from the sale of energy to the utility or network operator. Operation of
these machines during periods of low system loading can, however, bring about a reversal in
the direction of current flow on the feeder. In this event, the voltage profile of the feeder will
be seen to rise from the level at the source substation to 2 maximum value at the DG's point
of connection and, in some cases, may exceed statutory voltage regulation limits. This
"yoltage rise effect” has been encountered with DG applications in Europe and has previously
been identified as a key constraint to the widespread application of DG.

The DG-initiated voltage rise effect occurs in a similar manner to the voltage drop
phenomencon that occurs in traditional passive electrical networks. Passive distribution
networks in South Africa are commonly constrained by voltage drop considerations and it is
thus likely that the voltage rise phenomenon will be exaggerated under local network
conditions,
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Two generalised methods for the evaluation of DG-initiated voltage rise are in use in other
countries. The first method is based on the voltage level at which the DG is connected and
the location of the machine, while the second method considers the three-phase fault level at
the DG's point of connection. Both methods tend to be overly conservative, however, and
neither is useful in ascertaining which network parameters most affect the voltage rise
phenomenon. It is proposed in the thesis that a better understanding of voltage rise can be
obtained using an improved generalised method. Such a method could also facilitate
informed decision-making regarding the options for the mitigation of voltage rise. These
options include upgrading the conductor, installing a voltage regulator, varying the DG's
control mode, lowering the source voltage, and constraining the generator.

A number of published studies use a simple 2-node model to understand the basic
mechanism of voltage rise. This approach was used to identify eleven broad factors that
were expected to influence the extent of voltage rise in DG applications. Amongst others,
these factors included:

(i} The source impedance seen from the upstream substation busbar. A survey of the three-
phase fault levels at busbars in the Eskom network provided an indication of the busbar
source impedances, and confirmed the relative weakness of South African distribution
systems. Source impedances are nevertheless small relative to the impedance of typical
feeders, and the substation source impedance was subsequently found to have little
impact on the constraint imposed on DG by the voltage rise effect.

{iy The presence and operation of transformer tap changers and/or voltage regulators on the
DG feeder. Voltage control in MV networks in South Africa is achieved through the
predominant application of transformer On-Load Tap Changers (OLTCs), although line-
installed voltage regulators are also commonly used. Voltage regulators and OLTCs
using fixed setpoint control will operate correctly irrespective of the direction of power
flow. Advanced control algorithms such as Line-Drop Compensation (LDC) and Negative
Reactance Compounding (NRC) will, however, be negatively affected by the presence of
DG. The latter method is commonly used for parallel control of transformers.

A busbar whose voltage is regulated by OLTC or voltage regulator action can be
modelled as an infinite source fixed at the controller's setpoint voltage. In contrast, the
source impedance seen from a line-installed regulator cannot be neglected. Rather,
voltage studies on regulator-installed networks must be considered in two parts: one
study on the network downstream of the regulator location and a second study on the
network between the OLTC-regulated busbar and the voltage regulator.

(i) The allowable limit for overvoltages on the network. Statutory regulations and design
philosophies in South Africa restrict MV busbar voitages to a maximum of 105% of
nominal. This figure, coupled with typical OLTChvoltage regulator setpoint settings, gives
rise to an allowable range of DG-initiated voltage rise of between 0.01pu and 0.02pu in
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South African DG applications. Significantly, however, a new approach to voltage drop
apportionment and MVILV transformer Off-Circuit Tap Switch (OCTS) setting in Eskom's
distribution system will restrict the extent of the allowable voltage rise in some MV
networks.

(iv) The (synchronous) DG control mode. Through variation of its control mode or controller
settings, a synchronous DG can be made to operate at leading or lagging power factors.
The choice of operating mode — usually between constant power factor, constant reactive
control and voliage feedback control - and operating point is determined by consideration
of tariffs, losses and stability. These factors indicate that, when not participating in
network voltage control, DGs should be operated at or near unity power factor.

Six assumptions were made to allow a 4-node network model to be used for the generalised
analysis of voltage rise. These assumptions included: (i) assuming a uniform distribution of
feeder load, (i) the DG is connected directly onto the backbone of the feeder, and that (iil) a
single conductor type is used along the entire feeder length. The 4-node model allows for the
representation of a wide range of radial networks, including those at different voltage levels,
using different conductor types, and with DGs situated at different locations.

A simple algebraic method, based on the 2-node network theory of other studies, was used to
derive an expression for the maximum DG penetration that can be accepted at a particular
location on the model DG feeder before the upper voltage regulation limit is exceeded. This
method required three simplifying assumptions to facilitate solution in a direct (non-iterative)
manner and a Microsoft Excel-based application, using the traditional Gauss-Seidel load-flow
method, was written to assess the effect of these on solution accuracy.

The mathematical form of the algebraic solution equation indicates that DG penetration limits
can be considered as the sum of three terms:

1) a term that is independent of feeder load and which varies in proportion to the allowable
voltage rise and inversely with the conductor resistance. The "No-load" term is hyperbolic
with respect to "d", the distance of the DG from the source substation.

2) a "Load" term that is linear with respect to d, and which varies with the load magnitude,
location, power factor and the X/R ratio of the feeder.

3) a "Reactive Power Generation” term that is constant with respect to d and which varies
with the reactive power generation by the DG, and the X/R ratio of the feeder. Fora DG
operating at a fixed power factor, this term is transformed into a multiplier of the "No-load”
and "Load” terms.

Analysis conducted using the algebraic solution equation indicates that the constraint
imposed by the voltage rise effect increases dramatically in the event that the DG is
connected to feeders at lower voltage levels. This is compounded in the event that high
resistance conductor types are used and where the DG is located far from the source
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substation. Feeder load has a significant effect on penetration limits, particularly in weak
systems where the no-load penetration limits are small. Loading on weak feeders is,
however, limited by voltage drop considerations during times that the DG Is out of service.
Reactive power absorption by the DG is an effective means of reducing voltage rise only on
higher voltage, higher capacity networks. This option gives rise to increased network losses,
however, and is difficult to evaluate, owing to the absence of a reactive power pricing tariff for
DGs and a procedure for joss aliocation between network customers,

The algebraic method can also be used to study the relative efficiencies of other options for
voltage rise mitigation. This analysis indicates that a network upgrade is only appropriate in
applications on higher voltage networks and for DGs located close to the source substation
on distribution feeders. Voltage regulators are a viable option for DGs located at intermediate
distances from the source on distribution feeders, while constraining the generator may be the
only option for small DG installations and for those located far from the source substation.
Methods to increase feeder loading such as using the DG feeder to back-feed an adjacent
network are effective in mitigating voltage rise, but could lead to undervoltage problems with
the DG out of service.

Comparison of the results from the algebraic solution method with those from the Gauss-
Seidel load-flow indicate an inaccuracy less than 7% under most network conditions.
Significantly, the algebraic method is most accurate when used on highly resistive and lightly
loaded feeders — properties of those networks that are most constrained by the voltage rise
phenomenon. The accuracy of the algebraic method is diminished in simulations with heavy
reactive power loading on the DG feeder. The decrease in accuracy appears, however, to be
related to a sharp increase in line losses on the feeder and should not form a constraint to the
method’s application.

Despite the assumptions that were made in the derivation of the network model, the algebraic
solution equation can be easily modified to accommodate networks with non-uniform load
distributions and "tapering” conductors on the backbone and spurs of the feeder. The method
is also applicable in cases where the DG is connected to the feeder via a generator
transformer, and where the source substation voltage is not regulated by OLTC action.

The algebraic solution method is used as the basis for a generalised process for the
svaluation of voltage rise in DG-installed networks. The process is simple o implement and
relies on data that is readily available, yet should be sufficiently accurate for most planning
studies. The "new" generalised method is more accurate than the two existing generalised
techniques and can be used to understand the origin of the fault-level based method. The
application of the "new" method is demonstrated in two South African DG case studies.

The thesis concludes that voltage rise is likely to be a key constraint o the widespread
application of DG in South Africa and other African countries. [t is stressed that voltage rise
studies should be performed when evaluating all proposals for DG, The simple analysis
technique that was developed in this research may be useful in this regard.
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Chapter 1
DG and Network Voltage Regulation

1.1 _Introduction

There has been a worldwide increase in the practice of using generators - be it windmills,
solar panels or diesel engines — o supply power to distribution networks. Reasons for this
trend include the maturation of small generator technologies and difficulties in acquiring
funding or land for the construction of larger power stations. The de-regulation of electricity
markets has also encouraged the application of DG, as have politically-motivated subsidies
for environmentally friendly generation that are provided in many countries. DG has also
been seen to thrive in countries with relatively high costs for bulk power generation [Cigré,
1999, p.11.

Given the findings of the 1889 Cigré report, it is not surprising that the application of DG in
South Africa is presently very limited. Grid-supplied electricity from the country's coal-fired
power stations is among the cheapest in the world. This, coupled with high fuel costs, makes
it difficult for diesel engines to compete successfully in the energy market, as has occurred in
the United States [Sellick, 1998], and novel generation technologies are prohibitively
expensive to import or develop. The latter statement was borne out with the commissioning
of South Africa’s first wind farm at Kiipheuwel in the Western Cape in February 2003 at the
cost of R45-million for a total generation capacity of only 3.2MW'. Environmental pressures
in South Africa are also lenient relative to those in "developed” countries, and local utilities
presently have little incentive to adopt such "green” forms of power generation on a large
scale.

The high price of fuel and technology has limited DG applications in Southern Africa o a
handful of schemes that operate synchronous generators and which utilise a "free” source of
fuel. Bagasse - waste cane fibre - is a ready fuel source that is available from the sugar
refining process, and is used in at least four co-generation applications in the Mpumalanga
and KwaZulu-Natal provinces, as well as a 20MW scheme in Zimbabwe®. A number of paper
mills in South Africa use wood shavings to fuel embedded generators, with one plant in
Mpumalanga possessing generation to the capacity of 117MW. At least six hydro power
stations are also in operation in Southern Africa: four stations in the Transkei region generate

' In Eskom News, April 2003, p.4-5.
2 In Energise, the power journal of the SAIEE, March 2003, p.37.
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up to a total of 61MW onto the local electricity networks, and aithough operated by Eskom, fit
the accepted definition of DG. Two hydro stations in Lesotho also operate as DG [Gaunt et
al., 2002].

Even though the outlook for DG in South Africa is presently limited, there is reason to believe
that this may change in the near future. Possible catalysts for change include the gradual
transition of the country's electricity supply industry towards de-regulation and the steadily
increasing environmental awareness in the country. With regard to the latter aspect, it may
be significant that the South African government acceded to the United Nation's "Kyoto
Protocol" in July 2002 and has thus undertaken to reduce the levels of greenhouse gas
emissions by its heavy industry. This may create future opportunities for increased
generation using the "renewable" resources of the country's sugar- and paper mills.

The potential for increased penetrations of generators into the country's distribution networks
makes it increasingly important that the effect of these machines on aspects of system
operation is clearly understood.

1.2 Impact of DG on Distribution Networks

Documentation from those schemes that currently operate in parallel with distribution
networks in South Africa indicate that each application was extensively evaluated in terms of
its influence on safety and on generator and intertie protection. Al concerns in this regard
appear to have been effectively handled through the application of detailed switching and
isolation procedures, and the provision of synchronism check and "live-line close-blocking”
functionality on selected circuit breakers in the network. Further considerations regarding
safety and protection aspects are aiso well documented in the Eskom guideline on the
interconnection of DG [Topham, 1985]. Similar documents also exist from other countries, for
example the UK's "G59/1" described in Jenkins et al. {2000, p148-188] and the American
standard IEEE P1547 [2001].

Apart from safety and protection issues, the application of DG is also known to have an
influence on equipment ratings and on aspects of network voltage quality and voltage
regulation. Surprisingly, no record exists of detailed studies having been performed in these
areas with respect to local DG projects. In reality, however, it is unlikely that equipment
ratings have been compromised by DG in this country, because fault levels on South Africa's
distribution networks are generally low with respect to equipment rupturing capacities. Also,
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while it is acknowledged that DGs operating on weak electrical systems® may cause
unacceptable transient voltage variations when switched, Cigré Task Force 38.06.04 [2002,
p.11] commenis that such problems are unlikely in applications with synchronous machines,
provided that they are synchronised correctly and they are not disconnected at full-load. No
such mitigating factors exist to lessen the influence of DG on the regulation of steady-state
voltage levels in DG-connected networks. In fact, it is seen from the following discussion that
voltage regulation problems may form the primary barrier to the widespread application of DG
in South Africa.

1.3 Impact of DG on Network Voltage Regulation

The inclusion of DG on a distribution feeder tends to improve the voltage profile of the line.
This occurs by way of the reduction in the magnitude of load current that must flow across the
fine impedance from the source substation, and hence reduces the voltage drop with respect
to the substation busbar [Masters, 2002]. This effect indicates potential for DG to be applied
for the purposes of network voltage support. In fact, Sellick [1998] reports that diesel
generators have been applied in this role on long distribution feeders in the United States
since at least 1985, and discusses the possibility of using DG in the same manner in South
Africa. Actually, several small hydro-generators in the Transkei area have been providing
network support for a number of years and, in recent times, have become a pre-requisite for
maintaining voitage stability in the area. The widespread application of DG in a network
supporting role is, however, constrained by the high price of fuel and the lack of an effective
pricing- or scheduling mechanism for the service. As a result, applications of DG in this role
are generally limited to select machines that are owned and operated by power utilities.

Many DGs do not specifically provide network voltage support, although the application of
"time of generation” tariffs does encourage their operation during periods of heaviest network
loading. Uliimately, however, the decision on whether on not to generate at a particular time
remains at the discretion of the DG operator and this, as in the case of co-generators, may be
aligned more with the requirements of a core manufacturing process rather than with the
offered electricity price. As a result, some DGs may export power to the network during
periods of low system loading and, instead of merely reducing the magnitude of current
flowing from the source, may bring about a reversal in the direction of current flow. In this
event the voltage profile of the feeder will be seen to rise from the level at the source
substation to a maximum value at the DG's point of connection, and in some cases may

® A "weak" network is defined in this thesls as one that is constrained by voltage-related aspects
rather than by the thermal capacity of the components, or by aspects of waveform guality. In Chapter 2
is it seen that "weak” networks are also characterised as being those with high source impedances.
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exceed statutory voltage regulation limits. This "voltage rise effect” has been encountered
with DG applications in Europe and is described by Cigré Task Force 38.06.03 [2002, p.8-9]
and Masters [2002] as a key consiraint to the widespread application of DG.

Cigré Task Force 38.06.03 [2002, p.41-2] identifies three options for the mitigation of the
voltage rise phenomenon:

1. Reaclive power compensation achieved by altering the generator control mode (in the
case of synchronous DGs),

2. Co-ordinated voltage control achieved using On-Load Tap Changers (OLTCs) on
substation power transformers, and

3. Constraining the generator.

Masters [2002] also discusses the above mitigation options and describes two others:
4. Installing a voltage regulator on the DG feeder, and
5. Upgrading the network.

Each of the five options for the mitigation of the effect will have cost implications for DG
operators, and may themselves form a constraint to the application of DG technologies.

It is possible that the voltage rise effect will be of special significance for DG applications in
South Africa. This is because the country's rural distribution networks are normally
constrained by voltage considerations, albeit undervoltage rather than overvoltage scenarios
[Carter-Brown and Gaunt, 2003]. The previous discussion identified that the mechanism for
network voltage rise is similar to that which causes voltage drops in passive networks, and it
is thus possible that the voltage rise effect will be exaggerated under local system conditions.

Generalised evaluation of the voltage rise effect

Cigré Task Force 38.06.03 [2002, p.10] describes two generalised rules for the evaluation of
the extent of the voltage rise problem in different applications. The generalised methods
prescribe maximum limit for power export by DGs at different network locations so as to avoid
steady-state overvoltage conditions. In fact, these methods also attempt to include the effect
of DG on power quality in a single parameter. The first method involves the application of
standard generator capacity limits based on the voltage level of the DG-feeder and the
electrical location of the machine. Typical values used in this approach are given In Table 1.1
below.
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Table 1.1. Standardised penetration limits for DGs based on their eflectrical location.
[Cigré, 2002, p.10]

DG location Maximum DG capacity
Anywhere on a 63kV — S0kV network 10-40MVA
Anywhere on a 15kV - 20kV 6.5-10MVA

At an 11kV or 11.5kV busbar 8MVA
Elsewhere on an 11kV or 11.5kV network 2-3MVA

At a 400V busbar 200-250kVA
Elsewhere on a 400V network 50kVA

The second general method uses the three-phase fault level at the DG's point of connection
as an indication of the allowable DG penetration limit*. A common stipulation in this regard is
that the three-phase fault level at the generator location must be at least a given number of
multiples of the DG's rating. A multiple of 10 is used in evaluating DG projects in Spain
[Cigré, 1999, p.42], whilst multiples as high as 25 have been specified in other countries
[Cigré, 2002, p.10].

Cigré Task Force 38.06.03 [2002] comments that the generalised methods must cater for the
worst case of a number of network parameters and that they tend to be overly conservative
as a result. In this regard the Task Force comments that: "if such rules were to be [widely]
applied they would lead to a very conservative and restrictive approach to the connection of
dispersed generators” (p.10). As a result, many countries opt to perform detailed studies per
DG application.  An accurate, generalised method would, however, be useful in
understanding the mechanism by which voltage rise occurs. Also, a generalised method
might provide an answer to the question:

e  Which network parameters are most important in determining the extent of the voltage
rise problem in DG applications?

in the absence of an answer to this question, it is not possibie to evaluate, in general, the
extent of the voltage rise problem that will occur with increased DG penetrations into South
African distribution networks. An answer to the above question is also important on account
of the fact that it will improve the understanding of the mechanism by which the five mitigation
options achieve a reduction in network voltage rise and may suggest alternative solution
methods. The first question also provides a basis for a second question:

o Which is the optimal method for the mitigation of network voltage rise in typical DG
applications?

* Both methods consider only single-generator applications, or applications that can be modelled as a
single installation (for example, wind farms).
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1.4 Hypothesis and Research Methodology

This research addresses the following basic hypothesis:

it is possible to improve the existing generalised methods for the evaluation
of the influence of synchronous DGs on the steady-state voltage regulation of
radial distribution networks to which they are connected. By design, the
improved process should remain simple to implement; relying on data that is
readily available, yet its results shouid not be overly conservative. The
method shoulfd be useful in seeking realistic solutions to the voltage rise
problem.

The hypothesis describes the derivation of an improved evaluation method of voltage rise in
synchronous DG applications on radial distribution networks. The two evaluation methods
described by the Cigré Task Force are not limited to a particular generator technology, or to a
particular network topology. These limitations are applied in the present study in an effort to
simplify the analysis. It may occur, however, that the results of the present study can be
generalised to include alternative generator technologies and meshed networks.

Evaiuation of the hypothesis requires that an understanding of the mechanism of network
voltage rise be developed. The phenomenon is not particular to South African networks,
however, and it is expected that an amount of research would have already been completed
in this regard. This work should provide a good basis for understanding methods by which
the voltage rise effect can be studied and will also serve fo identify the limits of allowable
voitage rise in different electrical systems. These methods might then be adapted and
applied to local network conditions.

The discussion in Section 1.3 indicated that there is a correlation between voltage rise effects
in DG-installed networks and voltage drops in passive systems. An understanding of network
voltage rise might thus be obtained using sirmilar methods to those used for traditional voltage
studies. Such studies are commonly performed using established load-flow techniques. This
research seeks to apply these methods to the evaluation of the main hypothesis. The studies
use parameter values typical of local network conditions and the concepts are demonstrated
using two South African DG case studies.

The five options for the mitigation of DG-initiated voltage rise presented by Cigré Task Force
38.06.03 [2002] and Masters [2002] indicate that traditional voltage regulation methods and
options for synchronous DG control are key elements in the study of the phenomenon. The
second voltage rise evaluation method described by the Cigré Task Force uses the fault level
at the DG location as a measure of the anticipated problem. The application of fault levels as
a gauge of steady-state voltage problems is another key element that will be addressed in this
research.
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Possible voltage regulation problems arising from the introduction of generators to distribution
networks and the proposed derivation of a generalised evaluation method lead to the
following research guestions:

o Which methods can be used to study the voltage rise effect?

s What is the limit of allowable voltage rise in electrical networks?

e To what extent can the fault level at a busbar be used to determine the degree of the
voltage rise problem arising from DGs installed at that location?

¢ How is adequate regulation of voltage aftained in passive distribution systems?

o To what extent are classical voltage regulation methods applicable for the mitigation of
voltage rise in DG-installed networks?

¢ What control mode options are available to synchronous DG operators?

s« What factors influence the choice of DG control mode?

Answers to the above questions are sought in published material in the literature survey of
Chapter 2. This information is developed further in subsequent chapters to provide an insight
into the feasibility of the basic hypothesis.

1.5 Relevance of this Research

In considering single-machine synchronous DG applications on radial distribution networks,
the present research is particularly relevant to the study of possible overvoltage conditions
arising from the operation of co-generators. In South Africa, sugar- and paper mills are the
principal operators of DGs whose purpose is other than the provision of network support.
These operators are likely to benefit most from future changes in environmental regulations
and are thus the most likely to request permission for new generator installations or increased

levels of penetration from existing facilities.

The hypothesis on which the research is based is not limited to voltage rise only in South
African DG applications. While the examples and case studies will draw on data that is
typical of South African systems, the method should be applicable to DGs on any distribution
network.
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1.6 Structure of the Thesis

The structure of this thesis is guided by the objectives of the research and the process that
must be followed in order to evaluate the hypothesis. The chapiers that follow are briefly
outlined below.

Chapter 2 includes a review of available literature on network voltage regulation and, in
particular, the DG-initiated voltage rise effect as pertaining to the objectives of the hypothesis.

Chapters 3, 4 and 5 include more detailed discussions of three broad aspects arising from the
literature survey. Chapter 3 examines the voltage rise phenomenon in detail, whilst Chapters
4 and 5 discuss voltage regulation in distribution networks and the operation and control of
synchronous machines respectively.

The information from the previous chapters is consolidated in Chapter 6 with the derivation of
a network model and, ultimately, a method for the evaluation of network voltage rise.

in Chapter 7, the evaluation method is applied to typical network scenarios to determine the
relative influence of network parameters on the voltage rise effect, and establish the
usefulness of the approach.

Chapter 8 investigates the extent to which a number of assumptions that were made in the
derivation of the method influence the accuracy of the results it delivers.

The developed method is applied to the evaluation of the voltage rise mitigation options in
Chapter 9. The method is also used in this chapter as the basis for a logical process for the
evaluation and mitigation of voltage rise in DG projects. The application of the process is
demonstrated using two South African DG case studies.

Chapter 10 summarises the findings of the research, evaiuates the hypothesis and reviews
the voltage rise problem in South African DG applications.

1.7 Chapter in Perspective

The DG-initiated voltage rise effect has been identified as a key constraint o the widespread
application of generators on distribution networks. It is likely that the phenomenon will be
exaggerated by network conditions in South Africa, vet this is difficult to analyse in the
absence of a simple, accurate evaluation approach. Such an approach would lead not only to
a befter understanding of the effect, but would also facilitate informed decision-making
regarding the application of mitigation options.

Page 8 Chapter 1



Key questions have been identified whose solution will facilitate the evaluation of the
hypothesis. The next chapter includes a review of relevant literature relating to these
questions, with the intention of establishing the existing base of knowledge on which the

present research can be founded.
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Chapter 2
Published information on Network Voltage Rise

Chapter 1 identified a number of questions related to the hypothesis that an improved
generalised method for the evaluation of DG-initiated network voltage rise could be
developed. The present chapter includes a review of published information that provides
solutions for, or further insight into, these questions.

The questions in Chapter 1 can be grouped into four broad topics; a framework that is used in
the present chapter to structure the literate survey. These topics and the purpose of the
corresponding sections of the literature survey are as follows:

1. The study of the DG voltage nse effect. ldentify studies that have been performed to
establish the extent of the voltage rise problem in different types of networks. Examine
the methods used and the network parameters that are considered. This discussion must
establish the limits for voltage rise on different types of network that define the point at
which the phenomenon will impose constraints on DG operation,

2. Fault levels. Determine the scope of application of fault level studies for the analysis of
voltage regulation problems in electrical networks. This discussion seeks to ascertain the
principle on which the fault level-based generalised method is founded.

3. Voltage regulation methods. Establish the methods that are used o achieve voltage
regulation on passive distribution networks. Determine the exient {o which these methods
are affected by the presence of DG, and the extent fo which they will be effective in
mitigating against the voliage rise effect.

4, QOperation and control of synchronous generators. identify references on aspecis of the
operation and control of synchronous DGs. Establish the control mode options for DGs
and identify the parameters that influence control mode selection.
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2.1 _The Study of DG-initiated Network Voltage Rise

Three studies concerning the voltage rise effect in DG-installed networks use a simple 2-node
network comprising a single branch impedance {o understand the mechanism by which the
phenomenon occurs [Pandiaraj et al,, 2000; Salman et al., 1896; and Masters, 2002]. The
same method is used in engineering textbooks such as Weedy [1994, p.79-81] and Glover
and Sarma [1994, p.214-8] to understand the relationship between busbar voltages and
network power flows in traditional passive networks. This method is referred to in Glover and
Sarma as the “"short line approximation” of a transmission line and, in neglecting the shunt
admittance, is stated to be accurate for the representation of transmission lines that are less
than 80km long. McCann [1950, p.265] comments that this method is appropriate for the
analysis of voltage problems on all lines of voltage less than 40kV.

McCann {1950, p.270] also describes how the 2-node analysis method can be used fo
calculate the sending-end busbar voliage with respect to the receiving-end quantities. The
method cannot, however, be used to calculate the receiving-end busbar voltage with respect
to the sending-end parameters without employing an iterative solution method or applying a
number of assumptions [Pandiaraj et al., 2000]. This limitation of the 2-node method has
restricted its application in most studies to that of placing the voltage rise effect in context.

Detailed studies

Detailed study of the effect of different network parameters on network voltage rise is
accomplished in many studies through the use of a model network. Studies such as those by
Pandiaraj et al. [2000] and Repo et al. [2003] use models based on real-life networks, while
others by Salman et al. [1996], Persaud et al. [1999], Masters [2002] and Kiprakis and
Wallace [2003] use hypothetical systems. These studies typically assume constant values for
most network parameters and vary selected parameters according to the objectives of the
research. In this regard, Table 2.1 summarises the objectives of each of these studies, as
well as the models used and the variables that were considered.
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Table 2.1. Summary of detailed studies relating to DG-initiated network voltage rise.

Study Purpose Network model used Variables considered
Salman et | Investigate the effect of 9-bus network, including two - Load magnitude.
al. [1996] | different control strategies | 33kV busbars upstream of two
for synchronous DGs on 33/11kV transformers. Feeder |~ OGenerator control mode.
the voltage rise effect. ioad is applied at three busbars | . Automatic variation of the
on the 11kV network. transformer tap position.
Persaud et | Investigate the influence of | 20-bus 11kV network, including | - Feeder load magnitudes
al. [1998] | DG location and power six lateral feeders. Different exhibit voltage
output on the operation of | conductor types are used on dependency.
an advanced tap change the backbone and spurs. The .
control strategy. source substation transformer is | - -0ad magnitude and
discretely modelled with a tap generator output.
changer that uses an advanced | . DG location.
control algorithm.
- Automatic variation of the
transformer tap position.
Masters Generalised study of 8-bus, 11kV network of a single | - Generator output.
[2002] network voltage rise and conductor type and uniformly .
its mitigation. distributed load. - Generator location.
- Conductor type.
- Voltage at the source
substation.
- Application of a voliage
regulator.
- Operation of DG ata
leading power faclor.
Pandiaraj et | Investigate the optimal 4-bus 11kV network. Total - Feeder load magnitude
al. 2002] | control mode for feeder load is distributed and power factor vary
synchronous DGs that between the nodes. according to a typical daily
operate for network load profile.
voltage support. - Generator control mode.
Repo et al. | Investigate methods to 27-bus network including - Generator control mode.
[2003] increase the allowable DG | discrete representation of the
output in a wind farm 110/20kV power fransformers, ) Voltagg at the source
application without The network is based on a real- substation.
exceeding voltage limiis. life system. Load is located at - Network configuration
13 busbars and magnitudes are (operation as a ring
based on metered data. network).
Kiprakis 1. Develop a hybrid 5-bus network with an infinite - Generator control mode.
and control strategy for source. The model includes
Wallace synchronous DGs. representation of a "tapered"’
{2003] feeder backbone. Loadis

2. Investigate the
potential application of
& voltage regulator with
a custom control
algorithm for voltage
rise mitigation,

uniformly distributed between
busbars.

Conductor between Buses 2
and 3 is replaced by a
representation of a voltage
regulator for a second series of
studies. Load is lumped at the
DG busbar

Feeder load magnitude
varies accordingtoa
typical daily load profile.

Automatic variation of the
regulator tap position.

! *Tapering" refers to the common practice of using successively thinner-gauge conductors further

from the source substation on account of the reduced loading and hence voltage drops encountered.
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The resulis of Table 2.1 indicate that at least ten different network parameters have an
influence on the voltage rise effect. The individual studies consider a number of different
combinations of these variables, yet it is difficult to generalise their overall findings, or to
determine the relative influence of different variables on the voltage rise effect. The study by
Masters [2002] considers the broadest range of variables of all of the studies, but the
discussion is of a more qualitative nature and the relative influence of the different variables
on the voltage rise phenomenon is not explored in detail.

Voltage requlation limits

All of the studies listed in Table 2.2 originate from European countries where the extent of
allowable voltage rise is limited to 6% above nominal voltage. Persaud et al. [2002] and
Salman et al. [1999] comment, however, that a stricter limit of +2% is applied on 11kV
networks in Northern Ireland. On a similar note, Masters [2002] comments that voliage rise is
often limited to +3% during the planning stage of 11kV networks in Britain and Scotland.

Voltage regulation limits in South Africa are specified in the South African Electricity Act (Act
41 of 1987) and NRS 048 as described by Carter-Brown [2002¢, p.13-5]. NRS 048 requires
that the highest voltage on a MV system lies within +56% of nominal, although contractual
agreements between Eskom and customers sometimes stipulate a +7.5% limit. Interestingly,
Carter-Brown describes a new philosophy for the apportionment of voltage drops between MV
and LV reticulation systems that can impose more strict limits on overvoltages in MV
networks. This topic is discussed in detail in Section 4.3.

Direct and indirect approaches to the study of network voltage rise

Most of the references listed in Table 2.1 use a direct approach to study the influence of
different network parameters on the busbar voltages in the model networks. In these studies,
the busbar voltages are calculated as a function of the chosen network variables and the
results are presented as a series of graphs where the busbar voltages (as the dependent
variables) are plotted on the y-axis. Examples of this occur in Masters [2002] and Kiprakis
and Wallace [2003], where the voltage rise phenomenon is studied for particular applications
by considering the voltage profile of the line: a plot of busbar voltage as a function of busbar
location. Other studies such as those by Persaud et al. [1999] and Salman et al. [1996]
consider busbar voltages as a function of feeder load magnitude and transformer tap position.
Network voltage regulation limits appear as horizontal lines in these graphs, allowing
violations to be readily identified.
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A study by Masters [2002] into the effect of two parameters on the extent of network voltage
rise does not consider the actual values of the busbar voltages. Rather, the study determines
the maximum real-power output by DGs at different locations that can be accepted before the
onset of overvoltage conditions at any location on the line. In this way, Masters's resulis are
presented as a series of curves with "DG penetration” as the dependent variable. This
alternative approach to studying network voltage rise is unique in that it considers the
constraint that will be imposed on DGs by the phenomenon, rather than considering the effect
directly. This approach incorporates network voltage regulation limits into the solution
algorithm.

Technigues for the solution of model networks

None of the studies described in Table 2.1 are clear as to the methods used to solve the
network models. it is probable, however, that many studies employ commercial load-flow
programs for this purpose. Weedy [1994, p.221-35], however, describes a number of
numerical methods that might equally have been used. Two of the most widely used methods
include the Gauss-Seidel and Newton-Raphson iterative techniques.

Weedy [1994, p.227] comments that the modern trend in load-flow solution is to apply the
Newton-Raphson technique that offers greater assurance of convergence and economy of
computation time when compared to the more traditional Gauss-Seidel method. The former
method involves the application of partial differential equations, however, and is thus more
complex than the Gauss-Seidel technique. The speed of convergence of the Gauss-Seidel
method can be increased through the application of acceleration factors. This method also
readily allows for the representation of transformer tap changers [Weedy, 1994, p.225-6] Of
the two solution methods, the Gauss-Seidel algorithm appears best suited to the solution of
relatively small, simple networks described in Table 2.1.

* Masters describes a number of different voltage rise studies, including those that study voltage rise
using direct and indirect methods.
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2.2 Fault Levels

The fault level at a particular location in a network is calculated according to the expression:
Fault Level (MVA) = v/3 x Viyom X ¢ 2.1)

Where: Viem = the nominal voltage (kV), and
lr = the current drawn by a three-phase fault at the point of interest (kA).

Jenkins et al. [2001, p.68-9] explain that, when expressed in the per-unit system®, the fault
level is equal to the per-unit three-phase fault current at that location. Further, if it is assumed
that the pre-fault voltage at the fault location is equal to the nominal voltage, then:

1

_— (2.2)
[Zengou)

Fault Level (pu) = lgpy) =

Where: Iy = the per-unit three-phase fault current, and
Zipy = the Thevenin impedance of network as seen from the fault point (pu).

in this way, Jenkins et al. describe how the fault level gives an indication of the electrical
proximity of a particular point to the source of the system. The fault level can thus be used as
a measure of the "strength” or "stiffness” of a network from a given location. By Eq. 2.2,
larger fault levels correspond to smaller Thevenin impedances. This, Jenkin et al. explain,
indicates that "the voltage drop caused by a given load will be smaller at busbars where the
fault level is high” (p.89). This discussion establishes a connection between fault level and
voltage regulation, and begins to explain the basis for the fault level-based approach to DG
capacity limitation.

Beukes et al. [2001, p.11.7] comment that the relative strength of a system can be expressed
relative to the loading on the network by considering the Short Circuit Ratio (SCR). This is
given by the expression:

Fault level (MVA)

SCR=
Connected Load (MVA)

(2.3)

In a draft Eskom planning guideline, Ferguson [2003] describes how SCRs have a major
influence on voltage dips and flicker in electrical systems. The guide prescribes minimum
SCRs at the points of connection of different flicker and dip-producing load types. The
requirements include a minimum SCR of between 12 and 73 for crushers, 50 for an AC arc
furnace, and 150 for a direct on-line motor that is switched less frequently than once an hour.

% The Per-Unit System Is discussed in more detail in Appendix A,
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There is a close similarity between the SCR approach to ensuring voltage quality in passive
networks and the fault level-based rule described by Cigré Task Force 38.06.03 [2002] for the
limitation of voltage rise and quality problems in DG-installed networks. No clarity could,
however, be found in the literature regarding the selection of limit values for either approach.

The previous discussion indicates that a comparison of busbar fault levels in different
countries can be used as a measure of the comparative strength of their electrical networks.
in this regard, Weedy [1994, p.268] lists typical maximum fault levels for the British system.
No references were found that described typical faull levels in South Africa's or other
countries’ networks.

2.3 Voltage Requiation Methods

Weedy [1994, p.182-188] describes two broad methods of achieving voltage control in
electrical systems: injection or absorption of reactive power, and transformer tap changing.
The former method includes the application of series- and shunt capacitors or reactors, and
variation of the control mode of synchronous machines that operate on the network (the latter
topic being discussed in Section 2.4).

Series- and shunt capacitorsireactors

Series- and shunt capacifors have traditionally been used to provide compensation for lagging
power factor loads, decreasing the extent of voltage drops. Reactors are used for loads at
jeading power factors and serve to restrict voltage rise [Weedy, 1994, p.184]. This suggests
that reactors may be appropriate for the mitigation of voltage rise in DG applications.

Repo et al. [2003] consider the application of shunt reactors to reduce the voltage rise in a
wind farm application. In this case, the reactor compensates not for the voltage rise caused
by a leading power factor load — a lightly loaded cable, for example — but mitigates that
caused by real power export by the DG. Repo et al. note, however, that "use of the reactor
doubles the active power losses of the whole distribution network." It is possibly for this
reason that none of the other studies in Table 2.1 consider the application of shunt reactors
for the mitigation of voltage rise. This topic is likely to be similar to that of having a
synchronous DG operate at a leading power factor®, however, and could be considered as an

4 As is common practice in industry, reference to DG power factors in this thesis are made using the
generator convention where "leading” refers to the absorption, and "lagging” to the sourcing of reactive
power. Reference to the power factor of a load, for example that which flows through a utility
transformer, is made using the load convention where "leading” and "lagging” have opposite meanings
to those of the generator convention.
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extension of that discussion. The possible application of shunt reactors in DG-installed
networks is thus not considered further in this thesis.

Salman et al. [1996] comment that connecting the DG to the network via a generator
transformer (essentially a series reactor) increases the efficiency of reactive power absorption
by the DG as a mitigation option. None of the studies in Table 2.1 consider the application of
a dedicated series reactor for the mitigation of voltage rise. This is most probably a result of
the fact that a series reactor would give rise to increased voltage drops in the presence of
lagging power factor load, and would thus have to be switched in the event that the DG is out
of service. This is in contrast to a voltage regulator that can remain in service irrespective of
the direction of power flow.

Transformer tap changing

Step voltage regulating transformers can be described in terms of two categories of devices
[Carter-Brown, 2002b]:

1. Variable ratio power transformers - units that transform between different voltage levels
(eg. 132/22kV), but which are also equipped to regulate the secondary voltage, and

2. Regqulating transformers - devices whose primary function is to reguiate the secondary
voltage and which do not change voltage levels,

In this thesis, as is common in industry, variable ratio power transformers are referred to as
"tap changing transformers" and regulating transformers are termed simply “voltage
regulators". The former category can be further sub-divided into units that can automatically
vary their transformation ratio while on-load, termed "On-Load Tap Changers" (OLTCs), and
those which must be manually altered while disconnected from the load: "Off-Circuit Tap
Switches" (OCTSs).

In two publications, Thomson [2000a&b] describes the fundamentals of OLTC operation and
control. Two advanced control techniques, Line Drop Compensation (LDC) and Negative
Reactance Compounding (NRC), are described, and Thomson discusses how the accuracy of
these methods is reduced with the introduction of DG to the network. Salman et al. [1996]
also describe the negative effect of DG on the accuracy of the LDC control algorithm, while
Carter-Brown [2002a] describes the scope of application of this technique in passive
distribution networks.

Carter-Brown [2002b] discusses many aspects of voltage regulator application to distribution
networks, including their theory of operation, technical information and considerations for their
sizing and placement. The use of voltage regulators in DG applications is not specifically
considered. In her discussion of these applications, however, Masters [2002] makes no
reference {o any special conditions that are specific to DG-installed networks.
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2.4 Operation and Control of Synchronous Generators

The theory of operation of synchronous DGs is described by Jenkins et al. [2001, p.87-131].
This discussion is similar to that presented in classical textbooks on electrical machines, such
as Sen [1988] and Weedy [1884, p.88-110].

Jenkins et al. [2001, p.103-4] describe the options for the excitation control of synchronous
DGs. A "quadrature droop characteristic" is used for excitation control of large synchronous
generators, but Jenkins et al. comment that: "[this] control scheme may not be appropriate for
small embedded synchronous generators” (p.104). Instead, the control strategy for
synchronous DGs is most often based on reactive power output rather than on the network
voltage. In this regard, the studies listed in Table 2.1 consider DGs operated in fixed reactive
power or fixed power factor control mode as the base case. Many of the studies, for example
those by Salman et al. {1996], Pandiaraj et al. [2002], Repo et al. {2003] and Kiprakis and
Waillace [2003], also consider the operation of DGs in voltage control mode. Pandiaraj et al.
[2002] find, however, that the DG is incapable of maintaining the busbar voltage within
statutory limits by using voltage control mode, although voltage fluctuations are reduced when
compared with operation at a fixed power factor. This is related to the capability curve or
performance chart of the machine, as described by Weedy [1884, p.101-3].

The choice of control mode for DGs is influenced by the tariff for reactive power generation or
absorption. Cigré Task Force 38.06.03 [2002, p.22] comments, however, that "VAR
management as a means of reducing the voltage fluctuations in distribution networks is not
supported by appropriate pricing mechanisms" (p.22). Guidance on pricing for DGs in
Eskom's networks is given in Crous [2001], although no decision is made regarding the policy
for reactive power absorption by DGs.

The choice of control mode and operating point of DGs has an effect on network losses. In
this regard, Cigré Task Force 38.06.03 [2002, p.42] comments that absorption of reactive
power by DGs leads to an increase in network losses, and that evaluation of DGs operating in
this mode should include loss assessment. This is similar to the finding by Repo et al. [2003]
regarding the increased losses that are brought about with the application of shunt reactors to

recduce voltage rise.

Cacioll et al. [2001] describe how DGs that are made to absorb reactive power from the
network are more prone to instability than those which generate reactive power. Selection of
the control mode for a synchronous DG is thus seen to have an effect on the stability of the
machine. This is especially significant given the finding of Mabuza and Gaunt {2002] that
DGs connected to weak distribution networks are prone to instability.
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2.5 Chapter in Perspective

The literature survey has provided preliminary answers to many of the research questions
from Chapter 1. These answers are developed further in the detailed analysis of later
chapters. In particular, Chapter 4 considers fault levels, voltage regulation methods and limits
for voltage rise in the South African context and Chapter 5 considers the operation and
control of synchronous generators in more detail,

None of the previous studies identified in the literature survey have attempted to perform a
generalised analysis of DG-initiated voliage rise. These studies have, however, suggested an
approach by which this can be achieved: develop a network model that is representative of
typical network conditions, and determine the penetration limit for DGs at different network
locations. This task is pursued in Chapter 8. Prior to that, Chapter 3 uses the simple 2-node
analysis method that was identified in Section 2.1 to develop a better understanding of the
voltage rise effect.
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Chapter 3
The DG Voltage Rise Effect

The DG-initiated voltage rise effect can be understood in its simplest form by applying basic
engineering principles to a simple 2-node network model. In Section 2.1 it was seen that
many authors on the topic of network voltage rise have used this method of analysis to place
their work in context. The simple analysis technique is used for the same purpose in the
present study, and is described in detail in Sections 3.1 and 3.2 to follow. It is seen that,
despite its simplicity, the approach provides valuable information regarding the network
parameters likely to affect voltage rise and is useful for analysing the methods by which the
effect can be mitigated.

3.1 Understanding Voltage Requlation

The simple technique for analysing the voltage rise phenomenon on DG-installed networks is
not a new concept. In fact, the technigue has traditionally been used to understand voltage
regulation in passive networks. The technique is, however, equally useful when applied to
active distribution systems.

3.1.1 Voltage requlation - simple network analysis [Weedy, 1994, p.79-81]

The principle of voltage regulation in electrical systems is understood in its simplest form by
considering two nodes that are interconnected by a conductor of given impedance (R+iX),
and across which real (P,) and reactive (Q,) power is transferred (refer to Fig. 3.1 below).

V=V1 R+]x V=V2

DG and/or
load location

Pl —> P
Source > > Q&

© ®

Note: P4 and Q4 are positive when flowing away from bus 1, whilst P and Qi
are referenced as positive info bus 2.

Fig. 3.1. Simpie network model used to understand voltage regulation
on a radial network,

in Fig. 3.1, power flow across the branch impedance is expressed in terms of both sending-
end (Pq, Q) and receiving-end (P;, Q,) quantities. These gquantities differ by the branch
losses. For the initial discussion, we are concarned only with the power flow expressed with
respect to the sending-end.
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An expression for the voltage difference between nodes 1 and 2 in Fig. 3.1 is derived in terms
of the given system parameters using two fundamental engineering principles: Ohm's laws
and the definition of apparent power.

From Ohm's law, it is possible to state that":
Vi =V, + o x(R+jX) (3.1)
and from the definition of apparent power we have:
o
Sy=Vyxhy' =k =§1—. (3.2)
Vi
In Eq. 3.2, it is assumed that the parametiers are expressed in per-unit values and hence the

customary root-three coefficient has been neglected. Note also that, since | is the power

flowing from bus 1 to bus 2, §1 represents the complex power that flows away from bus 1.

Substituting Eq. 3.2 into Eq. 3.1, we have:

i N7 ¥

1 1

Taking V, as reference, V4 =V;" =V, and we obtain:

v, =, +[RP,\+/XQ1)H.[XP1 —RQ1}

1 Vi
or (expressed in terms of V,): Vs = Vy + AV, + 8V, (3.3)
where AVy =~ RP+1XQ1 (3.3a)
and 8V = - XP‘+1RQ1 (3.3b)

Equation 3.3 represents the voltage change between the sending- and recelving-end busbars.
It can be visualised as a simple vector diagram where the voltage difference between nodes 1
and 2 is expressed in terms of two orthogonal vectors: AV, and j6V, (given by Egs. 3.3a and
3.3b respectively). The voltage vector diagram for a traditional passive distribution network is
included as Fig. 3.2a below. It is described in Section 3.1.3 how it is normal in this type of
system for AV, and 8V, to be negative, indicating a negalive voltage change (or voltage drop)
from the sending- to the receiving-end busbar.

' Vector quantities are expressed with a bar above the variable. Scalars are expressed without bars.
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e_z V2

AVy 8V,

Vg j8V1 V1 . .

ol AV1 >

Note; AVy and [V are negative, indicating a Note: AVy and j5V, are positive, indicating a

voltage drop across the feeder. voltage rise across the feeder.
Fig. 3.2a. Vector diagram ilffustrating the Fig. 3.2b. Vector diagram illustrating the
orthogonal voltage-change parameters AV, orthogonal voltage-change parameters AV, and

and &V, for a passive distribution feader. oV, for a DG-installed distribution feeder.

The vector diagram for a feeder in which the direction of real and reactive power flow is
reversed (i.e. Py and Q, flowing info bus 1) is included as Fig 3.2b above. In this case, the
voltage change vectors AV, and j8V, are positive, indicating a net voltage rise of the
receiving-end busbar with respect to the sending-end. It is seen from the discussion of
Section 3.1.3 to follow that vector diagrams of this type are realised in some DG-instalied
networks.

The voltage vector diagrams of Figs. 3.2a-b are drawn using the vector V, as reference. This

is a result of having assigned V1 as reference in the derivation of Eg. 3.3. In fact, it is also
possible to derive an expression for voltage regulation on an eleclrical system, using the

receiving-end busbar voltage, Vz , as reference.

Following a similar derivation to that shown above, but using receiving-end gquantities
(referenced info bus 2) in Eq. 3.2, and Vz as the reference voltage, Eq. 3.3 can be

alternatively expressed as:

Vi =V — AV, — 8V, (3.4)
where Ay = _RPp+XQp (3.4a)
Vo
and sV, = - X2 =RQp (3.4b)
Vo

Using this form of the analysis equation, the vector diagrams of Figs. 3.2a-b appear as shown
in Figs. 3.3a-b below.
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AV,

V.
Vi 2 S
18V, | V2
=2 Vi
V2 %
AV,
Flg. 3.3a. Voltage vector diagram for a Fig. 3.3b. Voltage vector diagram for a Di-
passive distribution feeder, using the installed distribution feeder, using the

recelving-end busbar voltage as reference. receiving-end busbar voltage as reference.

The analysis equation expressed in terms of receiving-end quantities (i.e. Eq. 3.4) is used in
Chapter 6 as the basis of a generalised tool for the evaluation of DG-initiated voltage rise.
From the onset, however, it must be noted that Eq. 3.4 (and indeed Eq. 3.3) cannot normally
be used to solve nelwork power flows., This is because application of Eq. 3.3 requires
knowledge of the branch losses (included in the terms Py and Q) that are unknown in an
unsolved network, whilst the use of Eq. 3.4 requires that the receiving-end busbar voltage is
known (and a load-flow is often required to ascertain this). In Chapter 8, three assumptions
are made to facilitate the application of this approach as a means to solve a model network.

The original form of the analysis equation (Eq. 3.3) is used in Section 3.1.3 o investigate the
origins of the voltage rise effect and, in Section 3.2.1, to identify those network parameters
that are expected to affect the phenomenon. First, however, Section 3.1.2 discusses further
simplifications that can be made to the analysis equations when studying voltage regulation in
electrical networks.

3.1.2 Simplifications to the analysis equations

it is important to notice from Figs. 3.2a-b and 3.3a-b that the difference in magnitude between

Vyand V, is govemned almost entirely by the vector AV, whilst the difference in phase angle

between the busbar voltages is largely due to j6V. In fact, it is common for the term j5V to be
neglected when studying voltage regulation on electrical networks. This is because regulation
studies are usually only concerned with the magnitude of the voltage at different nodes in the
network. To good approximation, this effect can be understood using Eq. 3.3a alone, and Eq.
3.3 can be stated more simply as:

RP1 + XQ1

[Va| = Vi + AV = v, - v

(3.5)

This form of the regulation equation is used in the discussion of voltage regulation in passive
and active systems in Section 3.1.3.
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A second commonly-applied simplification to the voltage regulation equations is to neglect the
terms that are dependent on the branch resistance, R. This approach is adopted in many
engineering textbooks? for the study of voltage regulation in transmission networks, and is
justified on account of the high X/R ratios of typical transmission lines. The same assumption
cannot, however, be used in voltage regulation studies on sub-transmission and distribution
networks, owing to the lower X/R ratios that are encountered. To this end, line impedances
used for network modelling purposes indicate an average X/R ratio of 5.4 for 132kV lines and
a ratio of 13.5 for 400kV lines. At 11kV and 22kV, the X/R ratios of the line impedances
average 0.8 and 1.9 respectlively. It is thus clear that in sub-transmission and distiibution
networks, voltage regulation must be studied in terms of both branch resistance and
reactance.

3.1.3 Simple network analysis applied to passive and active systems

Passive distribution networks are characterised by unidirectional real power flows with the
power P, in Fig. 3.1 flowing from the source towards the load. Depending on the particular
network configuration and level of loading, the reactive power flow, Q,, may be directed either
as shown in Fig. 3.1, or in the reverse direction. In almost all rural feeder applications using
overhead lines and supplying loads at lagging power factors, however, the direction of Q, will
be towards the load. Under normal operating conditions, Eq. 3.3a indicates that there will be
a negative voltage change (or voltage drop) between the sending- and receiving-end busbars.
This condition is indicated in the vector diagram of Fig. 3.2a.

The introduction of DG to a feeder reduces the amount of real power, P,, that must be
supplied from the source, with the remainder of the load being supplied by the DG. This
reduces the magnitude of the term "RP{" in Eq. 3.3a and thus also reduces the voltage drop
between busbars 1 and 2 in Fig. 3.1.

in the event that the real power generation by the DG exceeds the local demand (either as a
result of excessive generation or minimal feeder load) it will reverse the direction of Py in Fig.
3.1. If the reverse flow of real power is of sufficient magnitude, it can overcome the voltage-
drop caused by the "XQ," term in Eq. 3.3a and will give rise o a net voltage rise between
busbars 1 and 2. Under these conditions, the network voltage will be highest at the DG
busbar as given by Eq. 3.5. This represents a significant departure from traditional passive
networks where the network voltage is almost always highest at the source busbar.

it is thus seen how Fig. 3.1 and Eq. 3.3a can be used not only in understanding voltage drops
on passive distribution systems, but also to understand the voltage rise phenomenon that
occurs in some DG applications. The mechanism by which the voltage rise effect occurs is
seen to be similar to that which causes voltage drops in passive syslems.

2 For example, Weedy {1994, p.80] and Jenkins et al. {2000, p.54].
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3.2 Understanding the Voltage Rise Effect

In this section, the voltage regulation equations from Section 3.1 are analysed in more detail
to identify those network parameters that affect the severity of the phenomenon. Thereafter,
the discussion of Section 3.2.2 indicates that typical parameter values from distribution
networks in South Africa are of a nature so as to aggravate the voltage rise phenomenon. In
Section 3.2.3, the simple voltage regulation formulae and the discussion of the previous
sections are used to identify actions that can be undertaken to mitigate the voltage rise effect.

3.2.1 Network parameters that influence the voltage rise phenomenon

The form of Eq. 3.3a suggests that feeder power flows (P; and Q) and network impedance
(R and X) are the most important factors when considering the voltage rise phenomenon. As
we do not expect the substation voltage, V,, to vary significantly from 1pu, the effect of this
term in Eg. 3.3a can be neglected. Slight variances in Vy will, however, have a significant
effect on the measured voltage at the DG installation (as described by Eq. 3.5), and the
source voltage is thus also an important study variable. Branch power flows, network
impedance and source voltage, in tum, are influenced by different network parameters and
operating conditions. These parameters and operating conditions are introduced in the
discussion below.

Branch power flows (P, and Q,). Branch power flows are determined by the magnitude and

location of network load relative to the DG. It is clear from Fig. 3.1 and Eq. 3.3a that load
of sufficient magnitude downstream of the generator will prevent the DG's real power
output from being exported towards the source. In fact, even load that is situated
upstream of the DG will reduce the extent of voltage rise at the DG busbar. This will
occur as a result of the DG's output power not having to flow across the length of the
feeder that connects the DG to the source. It is, however, expected that upstream load
will be more effective in reducing the voltage rise effect the closer it is located to the
generator.

The load power factor is also expected to be an important variable in the study of network
voltage regulation. By Eq. 3.3a, inductive loads give rise to voltage drops along the
feeder length. This effect is undesirable in passive distribution networks, but in DG-
installed networks will counteract the voltage rise phenomenon. Equally, a DG that
operates at a leading power factor will increase the level of reactive power supplied from
the source, and will thus limit the extent of voltage rise encountered. By the same
mechanism, DGs operating at lagging power factors will give rise to more extreme voltage
increases.
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Branch power flows are dependent on the voltage characteristics of the loads. These, in
turn, are closely linked to the type of load. Weedy [1994, p.137], for example, comments
how the real power drawn by heating loads varies with the square of the supply voltage,
whilst for lighting loads this relationship is closer to (voltage)"s. These types of loads will
help to counteract the voltage rise effect, since increases in the supply voltage are met
with increased real-power load magnitudes. The real power that is consumed by
induction motors remains constant with slight increases in supply voltage, although their
reactive power consumption can increase considerably. These devices will thus also tend
to suppress the voltage rise phenomenon in DG applications.

The magnitude, power factor, type, and location of load relative to the DG are thus
important factors when considering the DG voltage rise effect, as are the magnitude and
power factor of the generator's output.

Branch impedance (R and X). Branch impedances are governed by the line length/s between
the substation and DG busbars and the network loads. As with branch power flows,
branch impedances are dependent on the relative locations of the DG and loads with
respect to the source substation.

Branch impedances are determined by the impedance per-unit length of the line
conductor. The resistance per-unit length of a conductor is mainly determined by its
cross-sectional area and the resistivity of alloy/s used. Conductor resistance is thus
specific to a particular conductor type with higher capacity/thicker conductors having
lower resistances than thinner ones. The series induciance of a line (per-unit length)
varies logarithmically with increased phase spacing and is thus dependent on the voltage
level. This is because phase clearances are generally increased at higher voltage levels
so as to achieve an adequate level of insulation [Weedy, 1994, p112-117].

The increased inductance of overhead lines at higher voltages has a significant effect on
the X/R ratio of the line impedance. For example, an 11kV line strung with ACSR "Hare”
conductor has an X/R ratio of 1.16 while the same conductor at 88kV has an impedance
ratio of 1.47. By Eq. 3.3a, the line's X/R ratio affects the degree to which voltage
regulation is dependent on real or reactive power flows. Regulation on high voltage
networks is thus normally influenced more by reactive power flow than that of real power.
The converse of this is that reactive power flow has less influence on voltage regulation in
lower voltage networks although, as described in Section 3.1.2, its effect is still significant.

The branch impedances "R" and "X" in Eq. 3.3a are dependent on the network voltage
level. This is because the variables are expressed as per-unit quantities. In Appendix A
it is seen that the per-unit impedance base varies with the square of the voltage level.
Branch impedances for a given line/transformer thus decrease with the square of an
increase in voltage level.
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The line impedance that is seen from the DG jocation is reduced in the event that the
network is interconnected: operated in a ring configuration. Distribution networks,
especially at 66kV and below, are seldom interconnected, however, and the present study

focuses only on radial networks as a result.

Source Voltage (V;). Voltage variations at the source substation busbar occur in a similar

manner to those at the DG busbar — as a result of real and reactive power flow across the
source impedance. This being the case, Eq. 3.3a indicates that the magnitude and angle
of the source impedance and the magnitude and power factor of HV and MV network
loads (including the DG feeder and adjacent feeders) will be important factors determining
the voltage at the source substation. On-Load Tap Changer (OLTC) action of the
substation transformer, where installed and enabled, will affect the voltage level at the
source substation and must also be considered. Equally, the presence of a voltage
regulator between the DG- and source substation busbars will affect the "source” voltage

seen by the generator.

in summary, the above discussion indicates that the following ten factors are expected to be

of primary importance when considering the voltage rise effect on DG-installed feeders:

Factors affecting source voliage:

1.
2,
3.

Presence and method of control of source transformer OLTC and/or voltage regulator/s;
Source impedance (magnitude and angle),
Substation HV and MV busbar loads (magnitude and angle);

Factors pertaining to the DG:

4,
5.

Location relative to the source substation;
Power generated (magnitude and power factor);

Factors relating to the DG feeder:

6. Network voltage level;

7. Conductor type or types used;

8. Locations of specific loads;

9. Magnitude and power factor of load; and
10. Load type.

Although not apparent from the simple equations of Section 3.1, the study of the voltage rise
phenomenon must also include consideration of an eleventh factor:

11. Network limits for steady-state overvoltages.

This last factor is important, as it describes the extent to which the voltage rise phenomenon

can be tolerated.
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The eleven factors described above were identified from an analysis of Eq. 3.5 under the
assumption that a generator is installed on the feeder. In fact, as described in Section 3.1.2,
the same analysis is applicable to voltage regulation studies on traditional passive distribution
networks. It can thus be concluded that the first ten factors that were identified above as
influencing the voltage rise phenomenon in active networks will give rise to voltage drop
effects in passive systems. When performing voltage drop studies, the eleventh factor, the
network limit for overvoltages, must be replaced by the network undervoltage limits.

Distribution networks in South Africa were described in Chapter 1 as being most often
constrained by voltage-drop considerations. The "weak” nature of the country's distribution
systems is investigated in more detail in Section 3.2.2 to follow. This discussion is important
in view of the interrelationship between voltage drop and voltage rise phenomena that was
described in Section 3.1.3.

3.2.2 The voltage rise effect in South African distribution networks

The majority of rural distribution networks in South Africa are constrained by voltage-related
issues rather than capacity, waveform quality or electrical loss considerations. These
networks can be described as being electrically "weak".

The weakness of South Africa’s networks can most often be attributed to the sparsity of load.
This, in turn, arises from the low population densities in most of the country and translates
into average rural load density figures of the order of 100kVA/km?® This is in contrast to a
study from italy {Ippolito et al., 2003] that assumes load densities upwards of 10MW/km?Z.

The magnitudes of loads (i.e. load per customer) on rural networks in South Africa are also
low. This is evidenced by individual customers commonly being supplied through relatively
small (16-200kVA) distribution transformers [Carter-Brown and Gaunt (2003)].

The distributed nature of network load dictates that rural distribution feeders in South Africa
are long, with typical lengths ranging between 20km and 100km. By Eq. 3.3a, long feeders
are prone {o voltage-drop problems on account of their high resistance, and conductor sizing
is thus usually based on the limitation of this effect rather than on capacity or loss
considerations. Nevertheless, the economics of these lightly loaded networks is such that
relatively high resistance ACSR *Hare” or “Mink” conductors are commonly applied at
voltages up to 66kV. ACSR "Wolf' conductor is used widely at 88kV and 132kV voltage
levels.

The above discussion has serious implications for DG In South Africa. As described in
Section 3.1.3, the same factors that lead to voltage drop problems on “heavily” loaded
networks will give rise to voltage rise concerns on lightly loaded, DG-installed feeders. Thus,
voltage rise problems must be expected with increased penetrations of DG on local
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distribution networks. Further, given that local networks are significantly more sparsely- and
lightly-loaded than typical systems in other countries, it is to be expected that the voltage rise
problem will be more severe in South Africa than elsewhere.

Another effect of the low loading on rural feeders in South Africa is that HV/MV substation
transformer capacities are low, ranging from 750kVA. This gives rise to high source
impedances as seen from substation busbars and, by the analysis of Section 3.2.1, is also
expected to affect the degree of the voltage rise phenomenon in local DG applications.

The qualitative description of local distribution systems indicates that the nature of the
network parameters is such as to cause an exaggeration of the voltage rise phenomenon as
compared to experiences from other countries. It is thus increasingly important that the
factors affecting the voltage rise phenomenon are well understood, and that effective
solutions to the problem are found. In this regard, Section 3.2.3 extends the simple analysis
of the previous section to evaluate the options for the mitigation of the voltage rise effect.

3.2.3 Mitigation of the voltage rise effect

A number of authors describing DG-initiated voltage rise (for example, Masters [2002] and
Cigré [2002, p.41-2]) list five standard options for the mitigation of the problem. These
include:

{i)  reducing the sending-end substation voltage,

(i) having the DG operate at a leading power factor,

(i) installing a voltage regulator on the DG feeder,

{(iv) upgrading the feeder to a conductor of larger cross-section, or
(v) constraining the generator.

It is seen in the present section that the means by which each of these options brings about a
reduction in the voltage rise effect can be understood from Eq. 3.5. The form of this equation
suggests that the possible solutions must influence at least one of the variables: "R", "X", "P",
"Q" or "W¢", as described in Table 3.1 below:
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Table 3.1. Voltage rise mitigation options evaluated in ferms of the
voltage regulation equation (Eg. 3.5).

Option

influence on Eq. 3.5

Reducing the sending-end voltage.

Reduces V¢ and allows for increased voltage rise
before regulatory limits are exceeded.

Operating the DG at a leading
power factor.

Increases Q.

Installing a voltage regulator.

Affects V; and X, Details of this option are not clear
from the simple analysis.

Up-rating the conductor.

Reduces R.

Constraining the generator.

Limits the extent of real power export, Py, towards the

source substation. This may be achieved by limiting
the DG output, or stipulating that the DG can operate
only during times of heavier network loading.

The modes of operation of two further solutions to network voltage rise problems are aiso
apparent from Eq. 3.5:

Option influence on Eq. 3.5
Operate the DG feeder as a ring | Reduces R and X. The feasibility of this solution will
network. depend on the physical layout of the network. It may

also create complexities with regard to feeder
protection and is not considered further in this study

Use the DG feeder to "back-feed”
an adjacent network via a tie-point.

Reduces magnitude or prevents P, flowing towards
the source.

The form of Eq. 3.5 provides an indication of the effectiveness of some of the solution
methods. It is clear that the option of having the DG absorb reactive power will be more
effective on higher reactance networks. Conversely, as described also by Cigré [2002, p.9],
this solution will be less effective on cable networks as a result of their low series

inductances.

From the discussion of this section, the simple voltage regulation equations are found to be
useful in understanding the means of operation of each of the voltage rise mitigation options.
In some cases, the equations also provide an indication of the efficiency of the method, but
this cannot be exiended to evaluate the relative efficiencies of the different options. The
promising results of this section indicate, however, that the method might be extended to fulfil
such a function. This is developed further in Chapter 6.
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3.3 Chapter in Perspective

Voltage regulation in electrical networks can be understood using simple linear expressions
that describe the voltage drop or rise between sending- and receiving-end busbars in terms of
branch impedances and power flows. Application of the voltage regulation equations appears
limited, however, since they cannot normally be used on unscived networks (i.e. networks
whose busbar voltages are not know). Nevertheless, the simple mathematical form of the
equations provides for easy analysis of the voltage rise phenomenon and hence fulfils one of
the requirements for a generalised analysis tool. In Chapter 6 it is seen that, by drawing
some assumptions regarding network conditions, it is, in fact, possible to apply Eq. 3.5 to
solve a model network. In this way, Eq. 3.5 is used as the basis for a generalised approach
to evaluating voltage rise in DG-installed networks.

Chapter 4 explores two of the factors that were identified in the present chapter as affecting
the extent of the voltage rise effect: busbar source impedance and methods of voltage control
in distribution networks. The former topic is based on a study of three-phase fault levels at
busbars in South Africa and is used later in further discussions regarding fault-level-based
approach to evaluating DG penetration limits.

Chapter 4 also includes a discussion of voltage regulation limits in South Africa. In later
chapters these will form a basis for defining a penetration limit for DG in terms of the voltage

rise phenomenon,.
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Chapter 4
Voitage Control and Regulation Limits in Distribution Networks

Chapter 3 identified eleven factors that are expected to affect the voltage rise phenomenon in
DG-installed networks. The effect of one factor, the presence and method of control of
substation transformer OLTCs and/or voltage regulators, was not clear from the simple
analysis of voltage regulation and was identified as a topic for further investigation. This
discussion is included in Section 4.2 of the present chapter.

Section 4.3 explores a second factor: the regulatory limits for voltage regulation in South
Africa. This section also includes a review of current Eskom planning philosophies that will
influence the extent of the aliowable voltage rise on selected DG-installed feeders.

First, however, Section 4.1 includes a study of busbar source impedances in South Africa.
These were identified in Chapter 3 as a third factor of influence when studying network
voltage rise. This topic is closely related to that of busbar fault levels that were identified in
Chapter 2 as being indicators of allowable DG penetration.

4.1 Busbar Source Impedances in South Africa

The source impedance seen from a point in an electrical system is the result of an often-
complicated network of series and parallel impedances. Referring to Fig. 4.1 below,
fransformers and lines are represented as series impedances, whilst loads are described as

paraliel impedances.

Series Impedances of Lines and

/ Transformers \
!r;fir;ite Source impedance seen
Source <— from a point In an electrical
l\ ¢ nietwork
A

Parallel Load impedances

Fig. 4.1. Source impedance seen from a point in an electrical network.

Accurate source impedance statistics are seldom available for busbars in distribution
networks. This is most often due to a lack of information regarding network loading, as up-to-
date records of network series impedances are usually kept. The latter information is
required for the calculation of busbar fault levels that are used in a number of engineering
applications, including network planning and protection co-ordination.
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It was mentioned in Chapter 3 that distribution networks in South Africa are generally lightly
loaded. Load impedances - especially those near to the distribution substations - will thus be
high. These impedances decrease at higher voltages, corresponding to increased levels of
loading, but so too do the series impedances of the higher capacity lines and transformers.
This being the case, the source impedance at a busbar can be estimated reasonably
accurately even if load impedance is neglected. The source impedance at a particular busbar
can be approximated by considering the three-phase fault level at that point. In neglecting the
influence of upstream load, this approach will provide a worst-case estimate of the source
impedance.

Each of Eskom's Distribution regions compiles an annual report of calculated fault levels at all
MV and HV busbars in their area. These reports were used to compile the cumulative
percentile fault level distributions in Figs. 4.2 and 4.3 below. The first figure describes the
fault level distributions at source busbars for voltage levels from 11kV to 88kV. Source
busbars are defined here as busbars on the secondary side of HV/MV transformers. These
busbars are typically "sources” for radial sub-transmission and distribution feeders to which
DGs could be connected.
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N
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o 0% ; / E 3:?kv—>/‘rhf_,ﬂ——~sskiv
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Three-phase fault level (MVA)

Fig. 4.2. Cumulative percentile distribution of source-busbar fault levels
in South Africa.
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The "88kV" curve in Fig. 4.2 indicates that 50% of all 88kV source busbars in the Eskom
system have three-phase fault levels below 805MVA. This corresponds to source
impedances greater than or equal to 0. 124pu’.

The 20", 50" and 80™ percentile fault levels for each voltage level (derived from Fig. 4.2) are
shown in Table 4.1 below. The table lists the number of busbars in each voltage level that
were considered in the survey. Typical rupturing capacities of outdoor circuit breakers, based
on information received from two interational breaker manufacturers®, are also presented in
Tabile 4.1 for comparison with the local fault level data.

Tabie 4.1. Percentile source-bushar MVA fault levels per voltage level.

Voltage No. of Percentile Fault level (MVA) Typical Breaker
Level Busbhars 20% 50% 80% ratings (MVA)
11kV 713 41 88 167 476!
22kV 446 49 84 166 g52'
33kV 93 224 425 697 14281
66kV 57 219 387 807 2857"
88kV 54 482 805 1233 6096*

T Calculated using a 25kA breaker rating
¥ Calculated using a 40kA breaker rating

The fault level data presented in Fig. 4.2 and Table 4.1 demonstrates a marked decrease in
fault levels at lower voltage levels. This is fo be expected, given the lower capacity (and
hence high impedance) feeders and fransformers that are typical of lower voliage systems.
The increasing number of source busbars at lower voltages that is apparent from Table 4.1 is
also typical of distribution networks that become more dispersed nearer the customer supply
voltages.

Comparison of the busbar fault level statistics with international breaker ratings in Table 4.1
indicates the relative weakness of South African networks with respect to world standards.
The table indicates that in 80% of applications on 11kV, 22kV, 66kV and 88kV networks, the
fault level falls below thirty percent of the switchgear rating. In Section 1.1 it was described
how the fault current contributions by DGs in some countries can cause switchgear to operate

! The fault level data that is presented in Fig. 4.2 and Table 4.1 can be expressed as an equivalent per-
unit source impedance using Eq. 2.2

2 The |EC specifications for current ratings of switchgear include a wide range of options including: 1,
1.25, 1.6, 2, 2.5, 3.15, 4, 5, 6.3 and 8A and their multiples of ten up to 80kA [IEC60059, 2002, p.71].
Telephonic discussions with switchgear manufacturers ABB and Alstom (on 18 Feb 2004) indicate,
however, that 40kA ratings are preferred at 132kV and 88kV voltage levels (although Eskom Distribution
specifies 31.5kA), whilst 20kA or 25kA ratings are most often used at voltage levels of 11kV to 66kV.
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beyond its limits. The results of Table 4.2 indicate that this is unlikely to occur with DG
applications in South Africa.

The low fault levels at source busbars in South Africa are significant since these represent the
highest fault levels on the respective networks. Particularly at lower voltage levels, fault
levels are expected to decrease rapidly along rural feeders on account of the high line
impedances. In this regard, Fig. 4.3 shows a comparison of percentile fault level distributions
for 33kV and 88kV source and load busbars. Load busbars are defined as those fed via a
sub-transmission or distribution line and typically comprise the HV busbar of a downstream
substation.
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Fig. 4.3. Comparison of source- and load-busbar fault levels in South Africa.

Fig. 4.3 indicates that there is a greater variation between source- and load-busbar fault
levels at the lower voltage level. The "33kV load" distribution is approximately 60% lower
than the distribution for source busbars, and indicates that the fault level at the connection
points for DGs will often be significantly lower than at a source substation.

A better understanding of the nature of busbar source impedances is derived from an analysis
of the source impedance angles. To this end, histograms of the source impedance angles for
11kV, 33kV, 86kV and 88kV busbars were calculated from X/R ratio data provided in the
Eskom fault level reports. These are presented as Figs. 4.4a-d below. The source
impedance angles for source and load busbars are displayed separately at each voliage
level. No data was available for fault levels at 11kV load busbars, since very few of these are
modelled. The histograms in Figs. 4.4a-d have been normalised for ease of comparison.

Page 36 Chapter 4



| & Source Busbars [ fiload Busbars @ Source Busbars

50% - LTI 3 50%
40% 40%
2 0% Expected distribution of fault 2"
E level angles at Load Busbars £
3 30% 2 8 30%
5 / 5
£ 20% e g 20% -
o > i
@ 4 (3
o 0% o 10% -
0% i 0% - i
D % % % D G v e D B D P % D % % G v 9 B D
Source impedance angle (degrees) Source impedance angle (degrees)
Fig. 4.4a. Normalised histogram of source Fig. 4.4b. Normalised histogram of source

impedance angles of 11kV busbars in South Africa. impedance angles of 33kV busbars In South Africa.

[ W Load Busbars  m Source Busbars | L Bload Busbars @ Source Busbars ]

50% 50%
o 40% o 40%
=N Q.
E E
& 30% % 30%
= / \ 5
T 20% & 20%
8 o
@ L
0 10% - 0 10%

0% - 0% -

o % D B DG 0D D 2 % D % D B 0D HD
Source impedance angle (degrees) Source impedance angle (degrees)
Fig. 4.4c. Normalised histogram of source Fig. 4.4d. Normalised histogram of source

impedance angles of 88kV busbars in South Africa.  impedance angles of 88kY bushars In South Africa,

Two important trends are apparent from the histograms of Figs. 4.4a-d:

1. The source impedance angles at source busbars are high, and tend towards ninety
degrees as the voltage level is reduced. This indicates that source impedances at source
busbars are dominated by the impedances of the upstream transformers. Transformer
impedances are almost entirely reactive, and are often modelled as pure inductances.
The increase in source impedance angles for source busbars at lower voltages is thus
indicative of small (and hence high impedance) transformers at distribution substations.

2. The source impedance angles for ioad busbars are distributed around the impedance
angles of lines. Lines at 33kV and 66kV have impedance angles in the region of 55°
while 88kV line angles are of the order of 60° or 65°. The load-busbar distributions in
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Figs. 4.4a-d are thus seen to be dominated by the contribution to the impedance angle of
the line, rather than the source transformers. This trend will be applicable also to 11kV
load busbars as indicated by the dashed-line distribution in Fig. 44a.

The highly reactive nature of source busbar impedances in South Africa is of importance for
DG applications in this counfry. The discussion of Section 3.1 indicated that voltage
drops/rises are dependent on the product of branch resistance and real power flow and
branch reactance and reactive power flow. It can be deduced from this that DGs operating at
relatively high power factors will not drastically alter the substation busbar voltages, even in
the event that its output is exported back through the substation's power transformer/s. In
Section 4.2, it is found that the action of a transformer OLTC, in any case, compensates for
the effect of busbar source impedance on the DG-initiated voltage rise.

4.2 Voltage Control in Distribution Networks

For many years, voliage control in distribution networks has been achieved predominantly
through the use of On-Load Tap Changing (OLTC) of the substation-instalied power
transformers. In more recent times, line-installed voltage regulators are also being used fo
support the voltage on weak networks at times of heavy loading. This section includes a
description of both types of devices and a discussion of their controller settings. Details
regarding the modelling of these devices for planning purposes are also included.

4.2.1 Basics of Step Voltage Regulating Transformers

Transformer Tap Changers - OLTCs and OCTSs

A tap changer is a mechanical switching device that is used to alter the number of turns on
either the primary or secondary windings of the power transformer to which it is fitted. In
three-phase transformers, a single mechanism is provided that alters the turns ratio of all
three phases in equal increments at the same time. The most basic type of tap changer,
designed for operation only under no-load conditions, is called an Off-Circuit Tap Switch
(OCTS). This type of tap changer provides limited (fixed) support of secondary voltages, as it
is unable to react to changes in voltage that occur as a result of load fluctuations. It is,
however, common for MV/LV distribution transformers to be fitted with OCTSs and it will be
seen in Section 4.3.2 how judicious setting of these devices can influence on the voltage
regulation limits on the MV system.

An On-Load Tap Changer is more versatile than an OCTS. The tap change mechanism is
motorised and is fitted with current diverter switches that permit the alteration of winding ratios
without interrupting supply or creating short circuits in the transformer windings. An OLTC
can be automatically controlled using a suitable relay to support the MV network voltage
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during periods of heavy loading and, if required, can buck (i.e. reduce) the voltage during off-
peak times [Thomson, 2000a).

Heathcote [1998, p.170-2] describes how power transformers operated on HV networks with
+5% regulation limits® are normally provided with +10% tapping ranges, but with an offset
nominal voltage ratio o provide an effective -5%/+15% buck/boost capability. The increased
MV voltage boosting capability is provided so as to allow the MV voltage to be regulated at a
value above nominal even during times of minimum HV voltage. The tapping range is
normally divided into 17 equal tap steps of 1.25% each and with tap 5 corresponding fo
nominal voltage. Transformers with fifteen 1.43% tap steps also are available to implement
(non-offset) £10% tapping ranges [Thomson, 2002a)]. Both varieties of tap changer are used
in South Africa, although the 17-tap version is by far the more common (and is the current
industry standard).

Tap changers are usually installed on the HV winding of a transformer so as o exploit the
lower current (compared to that in the secondary winding) that must be "diverted” during a
tapping operation [Heathcote, 1998, p.35]. Increments in HV turns in 1.25% steps give rise to
voltage increments on the secondary winding of between 1.15% and 1.71% per tap: minimum
variation for a transition from tap 1 to 2 and maximum variation between taps 16 and 17.

Transformerfiap changer combinations are generally cheaper than similarly-rated voltage
regulators. They also take up less space and are thus generally preferable to voltage
regulators in substation environments. Voltage regulators are favoured for installations "out
on the line".

Voltage requiators [Carter-Brown, 2002b]

Voltage regulators are auto-transformers that are fitted with a tapped series (secondary)
winding (or windings) so as to provide +10% regulation of the secondary voltage with respect
fo the primary. On three-phase systems, either a single-unit three-phase regulator or a
combination of single phase units can be used.

Three-phase voltage regulators are similar to transformer tap changers in that they include a
ganged mechanism that alters the ratio of all three phase windings at the same time. These
units are, however, much more expensive than an equivalent installation using single-phase
units* and this type of unit is unlikely to find future application in South Africa. Nevertheless, a
number of older three-phase regulators are in use on South African reticulation systems.

* Voltage regulation limits in South Africa are described in detail in Section 4.3.
* Carter-Brown comments that a three-phase regulator typically costs the same as four equivalently
rated single-phase units.
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The industry standard for single-phase voltage regulators, often termed "cans” as a result of
their appearance, is +10% regulation in 32 steps (16 up and 16 down). This equates to tap
steps of 0.625%. Single-phase regulator cans can be combined in three different
configurations for use on three-phase systems. Two of these configurations are applicable to
the delta-connected (three-phase with no neutral conductor) systems that are typical of
reticulation networks in South Africa: Open Delta and Closed Delta configurations. Open
Delta applications use two regulator cans to provide +10% regulation on all three phases,
while a three-can Closed Delta configuration allows for +15% regulation. Open Delta
applications are commonly used in South Africa with a possible upgrade to a three-can
instailation if needed.

4.2.2 Basic Tap Changer & Voltage Regulator Controller Settings

The automated control of transformer OLTCs and voltage regulators is achieved using
Automatic Voltage Regulating (AVR) relays of very similar design. In fact, the fundamental
features of these controllers are identical and are described below. Some additional relay
features, one particular to OLTC controllers, are described in Section 4.2.3 to follow.

In their most simple form, AVR relays monitor the voltage of the transformer secondary
against a setpoint and initiate up- or down tap operations as required. The voltage setpoint is
an adjustable relay setting that is normally calibrated as a percentage of system rated
voltage.

it is common for confrolled busbar/node voitages to be maintained at values above nominal -
fypically 103% - so as to ensure adequate regulation at the most remote end of the feeder.
Higher setpoint voltages (up to 104%) are also commonly applied in South Africa, although
Carter-Brown [2002c] comments that: "the operation of MV networks with sending voltages in
excess of 105% is only to be considered in extreme emergency conditions, and then only for
a limited time (typically a maximum of a 48 hour pericd)" (p.20).

Owing to the discrete nature of the winding taps, it is not possible for the regulating device's
secondary voltage to be maintained exactly at the setpoint value. To accommodate this, AVR
relay designers have defined a "dead-band” around the voltage setpoint inside which the MV
voitage is deemed to be acceptable and the tap changer/reguiator is not required to operate.
The dead-band is centred at the setpoint voltage, and its "width" is governed by a relay setting
termed the “bandwidth® (refer to Fig. 4.5 below). As with the reference voltage setting,
bandwidth is normally specified as a percentage of nominal voltage.
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It is common for AVR relay bandwidths on distribution transformer OLTCs to be setto 1.4% or
1.5%. This selting in chosen to accommodate two considerations:

1. It must be ensured that the OLTC dead-band is larger than the maximum voltage step for
a transition from one tap to another (given in Section 4.2.1 as 1.71% for a 17 tap
transformer) so as to prevent a phenomenon termed "hunting”. Here the device
successively taps up and down, as it is unable to reach a stable operating point in any tap

position [Thomson, 2000a].

2. The bandwidth setting must be higher than that of the upstream OLTC transformers® to
ensure that the optimal device reacts first for any given change in network voltage [De
Jongh, 2001]. For example, @ change in the transmission system voltage should be
regulated for the sub-transmission and distribution networks by the EHV/HV OLTCs and
not those on the HV/MV transformers. This concept is similar in principle to that of
grading the pick-ups of overcurrent relays that are in series (as well as providing time

grading).

To accommodate the above considerations, a bandwidth setting of 1.6% is typically used on
AVR relays for voltage reguiators.

it is important to notice that the basic algorithm of AVR relays is unaffected by the direction of
power flow or the load power factor. These devices will thus continue to regulate the chosen
busbar voltage irrespective of the presence or absence of DG on the feeder. This is because
the network voltage remains referenced to the grid (a near-infinite source) rather than to that
at the DG bushings.

4.2.3 Advanced AVR relay features

The previous discussion of tap changefregulator control focused only on the most basic
methodology, whereby the transformer secondary voltage is held at a constant setpoint and,

SEHV/HV transformers in South Africa typically use bandwidth settings of 1.2% [De Jongh (2001)].
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in the specific case of OLTCs, the transformer is not operated in paralle! with another unit. In
practice, a number of more advanced control features are available. Detailed discussion of
these features is beyond the scope of this study, but, for completeness, those features that
will be affected by the introduction of DG are briefly described under two sub-headings to
follow.

4.2.3.1 Line Drop Compensation

The Line Drop Compensation (LDC) method allows the AVR relay to regulate the voltage at a
point downstream of the OLTC/regulator's location. It achieves this by calculating the voltage-
drop/rise to the remote busbar using phase-current measurements at the OLTC/regulator
installation and information regarding the branch impedance to the remote node. This voltage
drop/rise is then added to the measured local voltage value and the resultant is assumed to
be the actual voltage at the remote location. The AVR relay then controls the OLTC/regulator
in such a manner that the remote (calculated) voltage is maintained at the relay setpoint. Itis
seen from Fig 4.6 below that the effect of LDC is to raise the local busbar voltage as the load
increases.

R+jX
e Load
'Load
OLTC/regulator Remote Busbar
installation
: -
100% No Load (100%)

Yoltage profile
Half Load (95%) (™ “without LDC

Full Load (90%)
<

Full Load (110%),

Half Load (105%), . Voltage profile

100% with LDC

No Load (100%),

Fig. 4.6. The effect of LDC on the voltage profile of a distribution line.
[Carter-Brown, 2002b, p.22]

Application of LDC to OLTC and regulators on distribution networks can give rise to large
increases in effective network capacity. This is because the technique helps to maintain the
voltage profile “centred” within the allowable voltage band and hence allows for greater
voltage drops before statutory regulations are violated [Carter-Brown, 2002¢, p.8-10]. The
theory by which LDC operates, however, is dependent on the transformer/s being the only
source of power to the MV network in question. It is well documented by Thomson [2000a},
Persaud et al. [1999] and Salman et al. [1996] that the inclusion of DG on such a network can
at best reduce the effectiveness of LDC, or, in the worst case, make the technigue completely
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unviable. In any event, LDC is difficult to apply at substations that supply multiple feeders,
and as a result is not commonly used on OLTC controllers in South Africa. The LDC
technique is also seidom used on voltage regulators.

4.2.3.2 Neqgative Reactance Compounding (NRC) for Parallel Control of Transformer OLTCs

OLTC-enabled fransformers that operate in parallel must be prevented from running on widely
differing taps. This is because tap differences give rise to circulating currents between the
transformers. Circulating currents lead to premature insulation ageing and limit the units'
load-carrying capacities. in the past, transformers operating in parallel were maintained on
the same tap through the use of the "master-follower” technigue. While this method of
parallel conirol was effective, it was found to limit the flexibility of some substations as it
restricted the possible different groupings of paraliel transformers. To overcome this, AVR
relay designers developed a technique called "Negative Reactance Compounding” (NRC),
whereby a transformer could independently determine whether or not it was the sink or
source of circulating current (and hence whether it was out of step with a parallel unit).
Although the method of application differs between relay manufacturers, the essence of NRC
is that each AVR relay calculates how much reactive current its transformer should be
carrying, assuming that the load current is at a pre-defined power factor. The relay compares
this value with the measured value for reactive current and deduces that the difference in the
two values is due to circulating current. Where necessary, corrective tapping instructions can
then be issued by the tap change relay.

The effective operation of NRC is reliant on the actual load power factor being relatively
constant and its average value being near to the pre-set relay sefting. The introduction of DG
to a distribution feeder (especiaily one operating at unity or a leading power factor) tends to
reduce the power factor seen by the source transformers. Thomson [2000b] describes further
how the accuracy of NRC relays is negatively affected by DG. The resulis are significant
because certain electronic AVR relays (for example, the SuperTapp relay from Reyrolle) use
NRC as their only algorithm for parallel control. Modern microprocessor-based AVR relays
offer alternative parallel control algorithms that are unaffected by the presence of DG, but
NRC techniques remain the only option when paralleling transformers that use AVR relays
from different manufacturers.

4.2.4 Modelling of Yoltage-Controlied busbars for planning purposes

Voltage studies on passive distribution networks have traditionally been completed under the
assumption that the voltage of an OLTC-regulated substation busbar remains constant at the
OLTC setpoint value [Carter-Brown, 2002c, p.31]. This is equivalent to assuming that the
regulated busbar is an infinite source of zero impedance and neglects the effect of the OLTC
bandwidth. The former assumption, however, bears further justification given the findings of
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Section 4.1 regarding the high source impedances that are encountered at busbars in South

Africa.

From the simple analysis of Section 4.2, the actual voltage of the regulated busbar will vary
within the OLTC dead-band in accordance with changes in load across the source
impedance. For a setpoint of 103% and bandwidth of 1.4%, this corresponds to a stable band
of operation between 101.6% and 104.4%. The instantaneous busbar voltage is, however,
almost impossible to model accurately, as it is dependent on the instantaneous network
loading both upstream and downstream of the substation busbar. In the absence of a more
detailed model, the assumption of a busbar voltage that is fixed at its most likely value is used
as the best alternative. Here, it must be noted that the actual magnitude of the busbar source
impedance does not affect the validity of the infinite source assumption. Rather, it will only
affect the rate at which the busbar voltage changes within the OLTC dead-band with changing
load (and hence the number of tap operations per day/month).

in Section 4.1 it was seen that, owing fo the highly reactive nature of substation source
impedances, DG is unlikely to give rise to voltage problems on the HV terminals of step-down
transformers. This, combined with the above discussion, indicates that substation source
impedances can be completely neglected when studying the DG voltage rise effect.

Application of the infinite source model for planning purposes gives rise to a window of
uncertainty around the predicted voltage values. This window corresponds to the dead-band
of the OLTC controller. Carter Brown [2002¢, p.31] comments, however, that this effect can
be neglected, because steady-state voltage limits and those for transformer fluxing are linked
to the average value of the voltage supplied, and that this corresponds to the OLTC setpoint
figure.

The discussion above indicates that the planning practice of modelling a regulated substation
busbar as a fixed-voitage infinite source is adequate for voltage studies, even in weak
networks (provided a substation OLTC is installed). In fact, a similar argument can be made
for the modelling of nodés whose voltage is controlied by a voltage regulator. in the case of
voltage regulator installations, however, the effect of source impedance cannot be completely
neglected. This is because the source impedance seen by a voltage regulator will be much
higher than that encountered in a substation, and "back generation” through a regulator may
well give rise to overvoltages on the regulator's primary bushings. This indicates that voltage
studies on regulator-installed networks must be considered in two parts: one study on the
network downstream of the regulator location and a second study on the network between the
OLTC-regulated busbar and the voltage regulator. This is a significant finding in the context
of voltage rise studies with DG on radial networks, as it indicates that the effect of a voltage
regulator can be studied using a simple, infinite source model that does not specifically
include a model for the regulator. In fact, it is seen in Chapter 9 that it is possible to infer the
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influence of a voltage regulator on the DG voltage rise problem from the results of studies
performed on networks that are not fitted with these devices.

4.3 Voltage Requlation Limits in South Africa

The emphasis of this study is on DG connected to distribution networks at medium (1kV -
33kV) and high voltages (33kV — 132kV). It will be seen presently, however, that practical
voltage regulation limits for MV networks are closely linked to the regulations for low voltage
supplies. As a result, this section begins with a discussion on regulatory limits for HV, MV
and LV networks in South Africa. The current network planning philosophies as applied by
Eskom Distribution are described thereafter, and it is seen that compliance with these
philosophies may be more of a constraint to DG applications than the statutory limits.

4.3.1_Statutory voltage regulation limits

Voltage regulation limits for LV networks in South Africa are defined in the South African
Electricity Act (Act 41 of 1987) and NRS048:2. The standard for new customers is 400/230V
(three-phase/single-phase) with an allowable variation of £10%. Prior to 1990, however, the
Electricity Act specified limits of 380/220V 5%, although Eskom designed and contracted io
380/220V £7.5% in supply agreements during this time [Carter-Brown, 2002a).

In Eskom, the voltage regulation limit for direct supplies to customers at medium and high
voltages is normally contracted as a default value of £7.5%, although Carter-Brown [2002¢,
p20] stipulates that the actual voltage must fall within +5%, -7.5% under normal network
conditions. in the absence of a confractual agreement, NRS048:2 stipulates that the
maximum voltage regulation range for MV and HV supplies is limited to £5%.

The above discussion might lead to a conclusion that, in terms of voltage regulation, the
maximum permissible penetration of DG onto a distribution network must, in the worst case,
cause the MV or HV network voltage to rise to a maximum of 105% of nominal. Indeed, this
is true of HV networks, and would be true of MV systems were it not for the newly-adopted
planning strategy in Eskom Distribution regarding the apportionment of voltage drops
between MV and LV networks. It will be seen presently that in certain DG applications, the
maximum prescribed voltage at MV-connected DG locations may be less than 105%.
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4.3.2 Voltage Apportionment in Eskom Distribution

In distribution networks, voltage apportionment for a particular LV service point (or zone of
service points), refers to the act of prescribing the maximum voltage drop to the MV and LV
networks such that the nominal #10% statutory limit is maintained at the customer's
installation. Until recently, there was no standard in Eskom regarding the apportionment of
volt drops when planning, designing and operating distribution networks. This situation has
changed with the approval of an Eskom Distribution Standard entitled “Distribution voltage
regulation and apportionment limits” in October 2002,

The new Eskom standard is based on research by Carter-Brown [2002¢] into the substantial
cost savings that can be realised by assigning voltage apportionment limits to different types
of distribution feeders. The standard considers traditional passive distribution feeders only,
but will have a significant impact on certain DG applications.

The application of voltage apportionment in distribution feeders can be considered in terms of
two options, although variations of these are also described in the Eskom standard. The first .
case refers to urban networks or rural/electrification networks with good MV voltage
regulation, whilst the second is used for longer rural lines typical of many South African
feeders.

4.3.2.1 Voltage apportionment on urban-type networks and its affect on DG

For urban-type networks where the load density is relatively high, research has shown that
significant cost savings can be achieved by specifying a smaller range of variation for voltage
drops on the MV system, and allowing greater voltage drops over "weaker" LV systems.
Examples given in the standard show that in many cases (specifically in electrification
projects), the savings on LV connections that are brought about through the use of this design
philosophy can normally more than justify the expenditure on voltage regulators that may be
required to adhere {o the MV volt drop limits.

The application of this planning philosophy is significant for possible DG applications, as large
fluctuations in MV voltage will not be tolerated. This is because the design philosophy relies
on the MV voltage being stable. Considering the network as a traditional passive system, the
Eskom standard stipulates that the highest MV voltage on this type of feeder must be limited
to under 104%. lt is reasonable to assume that a similar limit would apply to a DG busbar on
such a feeder.
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4.3.2.2 Voltage apportionment on rural networks and the philosophy of OCTS tap zones

It was seen in Section 4.1 that rural distribution networks in South Africa are generally long,
with relatively low load densities. In the Eskom system, customers are often supplied from
dedicated MV/LV transformers and the meter is commonly installed on the same structure as
the transformer. As a result, LV volt drops on such feeders are generally small. This
phenomenon enables planners to apply wider voltage regulation limits on the MV system and
still maintain the LV voltage within 10% of nominal.

A new method of applying OCTS settings for MV/LV distribution transformers on rural feeders
allows for even greater MV voltage drops in some networks [Carter-Brown, 2002c].
Previously, the tap changers of these transformers would be set to the same nominal boost,
irrespective of the their specific locations on the feeder. The new approach involves the
division of a feeder into “tap zones”. These zones are defined according to the maximum MV
voltage during normal network conditions and represent a section of the feeder in which the
MVILV transformer taps are set the same. The division of a feeder into more than one zone
allows different transformer tap settings to be applied for units at different locations: less
boost near the source, and successively greater boost in areas where the voltage is always
below certain set thresholds. The concepts described above are illustrated in Fig. 4.7a and
Fig. 4.7b.

A 1. Maximum OCTS boost determined at first transformer
installation: the upper LV regulation limit must not be
+10% LV voltage regulation limit violated under low load condilions.

file: ligh
l\ \{ LV profile: light load

MV profile: light load

Voltage

7

MV profile: heavy load

.................................................... AN

-10% LV voltage regulation limit 2. MV profile can only drop this far under
heavy load condifions whilst maintaining
the LV voltage within the regulatory limit.

& LV profile: heavy load

7\
Distance from source
Fig. 4.7a. Voltage profile of a MV feeder indicating the previous approach to setting

MV/LV transformer QCTS boost settings - all transformers set with equal boost.
[Carter-Brown, 2002¢, p.10]
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Fig. 4.7b. Voltage profile of a MV feeder indicating the new approach to setting MV/LV
transformer OCTS boost settings - settings increased further from the source.
[Carter-Brown, 2002¢, p.10]

Carter-Brown [2002c] shows that in the best case, the application of different tap zones on a
feeder will increase the allowable MV voltage drop (during periods of peak loading) in one
zone by 2.5% and in the zone most remote from the source by 5% of nominal. This, in turn,
can be related to a significant increase in the carrying capacity of the feeder or a significant
saving in network upgrade costs.

It is important to notice from Fig. 4.7b and the discussion above that the application of the
zone approach to applying OCTS settings is dependent on the maximum MV voltage at the
transformer location. The introduction of DG on a distribution network will almost always give
rise to an increase in voltage at the point of generator installation. The inclusion of any DG on
a feeder could thus be expecied to raise the maximum voltage in a portion of the network and
limit the opportunity for applying OCTS tap zones. In the worst case, DG that raises the
voltage on a significant portion of the network to above 103% could prevent the OCTS tap
zone philosophy from being used at all. In this way, the inclusion of DG onto such a feeder
could be seen to actually reduce the carrying capacity of the feeder (or give rise fo exira
capital costs for network upgrades).

At this point, it must be stated that the benefits of setting MV/LV transformer OCTSs using tap
zones may not be as great in all applications. For example, on feeders with customers taking
supply at MV, planners will have to ensure that the MV voltage is always greater than 82.5%
{nominal minus 7.5%). In this case, it may not be possible to fully utilise the OCTS tap zones
whose application could possibly allow the MV voliage to deviate even below 90% whilst still

Page 48 Chapter 4



maintaining satisfactory LV regulation. Significantly, in this study we are primarily concerned
with DG connected at MV and HV voltage levels, and it may be that the negative effect of DG
application on the standard Eskom approach to OCTS sefting can be overlooked in some
cases.

4.4 Voltage Rise Factors Revisited

The discussion of Section 3.2 identified eleven factors that were expected to influence the
voltage rise effect in DG-installed networks. The discussion of the present chapter has
identified three amendments that can be made to this list. These include:

1. Source impedance can be neglected if the substation busbar vollage is reguiafed by
OLTC action. The effect of source impedance can be neglected despite the discussion of
Section 4.1 that indicated relatively high impedances at many busbars in South Africa.

2. Substation HV and MV busbar loads (excluding load on the DG feeder) can be neglected
if an OLTC is in operation at the source substation. An OLTC-regulated busbar is
equivalent to an infinite source of fixed voltage. Voltage regulation on the DG feeder is
thus unaffected by the presence or absence of adjacent feeders at the source substation.

3. Voltage regulators need not be modelled for their influence on the voltage rise effect to be
studied. This simplification stems from the assertion in Sectlion 4.2.4 that the load-side
bushings of a voltage regulator can be modelled as an infinite source at the setpoint
voltage. Networks fitted with voltage regulators must, however, be studied in terms of the
effect of the DG on the voltage on the network downstream and upstream of the regulator
installation.

4.5 Chapter in Perspective

The overall effect of considering voltage control and limits on MV networks is that some
restrictions to the connection of DG are established by the regulations defining acceptable
voltage variations, the practical performance of voltage regulating relays and the utility's
approach to voltage control along the length of a radial feeder. The extent of the restrictions
that are placed on DGs as a result of these factors will be examined further in Chapter 7 using
a network model that is derived in Chapter 6. First, however, Chapter 5 examines the
operation and control of synchronous generators. The purpose of this discussion is to identify
the most likely operating regime for synchronous DG. In Chapter 3 it was described how a
DG that operates at a leading power factor can help to lessen the degree of the voltage rise
effect. The practicality and implications of this are explored in Chapter 5.

Voltage Confrol and Regulation Limits in Disfribution Networks Page 49



Page 50 Chapter 4



Chapter 5
Operation and Control of Synchronous Generators

Although some of the results will be applicable to other types of DG, this study is primarily
concerned with the effect of synchronous generators on voltage regulation in distribution
networks. This chapter begins with a discussion of the fundamental concepts of synchronous
generators, including the widely accepted equivalent circuit model and machine output power
characteristics. Aspects of synchronous generator stability are discussed thereafter.

Methods of excitation control for synchronous generators are described in the second section
of this chapter, while topics in the final section include the influence of tariffs, network and
machine losses and generator stability on the selection of DG control mode.

5.1 Fundamentals

A synchronous generator consists of an armature winding that is connected to the three
phases of the network and a rotor winding that is supplied by a source of direct current’, and
which is driven at a fixed rotational speed by a prime mover. Steam- and hydro turbines are
commonly-used prime movers for DG in South Africa, but it is also possible to use diesel
engines, although the fuel cost is prohibitive. The direct current supply for the field winding is
derived from the so-called excitation system of the generator. Jenkins et al. 2001, p.107]
explain how a synchronous generator's excitation system falls into one of two broad
categories:

1. Self excited: where the power for the exciter is taken from the main terminals of the

generator, or

2. Separately excited: where excitation is provided by a separate source, a permanent
magnet generator, for example.

The type of excitation employed by a generator has a strong influence on the transient and
dynamic performance of the unit, and particularly affects the generator's ability to source fault
current. This study focuses on the steady-state performance of synchronous DG and, as a
result, the details regarding the source of fisld current for the generator will not be discussed
further. It is seen in Section 5.1, however, that a synchronous generator's steady-state (and

! In the theory of electrical machines, the winding in which voltage is induced is termed the armature. In
the case of synchronous machines, the armature winding is also referred to as the stator winding, as #t
does not move. The winding on the rotor is the primary source of flux in the machine and is also termed
the field winding [Sen, 1989, p.132-3].
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transient) performance is governed by the amount of excitation current provided and the
torque that is applied to the rotor shaft. Different methods by which the excitation current can
be varied are described in Section 5.2 to follow.

5.1.1 Eqguivalent circuit of a synchronous generator [Sen, 1988, p.322-327]

For the purposes of this study it is sufficient to consider the behaviour of a synchronous
generator in terms of the widely accepted per-phase equivalent circuit model that is included
as Fig. 5.1 below.

Ra jxs —L
AT O
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O

Fig. 8.1. Per-phase equivalent circuit of a synchronous generator.
[Sen, 1988, p.327]

The voltage source in Fig. 5.1, E;, is representative of the no-load excitation voltage which in
tumn is governed by the field current. The relationship between the field current and excitation
voltage for a particular machine is dependent on the magnetic properties of the machine's
core and the width of the air gap, but for steady-state operation is often assumed to be linear.

In Fig. 5.1, the excitation voltage is phase shifted from the terminal voltage, V,, by the "power
angle”, 5. The power angle is proportional to the torque that is applied to the rotor shaft by
the prime mover, and consequently is also sometimes referred to as the “torque angle”.

The term X, in Fig. 5.1 represents the synchronous reactance of the machine. This is used to

. model the effect of leakage flux and the flux associated with the armature reaction on the
terminal voltage of the machine. From data presented in Weedy [1994, p.324], it is clear that
the per-unit synchronous reactance of a generator varies in proportion to the machine
capacity.

The final component in the equivalent circuit of Fig. 5.1 is the series resistance term that
represents the AC resistance of the stator winding. This term is small in comparison to X, and
is often neglected.
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5.1.2 Power characteristics of synchronous generators

The equivalent circuit model presented above can be used to derive an expression for the
complex power that is delivered to the system by a synchronous generator. The simple
derivation is based on the definition of apparent power and is presented in full in Weedy
[1994, p.332-3]. If the stator resistance of the machine is neglected, the three-phase
electromagnetic power delivered to the system is given by the expressions:

x in(8) (5.1)
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Equations 5.1 and 5.2 considered together can be visualised as a circular locus in the Q-P
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Fig. 5.2. Complex power locus of a synchronous machine
showing an arbitrary operating point x. [Sen, 1989, p.343]

An arbitrary operating point, x, is shown in Fig. 5.2 above. If we assume that the machine is
connected to an infinite busbar, the terminal voltage, V,, is fixed” and the point x is defined
uniquely by the machine's excitation voltage E; and by the power angle, 8. Further, by
changing the field current and/or the applied torque {and hence the excitation voltage and/or
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power angle), it is possible to operate the machine at a variety of different points in the Q-P
plane. Specifically, for a fixed real power output, the power factor angle, ¢, can be altered
and the machine can be made either to source or sink reactive power.

It will be seen in the sub-section to follow that a synchronous generator is unstable when
operated in the steady-state at torque angles greater than 80°. This limitation means that the
generator cannot be operated in the left hemisphere of the circle in Fig. 5.2 and dictates that
the machine's ability to sink reactive power is less than that for supplying reactive power.

From Fig. 5.2, it is seen that the maximum amount of reactive power that can be sunk by a
synchronous generator before instability is proportional to the square of the terminal voltage
and inversely proportional to the machine's synchronous reactance. In Section 5.1.1, it was
described how the reactance of a synchronous machine decreases with decreased capacity
and it is thus expected that smaller generators will be able to sink more per-unit reactive
power than larger units. In the sections to follow, however, it is seen that smaller generators
are more sensitive to dynamic instability, so their increased capacity for sinking reactive
power may not be used in practice.

A final point of interest in Fig. 5.2 is that of the definition of "leading” and "lagging" currents
with respect to the generator and motor conventions. [{ is seen that a positive (sourced)
reactive current in the generator convention is termed "lagging”, whilst in the motor
convention it is "leading”. This can lead to misunderstandings between generator operators
(using the generator convention) and utility engineers (using the traditional motor convention).
As a rule, any power generation by a DG is referred to in the generator convention, whilst the
network load power factor is referenced in the motor convention.

5.1.3 Synchronous generator stability

A full discussion of synchronous generator stability is beyond the scope of this study, but
some of the basic principles are required in the analysis to come. As a result, this sub-section
includes a brief introduction to important aspects of steady-state and dynamic stability.

5.1.3.1 Steady-state stability of a synchronous generator

Equation 5.1 from Section 5.1.2 represents the electromagnetic power developed by a
synchronous machine operating at a given level of excitation. The expression for
electromagnetic power is shown in graphical form as a function of torque angle, §, in Fig. 5.3

? Recall from Chapter 4 that MV and HV voltage regulation limits specify a maximum variation of +5%,

so the assumption of a fixed Vi will not give rise to appreciable errors. The excitation voltage Ef can vary
to a much greater extent.
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below. Also included in Fig. 5.3 is a horizontal line that represents the mechanical input
power o the generator by the prime mover®.

Power Possible operating
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Fig. 5.3. Power - power angle characteristic of a synchronous generator.
[Weedy, 1994, p.99]

in the steady-state (and neglecting losses), the mechanical input power to the generator will
be matched by the electromagnetic output power, and the machine will be seen to operate at
either point O4 or O, corresponding to power angles 8, or §; in Fig. 5.3. In fact, the generator
is said to be unstable if made to operate at point O,, or at any point where the power angle is
greater than 90°. This is because an increase in input power to the generator increases the
power angle, 8, but for 90° < § < 180° this increase in angle will lead to a decrease in the
electromagnetic output power. The mismatch in input and output power will tend to
accelerate the rotor and a phenomenon called "pole-slipping” will occur. This may result in
damage to the machine as a consequence of winding overheating or mechanical stress
[Redfern and Checksfield, 1989]. It is for this reason that the line, § = 90°, shown in Fig. 5.2
and Fig. 5.3 is termed the "steady-state stability limit", and operation at power angles in
excess of 90° is not possible.

5.1.3.2 Dynamic stability of a synchronous generator

Dynamic stability refers to a generator's ability to remain synchronised with the network during
transient network disturbances. In its simplest form it is understood using the "Equal Area
Criterion” as presented by Weedy [1994, p.314] and Jenkins et al. [2000, p.83-5]. The equal
area criterion indicates that a generator is more prone to transient instability when operated at
power angles near the steady-state stability limit. For the same output power as considered
previously, Os in Fig. 5.3 represents such an operating point.

3 Note that in Fig. 5.3, as we have assumed that the machine is operating as a generator, the power
delivered by the machine is positive and 0° <5 < 180°.

Operation and Control of Synchronous Generators Page 55



With reference to Eq. 5.1, operation of a generator at point O; in Fig. 5.3 instead of point O,
for a given power output is a result of one or more of the following factors:

1. Operating the generator on a system where the voltage is below nominal, i.e. reducing V,,

2. increased system impedance, say with the removal from service of parallel lines in the
network, or

3. Operation of the generator at low excitation, i.e. reducing E;.

The second of these factors has serious implications for DG. This is because the per-unit
impedance of distribution networks is generally higher than that for sub-transmission and
transmission systems. Consequently, for a given power output, a generator connected {o a
distribution system will be inherently more unstable than one connected at a higher voltage
level®.

According to point 3 above, a synchronous DG operated on a MV network with low excitation
(also termed “"under-excited") will be more unstable for transient disturbances than those
operated with higher excitation levels. From Fig. 5.2, for a given real power output, under-
excitation of a generalor corresponds to operation at a leading power factor (absorbing
reactive power).

Transient stability of a synchronous machine is often specified in terms of a "Critical Clearing
Time" (CCT) for disturbances at different points in the network. A generator will lose
synchronism with the grid if a particular fault persists on the network for longer than its given
CCT [Mabuza and Gaunt, 2002]. In a study on generators connected to a 132kV network in
Italy, Cacioli et al. [2001] noted that, as predicted above, the CCTs for fauits on the network
were shorter (approximately 350 milliseconds) when the machines were operated under-
excited and longer when the excitation was increased (400 milliseconds).

5.1.4 Synchronous generator capability curves

In Section 5.1.2, it was seen how a synchronous generator may be made to operate at a
number of different points in the Q-P plane depending on the level of excitation and the
applied rotor torque. In the previous section, it was found that steady-state stability
constraints prevent the generator from being operated in one section of the power plane.
This section includes a discussion regarding three further "capability curves” that, together
with the stability criterion, demarcate the allowable operating region of a generator in the Q-P
plane.

4 Mabuza and Gaunt [2002] conclude that DGs connected to weak distribution networks are especlally
prone to instability and that this is exacerbated by the low rotational inertias typical of small generators.
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Flg. 5.4. Performance chart of a synchronous generator indicating the operafing area

fhounded by the capability curves of the machine). [Weedy, 1894, p 102]

With reference to Fig. 5.4, the capability curves of a synchronous generator are as follows:

i

Turbine_rating. This is the rated output of the prime-mover and s normally expressed as
g three-phase power. The turkine rating capahility curve is & horizontal line in the -P

plane.

Armature heating limit.  This is related to the I°R losses in the stator and Is thus a

function of the armature current, |, or alternatively the apparent power generated. The
armature heating capahility curve is a circle centred at the origin in the Q-F plane, and
its radius iz given by the apparent power rating of the alternator.

Field heating limit. Similar to the armature heating limit, this capability curve s related 1o

the I°R losses in the rotor winding. For a particular generator, this limit is governed by

the maximum allowable field current. A3 discussed in Section 5.1.2, this capability curve

i
B G e bR W B cofte @ (22N

,DJ and radius of

W ]

B A where W, and E; arg the nominal and maximum-rated values respectively,

2

Stability limit. |0 the previous section, it was discussed how a synchronous generator is
unstable when operated at a torgue angle greater than 90°. This criterion gives rise to
the steady-state stability limit shown as a vertical line in Fig. 5.4, In practice, a safety
margin is introduced to allow for an increase in load of either 10%: or 20% of the turbine
rating before the machine becomes unstable. The safety margin is realised on each
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locus of constant excitation current by subtracting a percentage of the turbine rating
from the maximum electromagnetic power at that excitation level. The power angle
corresponding to this operating point is then set as the upper limit for that excitation
level. This procedure is illustrated in Fig. 5.4, assuming that a 10% safety margin is to
be applied.

5.2 Methods of Excitation Control

in the previous section, it was described how the reactive power output of a synchronous
generator is controlled using the machine's excitation system - specifically through the
variation of the current in the field winding. By (manually) varying the field current, it was
seen that the generator could be made to operate at different points within its performance
chart, and for a given power input could be made to operate at leading or lagging power
factors. This method of controlling generator field current is termed "manual control”, and is
discussed further in the present section. Also discussed are fwo alternative methods of
automatic field current control whereby the reactive power oufput of the machine or the
generation power factor or terminal voltage can be kept constant.

In practice, the basic methods used for the control of generator excitation systems have not
changed much over the years. The advent of micro-processor based control relays within the
last ten years has, however, given rise to a number of more advanced "extra” control features
that may prove very beneficial, particularly with respect to small generators. Some of these
features are described towards the end of the present section. Methods to model generators
opefating in different control modes are also presented.

5.2.1 Manual excitation control

Manual control is the most basic method by which a synchronous generator's field current can
be regulated. In this case, the current is varied directly by the operator, using a rheostat, for
example, until the desired generator output is aftained. In setting the field current, the
operator would typically consider the effect of field current variation on generator output
power and/or terminal voltage via power- and voltmeters mounted on the control panel. That
is to say, the operator would be interested in the end-state of the excitation confrol and not in
the magnitude of the field current itself.

The disadvantage of manual excitation control is that it requires operator intervention for any
change in generator output power, or worse (in the case of manual control of the terminal
voltage) changes in network load, and it is for this reason that excitation control is nomally
automated.
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5.2.2 Power factor and reactive power control

Automatic reactive power and power factor control operate on very similar principles. and are
nortally discussed as a single control mode (and are termed FEAYAR mode in this study). In
this control mode, an excitation controller is employed to perform the function of the operator
in manual control mode: to reguiate the field current such that the reactive power output or
power factor of the generator is maintained at a set value. A schematic diagram of this
control mode is included as Fig. 5.5a below and the operating loci in the Q-P plane are shown
in Fig- 5.50.

AP Canslant powar

Exritation factor operation

FPower Supply

! PE! || Excitation K |
= o MuAR contraller : Y Constant isactive
e " e [ | powar aparaticn
W
=) ;
Q
Fig. 5.8a. Schematic diagram of PF/VAR Fig. 5.5b. Operating loci of &8 PRVAR
excitation cantrol mode. [Moor, 2001, p.18] confrolfed generator in the Q-F plane.

Motice from Fig. 5.5h that in PFAVAR mode. the reactive power ocutput of the generater is a
constant or lingar function of the real power output.  As a result, this mode of control is
unsuitable for single generators operating on nebworks that are independeant of the grid
supply, as here the MW and MYVAr components of the loads do not vary linearly. 1t will be
seen in the discussion of Section 5.3 and the analysis of latter chapters, however, that this
mode of excitaticn contral is well suited for small and medium-sized DG applications. In fact,
FFAAR control will be the first choice for excitatlon control in tmost DG applications.

5.2.3 Voltage feedback control

Az its pame suggests. this mode of excitation control involves the variation of the field current
s0 as o maintain the generator terminal voltage at 2 preset value, The basic method by
which this is achieved is illustrated in the schematic of Fig. 5.8a. The mechanism by which
this control mode ¢perates can be understood using the phasor diagram of Fig. 5.60.
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Fig. 5.6a. Schematic diagram of voltage Fig. 5.8b. Phasor diagram used to understand
control mode. [Moor, 2001, p.18] the operation of voltage control mode.

The phasor diagram of Fig. 5.6b is constructed using the synchronous generator model of
Section 5.1.1 and illusirates the relationship between the excitation voltage, E;, and the
terminal voltage, Vy, for the given armature current l;. The armature current lags the
terminal voltage by the power factor angle ¢, corresponding to a reactive power generation of
G MVAr.

Consider the case where the reactive power "load" is increased suddenly to Q, MVAr with no
increase in the real power load. In Fig. 5.6b, this corresponds to a new armature current Iy
and an increased power factor angle ¢,. The excitation voltage, E;, would initially remain
unchanged, but the armature reaction term, 1.X, would be altered as shown owing to the
change in the magnitude and angle of the armature current. Thus, it is seen that the terminal
voltage of the machine would decrease to a new value, V. In voltage control mode, the
excitation system would detect this low voltage condition, and would increase the field current
to generate more reactive power and hence restore the voltage.

Voltage feedback control is the only available excitation control mode for generators operating
independent from the grid, but can also be applied to grid-connected synchronous DG. In the
former case, the generator capacity, at the design stage, is matched to the maximum
apparent power to be supplied so that network voltage can be maintained under all loading
conditions. This may not be true in the case of grid-connected generators, as the machine's
capacity is often only a small fraction of the network load, and voltage feedback control may
not be suitable for many DG applications as a result.

5.2.3.1 Limitations of voltage feedback control in DG applications

Recall from Section 4.1 that the magnitude of the voltage drop, AV, between busbars in an
electrical network is proportional to the product of the branch reactance and reactive power
flow, and the resistance and real power flow:
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in passive networks, there is almost always a voltage drop between the source and load
husbars as the flow of real and reactive power is from the source towards the load. It was
discussed in Chapter 3 how the introduction of DG to such a network will tend to decrease the
magnitude of the voitage drop, and hence increase the voltage in the vicinity of the generator,
in the event that the DG only generates a small amount of real power (or the network is
heavily loaded) this voltage rise may be small, and application of voltage control mode may
burden the generator with supplying large amounts of reactive power such that the network
voltage is raised to the preset value. Viewed on the machine's performance chart, this
condition transiates o operating in the lower right-hand corner of the "lagging” characteristic
as illustrated in Fig. 5.7 below.

For high levels of real power
output, the generator may
need to absorb large amounts
of reactive power to maintain
the voltage at the setpoint.

For low levels of real power
output, the generator may
need to supply large
amounts of reactive power
to maintain the voltage at the
setpoint.

0O
Fig. 8.7. Problems with using voitage control mode on grid-connected DG.

A second, more onerous condition in which voitage control mode may not be appropriate for
DG is for high levels of real power generation onto a lightly loaded network. In this case, the
voltage at the DG location may well be higher than at the source busbar, and the generator
will be required to sink large amounts of reactive power to bring the voltage back to the
setpoint value (as indicated by the ellipse at the top of Fig. 5.7).

In the previous section it was described how a synchronous generator's ability to absorb
reactive power is limited by stability concerns and that this capability is reduced at high levels
of power generation. Most modern excitation control systems include so-called "P-Q
limitation” to prevent the machine from being forced to operate outside its performance chart,
so it is unlikely that the generator would lose synchronism as a result of excessive VAR
absorption, but this may not be true for older control systems.
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5.2.4 Other generator control features

The advent of microprocessor-based excitation controllers such as those in the Unitrol range
from ABB® has given rise to two additional control features that may prove useful in DG
applications: automatic switching between PF/VAR control and voltage feedback control
modes, and a VAR output "boost” function [Moor, 2001, p.21].

New-generation controllers include a feature whereby the excitation control mode can be
automatically switched from PF/VAR mode to voltage feedback mode in the event that the
terminal voltage deviates above or below seftable thresholds. This feature can be used to
ensure that the generator terminal voltage never exceeds a given limit, but permits the
machine to operate in PF/ VAR mode until that threshold is reached. This function is used by
Kiprakis et al. [2003] as the basis for a custom control strategy that serves to increase the
penetration limits of DG.

A second new feature makes it possible for a generator to deliver reactive power beyond its
specified capabilities for short periods of time. This is achieved via a stepped excitation
current limiter that permits overloading of the field winding for short durations. This feature
can be used lo provide reaclive power support to stressed networks, for example for the
duration of network breaker auto-reclose cycles. Further discussion of this feature and its
benefits is beyond the scope of this study, however.

5.2.5 Modelling generators using different control modes

A DG that operates in PF/VAR mode can be modelled as a negative load of variable power
factor. For the purposes of this study, this representation is also suitable for DGs that operate
in voltage control mode. In traditional load-flow studies, a generator operating in voltage
control mode is modelled as a node with constant real power injection, constant terminal
voltage and automatically-variable reactive power injection/drain [Weedy, 1994, p.225]. This
approach need not be applied in this study, however, since we are only interested in voltage
control mode so far as its maximum potential to limit the voltage rise phenomenon. This will
occur with the machine operating at its reactive power/power factor limits and can be suitably
modelied using the simpler constant P — constant Q node representation,

* In South Africa, "Unitrol” excitation controllers have been installed on several of the sugar mill-operated
generators, and have been chosen by Eskom as the replacement technology for the old control systems
on the Transkel hydro-generators. In recent times, a similar range of products from an American
company, Basler Engineering, have become available in this country.
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5.3 Implications of Control Mode Selection

The previous section included a discussion on the modes of excitation control that are
commonly applied to synchronous generators. |t was seen that for most synchronous DG
applications, the choice must be made between constant PF/VAR control and voltage
feedback control. This section describes the implications of selecting one mode in preference
to the other. Specifically, the choice of control mode will be discussed in terms of tariff
structures, network- and machine losses and generator stability.

5.3.1 Tariff implications

DG pricing in Eskom is described in the directive ESKPBAAG1 (Rev. 1) of March 2000, The
following aspects taken from this document will have bearing on control mode selection for
DG [Crous, 2000, p.5-6]:

1. The fariff offered to DG-operators reflects only the cost of energy supplied to Eskom.
Thus, under normal circumstances no payment is made for reactive power delivered to
the system by DGs. The exception to this is in cases where local circumstances require
voltage support. Here the directive states that the value of the reactive energy will be
determined by system operations, although the mechanism by which this should be
calculated is not specified. 1t must be noted that the pricing directive does not outlaw the
export of VARs to the network, but simply states that no monetary compensation will be
provided to the DG operator for VARs supplied.

2. No stance is taken regarding reactive power charges for generators operating at leading
power factors (absorbing reactive power). This is borne out in practice in the supply
contracts for co-generation by two sugar mills where the tariff is specified purely as a
three-part time-of-supply energy price with no mention of reactive power charges. The
cost of the reactive power supplied to the generators in this case is ostensibly covered by
the profit that Eskom will make from wheeling the D(Gs power to other customers at
normal Eskom Distribution pricing rates.

The standpoint taken by Eskom regarding reactive power export by DG is closely aligned with
European trends as reported by Cigré Task Force 38.06.03 [2002, p.22]. It is noted in the
Cigré report that most European utilities place no value on VAR injections by DG and in most
cases make no provision for the purchase of reactive power from DGs, even for the purposes
of voltage support. The latter point is most likely a result of the fact that no method has been
found to assign a monetary value to voltage support.

Unlike Eskomn, many European utilities charge DGs for reactive power consumption. Here,
the majority of utiliies charge with respect to reactive power in excess of a certain percentage
{normally 40-50%) of the total energy consumption for the month. Other utilities charge for the
maximum reactive power demand in excess of forty percent of the peak energy demand
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[Cigré, 2002, p.22]. It is noted in the Cigré report that reactive energy charges and the
absence of payment structures for VAR export by DGs deter DG operators from participating
in network voltage regulation.

Cigré Task Force 38.06.03 [2002, p.22] comments that the philosophy behind reactive power
pricing as used by most utilities is based on that for a passive system, and is not appropriate
for a distribution network with DG. In this regard, it is interesting to notice that reactive power
tariffs offered to DG operators in Europe is similar to Eskom's "Ruraflex” tariff for non-
generating customers. This tariff charges customers for reactive power drawn in excess of
30% of the total monthly energy consumption (i.e. consumption at an average power factor
lower than 0.96 lagging).

Overall, the present tariff structures in South Africa and other countries encourage DG to
operate at unity power factor. In South Africa, generation at a leading power factor can also
be tolerated, but as discussed in the following sub-sections, network loss considerations and
generator stability criteria may limit this in practice.

5.3.2 Effect on network and machine losses

Network losses arise as a result of the transfer of apparent power across the series
resistances of transformers and lines, and are sometimes referred to as "I°R losses”. These
losses may only be a small fraction of the real power that is transferred down the branch, yet
Cigré Task Force 38.06.03 [2002, p.36] comment that their financial implications may be
large. This is because network losses are greatest during periods of peak loading and this
coincides with the highest per-unit electricity price.

The inclusion of DG on a distribution network alters the network power flows and hence the
losses that would otherwise be incurred in transporting the power across the transmission and
distribution networks. This reduction in losses is likely to be at its greatest when the DG
operates at a lagging power factor, as the generator would then be a local source of both real
and reactive power. It was discussed in the previous section, however, that no tariff incentive
is given to generators for operating at lagging power factors, and it will be seen in the
chapters to follow that this practice may also impose a constraint on the generator in terms of
its maximum aliowable real power generation limit. A

Operation of DG at a leading power factor will give rise to increased network losses compared
o operation at unity or lagging power factors. In fact, Cigré Task Force 38.06.03 [2002, p.42]
comment that operation of a DG at leading power factors should not be considered without
performing loss analysis. At present, however, DG operators in South Africa are not
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incentivised to participate in network loss reduction or limitation, although this may change
with future implementation of loss allocation practices®.

For a synchronous generator, machine losses per kilowatt output are a minimum for unity
power factor operation. This is because the armature current that gives rise to the losses’ is
a minimum in this operating mode. Power losses within a synchronous machine give rise to
higher winding temperatures and result in accelerated degradation of the winding insulation
and a shortened life span of the machine.

In summary, from the perspective of network loss reduction, it is preferable to operate DG at
lagging power factors, whilst for minimal machine losses power generation by a DG should be
controlied at unity power factor,

5.3.3 Implications for generator stability

Aspects of synchronous generator stability were discussed in Section 5.1.3. It was seen that
a generator is more prone to transient instability when operating at a leading power factor
prior to a network disturbance. From a stability perspective, it is thus preferable that a
synchronous generalor be operated at lagging power factors corresponding {o operation with
a small power angle.

5.3.4 Optimal excitation control mode for synchronous DG

Consideration of tariffs, network and machine losses and stability indicates that PFVAR
control is the optimal mode of excitation control for synchronous DG - specifically with a unity
power factor/zero reactive power setpoint. From the utility perspective, it may be better that
the generator operate at a lagging power factor, but methods to quantify the benefits of this
are currently not available, and as a result no incentive is given to DG operators to operate in

this way.

¢ The European practice of allocating losses to specific network customers is described by Jenkins et al.
[2001, p240-8]. The discussion indicates that the allocation method used at present is not suitable in
networks with DG and will have to be revised. No customer-specific loss allocation practice is currently
applied in South Africa.

7 Machine losses are calculated as 1°Rs where R, is the resistance of the armature winding.
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5.4 Chapter in Perspective

Through variation of its control mode or confroller settings, a synchronous DG can be made {o
operate at leading or lagging power factors. The choice of operating mode — usually between
PFNVAR control and voltage feedback control — and operating point is determined by
consideration of tariffs, losses and stability. These factors indicate that DGs should be
operated at or near unity power factor.

The network studies in Chapter 7 investigate the operation of DGs at leading power factors so
as to mitigate against voltage rise, but the absence of a reactive power tariff and a procedure
for loss allocation makes the evaluation of this option difficult. Prior to this, Chapter 6
describes the derivation and methods of solution of a network model that can be used for the
generalised study of the voltage rise effect. The model includes representation of the DG as
a negative load of variable power factor to simulate a machine operating at any point within its
performance chart.
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Chapter 6
A Generalised Method to assess Network Voltage Rise

The simple analysis of voltage regulation in Chapter 3 identified eleven factors that were
expected to affect the voltage rise phenomenon in DG-installed systems. Thereafter, the
discussions of Chapter 4 suggested a reduction of the original list. The present chapter
serves to resolve a reduced set of factors into a representative network model. This model is
then used to study the relative influence of the different network parameters on the voltage
rise phenomenon. This "generalised” analysis is conducted by solving the network model
under different system conditions to determine the limit of power generation that can be
accepted before voltage regulation limits are exceeded.

Section 6.2 describes two methods by which the network model can be solved. The first, a
simple algebraic approach, is seen in Chapter 7 to provide an intuitive "feel" of the nature of
the voliage rise effect. The second, more rigorous Gauss-Seidel solution method is used in
Chapter 8 to verify the accuracy of the simpler approach.

6.1 Derivation of a Network Model

The discussion of Chapler 4 identified three amendments that can be made to the original
eleven factors that were thought, in Chapter 3, to influence network voltage rise. These
simplifications are summarised in Section 6.1.1. Representation of the remaining eight
factors in a generalised network model is complicated by the large number of variables
required. The presence of load at different locations on the DG feeder, for example, requires
a feeder model of many nodes, each with two independent input variables: load magnitude
and power factor. Section 6.1.2 describes six further simplifying assumptions that can be
applied to reduce the complexity of the required model. Thereafter, Section 6.1.3 describes a
network mode! that is inclusive of all of the remaining study variables.

8.1.1 Voltaae rise factors revisited

Section 4.4 identified that, under certain circumstances, three of the factors from Chapter 3
will not have an impact on the voltage rise effect. These findings are summarised below.

1. Source impedance can be neglected if the substation busbar voltage is regulated by
OLTC action.
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2. Substation HV and MV busbar loads (excluding load on the DG feeder) can be neglected
if an OLTC is in operation at the source substation, and

3. Voltage regulators need not be modelled for their influence on the voltage rise effect to be
studied.

Despite reduction of the number of influential factors, a complex network model is still
required fo accommodate the remaining list. To overcome this, Section 6.1.2 describes a
number of assumptions that can be made o reduce the number of required variables fo a
manageable set while maintaining the ability to represent a wide variety of different network

types.

8.1.2 Simplifying assumptions
Six assumptions are proposed to reduce the complexity of the network model:

1. The source substation is equipped with an OLTC. it is further assumed that the OLTC
uses a conventional control strategy. The OLTC specifically does not use line drop
compensation or negative reactance compounding techniques.

2. The feeder load is uniformly distributed down the feeder. This assumption is commonly
made when considering voltage regulation on passive radial feeders with high load
densities and is simulated by tapping the tofal feeder load from the centre of the line
length [Weedy, 1994, p.199-200]. This assumption is applied to the present study,
notwithstanding the fact that load densities on typical rural networks in South Africa are
iow. By the engineering principle of superposition, it is expected that the assumption is
not particular to networks with only one source, but can be extended to interconnected
systems and DG-installed networks.

3. A single type of conductor is used along the entire feeder length. It is common practice
for distribution feeders to employ higher capacity conductors near to the source
substation and to "taper” to lighter conductors farther away. Thinner conductors are aiso
often used on spurs that tee-off the backbone. In this study, however, we will assume
that only a single conductor type is used on the feeder.

4. The feeder load is of the constant power type. The power-voltage characteristic of a load
depends on its type: motor loads tending to be of a constant real power nature (and
variable reactive power response), whilst the power drawn by heating loads falls off
rapidly at lower voltages. The behaviour of a composite load, a typical feeder load for
example, is obtained by summing the characteristics of the constituent loads. Weedy
[1994, p.140-1] comments, however, that detailed information regarding the make-up of
such loads is seldom available and voltage studies are thus often completed under the
assumption of constant impedance (heating-type) load. This corresponds to a P,Q « \?
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power-voltage relationship. Some authorities prefer to assume the P,Q « V relationship
that is characteristic of constant current type loads, as this, they say, gives a good
approximation of practical conditions. In the present study, however, loads are modelled
as constanf-power consuming devices. This is expected to be the most onerous
condition for network voltage rise, since, using the other load models, increased network
voltages are restricted by a corresponding increase in feeder load.

5. The DG is connected directly fo the feeder backbone. This assumption neglects the
possibility of DGs being connected to iateral feeders. It also ignores the possibility of
DGs being connected to sub-transmission or distribution networks via a generator
transformer.

8. The (synchronous) DG is not constrained to operate within a fixed capability curve. It was
seen in Chapter § that the capability curve of a synchronous generator is dependent on
the machine size and its location on the network. These factors vary between
applications. As the present study seeks a generalised analysis of the voltage rise
phenomenon, it is thus not possible to confine the generator to operate within a given
capability.

6.1.2 The network model

The simplifications and simplifying assumptions described above allow for the eight factors of
influence to be represented by ten variables':

1. OLTC setpoint,

2. Upper limit for steady-state network voltage;

3. Line length;

4., Conductor type;

5. Voltage level;

6. & 7. Total load on the DG feeder (magnitude and power factor);
8. Distance of the DG from the source substation; and

9. & 10. DG output (magnitude and power factor).

All of the above parameters are represented in the network model indicated in Fig. 6.1 below.

' Without the simplifying assumptions, many of the factors of influence from Chapter 3 would have
required at least two different variables in the network model.
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P Feeder length, L, & Variable Conductor Type 5]
Infinite S
Source < Distance of DG S
from s/s bus. d
@ e -~y < o P Pog P S
oy, P T P P Ty -
L= L2=di2 | L3=(L-d)/2 %7 L4 = (L-d)/2
l.oad 1 l.oad 2
V= VSetpolm DG
Where:

Load 1 = (d/L) x total DG feeder load
Load 2 = (1-d/L) x total DG feeder load

Fig. 6.1. Model network for the generalised evaluation of the voltage rise effect.

The model network of Fig. 6.1 includes an infinite voltage source of magnitude Vseipoint
corresponding to the OLTC setpoint value. The DG feeder is of length L (km) and is strung
with a conductor type that can be varied. The DG is installed directly onto the feeder
backbone, a distance d (km) from the source substation. The total feeder load is split into two
lumped values corresponding to load installed between the source substation and the DG
(Load 1) and load connected downstream of the DG location (Load 2). The two formulae
given in Fig. 6.1 are used to divide the total feeder load between the two load areas so as to
simulate a uniform load distribution across the entire feeder length. The lumped loads are
positioned in the centre of their respective line segments.

6.2 Solving the Network Model for allowable DG Penetration

In was found in Chapter 2 that the extent of the voltage rise effect can be studied by
considering the maximum DG output (or penetration) that can be accepted at a given network
location before the onset of an overvoltage condition. This section describes two methods
whereby the network model of Section 6.1 can be solved to ascertain the maximum allowable
DG output under different network conditions. The first approach, described in Section 6.2.1,
is based on the simple voltage regulation equations from Chapter 3. A second, more rigorous
method is described in Section 6.2.2.

6.2.1 Algebraic solution of the network model

An approximate algebraic solution of the network model can be achieved using the principle
of superposition and one of the simple voltage regulation expressions derived in Chapter 3.
In this derivation, the voltage constraint at maximum generation is assumed always to occur
at the DG busbar, since load current is almost always of an inductive nature and voltage rise
with respect to the DG busbar is not expected.
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6.2.1.1 Derivation of the algebraic solution eguation

By the principle of superposition, the total voltage drop or rise from the regulated substation
busbar to the DG busbar in Fig 6.1 is given by the sum of three independent components;

1. The voltage drop caused by the load upstream of the DG location (Load 1 in Fig. 6.1),
2. The voltage drop caused by the load downstream of the DG location (Load 2), and

3. The voltage rise caused by the DG power export towards the source.

Each of the above expressions can be translated into mathematical equations using Eq. 3.4a
of Chapter 3;

RP2 + XQ2

AVy = —
2 V2

(3.4a)

Recall that Eq. 3.4a is an approximate expression for the magnitude voltage change, AV,,
across an electrical network of per-unit branch resistance, R, and reactance, X, and whose
receiving-end busbar draws (P, + jQ,)pu of complex power, at voltage, V, pu. Equation 3.4a
is only an approximate solution, since it neglects the contribution made to the magnitude of
the voltage change by the quadrature term §V,, as given by Eq. 3.4b.

Using Eq. 3.4a, the three voltage drop/rise expressions described above can be translated
into mathematical formulae as follows:

1. Voltage change, AVpgy), caused by Load 1

By Eq. 3.4a, the change in voliage magnitude along line section 1, AV, resulting from
Load 1, can be calculated as:

Ry x P+ X 4Q
AV, = - U PL\1/ 110
Lt

Where: - Ry + Xy = the impedance of line section 1;
PL1 +jQu = the complex power drawn by Load 1 (expressed using the load
convention: Q is positive for inductive loads); and
Vi = the voltage magnitude at Load Busbar 1.

Since no load flows between Load Busbar 1 and the DG busbar in this scenario, Vi =
Vb, and the voltage drop across line section 2, AV, (=Vis — Ve, is equal to zero.
Further, the impedance of line section 1 is half of that of the line joining the DG to the
source substation. The latter quantity is expressed as (Ry + jX4). Thus, the change in
voltage between the source substation busbar and the DG busbar caused by Load 1,
AVpg(r), can be written as:

RdXPL1+deQL1 (6.13)

AVog() = AVt +AVi g = -——~ Voot
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In Eq. 6.1a it is important to note that an identifier (1) is appended to the variable for the
voltage at the DG busbar, Vgg, to identify this as the voliage under the scenario of only
having Load 1 connected.

2. Voitage change, AVpg), caused by Load 2
Neglecting the power losses on line section 3, the change in voltage at the DG busbar
caused by Load 2 (downstream of the DG busbar) can be approximated as:

RdXH_2+Xd XQLZ

(6.1b)
Vb2

AVpg(a) = -

In Eq. 6.1b, as in case 1, the complex power drawn by Load 2 is expressed using the
load convention. Note also that the voltage change up to the DG busbar, AVpg is
influenced by the voltage at the DG busbar under this scenario. This is depicted as
Voa in Eq. 6.1b. The subscript (2) is added to differentiate this quantity from that

used in scenario 1.
3. Voltage change, AVpgs), caused by the DG output

The voltage change at the DG busbar that is caused by the DG output has a similar
form to Eq. 6.1b, except that the complex power, Ppg + jQpg, is expressed using the
generator convention (i.e. Ppe and Qpg are positive when the DG exports real and
reactive power to the network) and depends on the voltage at the DG busbar, Vpg):

Rd X%G+Xd XQDG (61C)
Vba(3)

AVpg(3) =

The overall variation of the DG busbar voltage with respect to that of the source busbar is
given by the sum of Egs. 6.1a, 6.1b and 6.1¢:

AVpg = AVpgy + 8Vbg(2) + AVbg(3)

- _Rdxﬁj +Xd><Q|_1 + _Rd XH_Z +Xd XQLZ + Rd XPDG +Xd XQDG (62)
2xVpg() Vbg(2) Vbe(3)

Eq. 6.2 can be greatly simplified by making the assumption that Vpg) = Ve = Voae =
Vogmax. 1he validity of this assumption is discussed in Section 6.2.1.2 to follow. The
assumption aliows Eq. 6.2 to be written as:

Ra x (o - £ =P 5)+ Xgx(Qog - £ -Q1z)
AVpg = (6.3)

VDG(max)

and, since we are interested in calculating the aliowable real power output of the DG, solving
Eq. 6.3 for Ppg yields:
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v/ x AV Xq (Q
PDG =( DG(maF);) DG]‘{'(‘P?L["'H.Z]"'R—dX('#*-QLZ -—QDG] (64)
d d

2

Equation 6.4 can be written using the same variables as the network model of Fig. 6.1, by

way of three substitutions:

1. Rgand X4 can be expressed in terms of the line length:

Rg=rxd and Xq = xxd (6.5a - b)
where 1+ jx = the line impedance per unit length (pu/km), and

d = the distance of the DG from the source substation (km).

2. AVpg, the voltage change from the source busbar to the DG busbar under conditions of

maximum generation, can be written as:

AVDG = VDG(max) - VSetpoint (6.6)

3. Py and P, were defined in Fig. 6.1 as;

Ry= gx Protal and Aa= (1 ’“g] x Protal (6.7a-b)

Similarly, Q= g *Qroggr and Qo = (1 - gj x Qrotal (6.7c - d)

Using Eqs. 6.5a - d and the identities;

Protai = Stotal xC0OS ¢ and Qrotal = Stotal XSiN

it is possible to prove the equality:

(B ena)ofF) (5] o555

where Svtaa = the total apparent power ioad on the DG feeder, and

) X (cos b+ é sin ¢ﬂ (6.8)

¢ = the load power factor angle [=arccos(Power factor)}.
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Finally, substitution of Egs. 6.5a ~ b, 6.6 and 6.8 into Eq. 6.4 yields:

V \Y = Vsetpoi
Pog = [ DG(max) * ?G:rndw) Setpoint )} + [Smm % (1 ~ ﬁ} x [cos b+ ?sin ¢H - [; x Qoe} (6.9)

Where;
Voomag = the upper voltage regulation limit on the network;
Vsewort = the OLTC setpoint voltage;

r+jx = the impedance per unit length of the line connecting the DG and the source
busbars;
d = the distance of the DG from the source substation;
L = length of the DG feeder;

Srowsd = the total apparent power load on the feeder; and
Qpe = reactive power export by the DG to the network.

The form of Eq. 6.9 is analysed in detail in the simulations of Chapter 7 and it is found to be
useful in understanding the interaction of different network variables on the voltage rise
problem. From the onset, however, it is important o stress that Eq. 6.9 is only an
approximation to the allowable power output of DGs in different scenarios. This is on account
of three assumptions that were made in the course of the equation’s derivation.

6.2.1.2 Underlving assumptions

The three assumptions that were made in the derivation of Eq. 6.9 affect the accuracy of the
results it yields. These assumptions and their expected effect on the solution accuracy are
described below.

Assumption 1. Vpgry = Ve = Voe = Vosmey This assumption was made in order to
simplify Eq. 6.2. In fact, it is also a necessity in order that Eq. 6.4 (that follows from Eq.
6.2) can be solved non-iteratively. This is because the variables Vpg), Vs and Vpgg,
in Eq. 6.2 are unknowns. Further, values for these variables cannot be calculated using a
non-iterative method, since they depend on the voltage drop/rise terms AVpgu), AVoee)
and AVpg (from Egs. 6.1a to 6.1¢) of which they are coefficients. As a result,
approximate values must be used for the three voltage terms, and in order o vield a
simple equation, they are assumed to have the same value, termed Vpe.

Since Eq. 6.9 is to be used to determine the maximum DG output that will cause the DG
busbar voltage to rise to the upper voltage regulation limit, termed Vogmax, it is logical fo
assume Vps = Voomay. 1he effect of this further assumption is understood by studying
Egs. 6.1a, 6.1b and 6.1¢.

Egs. 8.1a and 8.1b describe the voltage drops that are expected across a feeder as a
result of connected load. In both of these cases, the voltage at the DG busbar (in the
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absence of DG) will be less than that at the source substation (given as Vgepoint). The
assumption: Vg = Voo = Voomay = Voeman > Vsepoint thus has the result that the
voltage drops, AVpg(y and AVpg), are underestimated. In Eq. 6.9, this translates into an
underestimation of the influence of feeder load on the allowable DG output and renders
Ppe a pessimistic result.

in the absence of feeder load, Eq. 6.2 simplifies to Eq. 6.1¢c and Vpgs) = Vpamax iS a truth
rather than an assumption’. The same statement is, however, an assumption in the
presence of load. This is because at maximum generation, Vpg@) will exceed Vpggmay,
since the increased voltage rise will be countered by the load vollage drop. In the
presence of load, the assumption that Vpgs) = Voamax thus leads to an overestimation of
the voltage rise caused by the DG and leads to a further underestimation of Ppg by Eq.
6.9.

Assumption 2: The quadrature voltage change term, 5V, is neglected. The effect of this
assumption on the accuracy of Eq. 69 is most readily understood using vector
representations of Eq. 3.4. A similar representation for Eq. 3.4 was presented in Chapter
3 as Figs. 3.3a-b. These are re-presented as Fig 6.2a-b. Fig 6.2a is applicable in the
event that bus 2 is a load busbar (assumed to be opérating at a lagging power factor in
the load convention). Fig. 6.2b represents the voltage phasors in the event that bus 2
exports both real and reactive power towards bus 1 and corresponds to a DG operating at

a lagging power factor.
\ Actual voltage magnitude difference

Vi

—3p €
V, L_W’_J

Actual voltage magnitude difference

Fig. 6.2a. Vector diagram illustrating the Fig. 6.2b. Vector diagram illustrating the
voltage change across a feeder — voltage change across a feeder -
Bus 2 is a Load bus. Bus 2 Is 2 Generator bus.

Significant from Fig. 6.2a is that, by taking the quadrature voltage change, 3V, into
account with bus 2 drawing load, the magnitude of the voltage drop between the sending-
and the receiving-end busbars is greater than the magnitude of the in-phase voltage-
change term AV, alone. it can thus be concluded that in neglecting the effect of the term

2 In fact, this was the principal reason for using Eq. 3.4a as the basis of the derivation rather than Eq.
3.3a that uses the source busbar as reference. Use of sending-end quantities would dictate that
assumptions be made under all nefwork scenarios for the equations to be solved without iterations.
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8V,, Eq. 6.9 will underestimate the voltage drops caused by feeder load. As with
Assumption 1, underestimation of the influence of feeder load will cause Eq. 8.9 to yield a
conservative value for the allowable DG penetration in different networks.

Fig. 6.2b indicates that in the generation scenario, inclusion of the 6V, term in the voltage
rise calculation yields a lower result than the magnitude of the AV, term alone. Neglecting
the 8V, term in the voltage rise calculations of Eq 6.1¢ thus causes an overestimation of
the voltage rise that will occur for a particular generator output. In Eq. 6.9, this translates
into an underestimation of the aliowable DG output before the upper voltage regulation
limit is exceeded.

Assumption 3: Power losses on Line Section 3 are neglected. Neglecting the losses on line
section 3 in the network model of Fig. 6.1 leads to a further underestimation of the
allowable DG penetration. This is because power losses on line section 3 appear to the
DG busbar as downstream load. From Eq. 64 it is clear that an increase in load
downstream of the DG busbar adds directly to the allowable DG output.

The above discussion indicates that all of the assumptions that were made in the derivation of
Eqg. 6.9 lead to an underestimation of the allowable DG output before voltage regulation limits
are exceeded. The qualitative analysis is not, however, sufficient to gauge the degree to
which the assumptions affect the calculated results. Neither does it provide a clear indication
regarding those network conditions that most affect the accuracy of the algebraic equation.

Uncertainty regarding the accuracy of Eq. 6.9 necessitates that a second, more rigorous
solution to the model network be derived. To this end, Section 6.2.2 describes a computer-
based load-flow program that was compiled to solve the model network.

6.2.2 Gauss-Seidel (iterative) solution of the network model

This section describes the method whereby the network model was solved for the maximum
allowable DG penetration using the traditional Gauss-Seidel load-flow technique. The Gauss-
Seidel method was identified in Section 2.1 as the most appropriate technique for the solution
of load-flows of limited complexity.

8.2.2.1 Formulation of the load-flow problem

The model network of Fig 6.1 can be implemented as a traditional 4-bus load-flow problem as
illustrated in Fig. 6.3 below.
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Node 1 Node 2 Node 3 Node 4
{(Swing bus) (Loadbus 1) (DG bus) (Loadbus2)

Zuée;_o l ZQZGLO ZL346L° l (End ?f Line)
(AN AN——AM—- - - - - |

V = VSatpoin{A 00

Load2

Load 1
S, at PF e

S, at PFoad

B>

-Spg at PFpg

Note: load/generation is referenced as positive when flowing away from

the respective busbars.

Where:
Zu = 212 = (d/2) x Conductor impedance (Zp/ km);
Zis = (L-d)/2 x Conductor impedance (Zp./ km);
6. = Angle of Conductor impedance;
S1 and S, the magnitudes of the apparent power loads, are calculated as in Fig. 6.1;
PFLoeq @and PFpg are the load and DG power factors respectively;
Spe = DG output power, and
Vsetpoint = the setpoint voltage of the substation transformer OLTC

Fig. 8.3. implementation of the modsl network as a load-flow problem.

In Fig. 6.3, the DG is modelled at Bus 4 and its output is represented as a negative load of
variable power faclor (as discussed in Section 5.2.5).

Bus 1 in Fig. 6.3 is the "Swing Bus". This node is specified as a constant voltage and phase
angle and has no power constraint. It is used as a reference for other node voltages and
supplies network loads and losses that are not supplied by the DG. Weedy {1884, p.211]
describes how the swing bus in a load-flow can influence the complexity of the study and
should be chosen as the node that most closely approximates an infinite busbar. In the case
of this study, the source busbar is an infinite busbar and is thus the obvious choice of swing

bus.

6.2.2.2 Application of the Gauss-Seidel algorthm using Microsoft Excel

Microsoft Excel was used for the implementation of the load-flow algorithm in preference to
other programming tools, for example: C++ and Visual Basic. This decision was based on the
following considerations:

1. Ease of data handling. The spreadsheet format of Excel provides a ready-made user-
friendly interface for the entry and extraction of data from the load-flow program. Data
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derived from the load-flow simulations can easily be represented graphically using the

program's embedded graphing tool.

Ease of programming. Excel includes built-in functions for the representation of complex
variables. Standard mathematical operators for complex variables are also provided.
The program includes a built-in "goal seek" or feedback function that automatically varies
one input variable such that a given output condition is attained. As seen in Fig 6.4
below, this function is required in order to determine the maximum DG output (input data
to the simulation) that could be tolerated before the DG busbar voltage rises to the

maximum allowable value (output condition).

A logic diagram of the load-flow program is presented as Fig. 6. Four sub-processes (A - C)
are identified in the diagram. Details relating each sub-process are provided in the

discussion to follow.

input Data
g o e e o oo w—y
i Maximum Voltage
: oLTe Setooin ! Swing bus Voltage, Vs
poin
i b e e 4 -
] : i Look-up o q : ;
I volt Level & Cond. =3 2/km WEEN L i
: I Ié : 1z !
i : : Calculate ! ; Construct i
| Totalfeederiength ¢ L g 5 Branch _;__Z% Yy Admitance |
i 1 g impedances | i oo Maw i
:Dist of DG from source ; : -4 -:-Z% 1z = i i
; H i f
[ b : i B\ !
i : ' L : s, o : Ve out Comparator
: B A Calculate | 7 causs i > - __—u.%_ -
" 1! 4| LoadNode | S >il  sedel L3 1 Noge voltages l‘;”>v
: : : | Power flows | Soe : Algorithrs | ¢ :
! Totalfesder foad : i ; 1| Branch Power |;
‘ Rt o\ SRR ' [ 1 i Flows i
DG Output i - i
P % 1 i
+ il Maximumpe |1
i Output i
i
ll Scale ’<
“

Feedback Loop

Fig. 6.4. Logic diagram of the load-flow program.

Sub-process A: Calculation of branch impedances and Load-Node Power flows. The

calculation of the branch impedances Z,4, Zi» and Z; and the loads S, and $; at nodes 3
and 5 is based on formulae presented in Fig. 6.1 and Fig. 6.3. Data on line impedances
per unit length (Z,/km) for the different conductor types at different voltage levels are
derived from a look-up table. This information is derived from the standard Eskom table
of line impedances and is presented in Table 7.1.
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Sub-process B:. Admittance Matrix construction and Gauss-Seidel solution process.
Construction of the admittance matrices and the application of the Gauss-Seidel solution
algorithm were performed as described in Appendix B. In contrast to the commonly used
method where a variable number of iterations are used, the Excel-based load-flows use
fixed numbers of iterations. This was done so as to simplify programming, but also
afforded the advantage of being able to view the simulation's progress towards
convergence. The latter feature was useful when determining the required tolerance for
convergence, albeit at the expense of marginally increased computation times.

A figure of 1 x 10”° pu was used for the tolerance of changes in the busbar voltages
between iterations. This figure is 10 times smaller than the value suggested by Weedy
[1994, p.225], but was required to achieve reliable convergence in simulations involving
short line sections of low-impedance conductor and with little branch load. A second
convergence criterion®, the maximum change in branch power flows between iterations,
was also applied with a tolerance of 1 x 10° pu. This provided solutions accurate to
within 1TkVA.

A minimum of 275 iterations was necessary to attain convergence in the worst case: a
network with 2km sections of low-impedance conductor under light loading conditions,
and the load-flow program thus used 310 iterations for each simulation. Notwithstanding
the high number of iterations, when using a Pentium 4 desktop computer, a single load-
flow solved in under half a second and DG penetration limits (requiring multiple load-
flows) were calculated in under three seconds per case.

Sub-process C: Feedback loop. The feedback ioop uses Excel's "Goal seek” function to
determine that quantity of generation by a DG at a given network location that will cause
the local busbar voltage to rise to the maximum allowable limit.

6.3 Chapter in Perspective

The voltage rise effect on DG-installed networks can be studied using a generalised 4-bus
network model. The model network can be solved using a simple algebraic formula to
ascertain the maximum penetration of DG that can be accepted at a given network location
before the onset of overvoliage problems. The next chapter analyses the mathematical form
of the algebraic solution equation to determine the relative influence of different network

3 As described in Appendix B, this criteria is more onerous than the node voltage tolerance for

networks with low impedance branches.
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parameters on the voltage rise phenomenon. Chapter 8 investigates the limitations of the
simple analysis that result from the assumptions made in the formulation of the network
model and as a result the approximate solution method used. The latter analysis makes use
of the Gauss-Seidel load-flow program that was developed in Section 6.2.2.

Page 80 Chapter 6



Chapter 7
Generalised Analysis of the Voltage Rise Effect

The discussion of Chapter 8 indicated that the mechanism of network voltage rise could be
understood by considering the mathematical form of a simple algebraic expression for the
aliowable DG penetration into a generalised network. This discussion is developed further in
the present chapter with an in-depth analysis of the form of the expression and through its
application to four typical network scenarios. This serves {o establish the usefulness of the
algebraic equation as a tool for evaluating the voltage rise effect in different scenarios and for
gauging the relative influence of different network parameters.

7.1 Approach

The relative influence of different network parameters on the severity of the voltage rise effect
is studied by analysing the mathematical form of Eq. 6.9 and by entering typical parameter
values info the equation. Results of the latter studies are plotted as a series of "DG location”
vs. "DG penetration” curves,

Four types of feeders are used in the generalised analysis;

1. & 22kV line strung with ACSR "Rabbit" conductor: representative of distribution lines of
fow current carrying capacity,
2. a22kV, ACSR "Hare" line; a high capacity distribution line,

3. an 88kV, ACSR "Hare" line: a low capacity sub-transmission line, and

4. an 88kv, ACSR "Wolf" line: a high capacity sub-transmission line.

Parameters for the different conductor types at the two voltage levels, as derived from
Eskom's standard table of conductor data, are included in Table 7.1 below.

Table 7.1. Line impedance and rating data used In the generalised analysis.

Voltage | Conductor Rating R X AR
Type {75 {pukm)* | {pu/km)® ratio

22kV Single Rabbit | 7.0MVA | 0.12507 | 0.07987 0.639
22kv Single Hare 10.2MVA | 0.06703 | 0.07813 1.166
88kV Single Hare | 40.8MVA | 0.00420 | 0.00598 1.424
88kv Single Wolf | 564MVA | 0.00250 | 0.00524 2.086

*per-unit quantities are expressed on a 100MVA base.
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The conductor types used in the sensitivity studies were selected such that the resistance of
the low capacity type was approximately double that of the higher capacity conductor. The
application of "Hare" conductor at both voltage levels is useful, as it allows for comparison
between cases differing by voltage level alone.

Table 7.1 includes data on the MVA rating of each conductor type at the respective voltage
levels. This is derived from each type's 75° thermal rating' and is used to place in context the
penetration limits of the DG.

The feeder length was chosen as 50km in all simulations. This length represents a relatively

long distribution line, and an average length sub-transmission line.

7.2 Impact of Network Parameters on the DG Voltage Rise Effect

Equation 6.8 from Section 6.2.1 indicates the maximum allowable DG penetration that can be
accepted into a generalised network that is constrained only by voltage rise. As indicated
below, Eq. 8.9 can be considered as the sum of three terms:

1. a"No-load" term that is independent of feeder load,

2. aterm thatis dependent on feeder loading — the "Load" term, and

3. a"Reactive Power Generation” term.

DG reactive
(1) No-Load (2) Load power
P, N A
-~ = Y4 A
\Y x{V, -V ;
Pog = l: DG(max) * { :(:‘((n:x) Setpoint )} + I:STotaI % (1 -3 :L} x (COS¢ + ?sin 4)]] - [? X QDG:I {(6.9)

Whers;
Vbemeg = the upper voltage regulation limit on the network;
Vsepoit = the OLTC setpoint voltage;

r+jx = the impedance per-unit length of the line connecting the DG and the source
busbars;
d = the distance of the DG from the source substation;

Sraald = the total apparent power load on the feeder; and
Qo = reactive power export by the DG to the network.

' This is the maximum current-carrying capacity of the line such that, under the most onerous
ernwvironmental conditions (highest ambient temperature and no crosswind), the conductor temperature
will rise no higher than 75°C. This corresponds to a certain degree of conductor sagging. The 75°
thermal limit of conductors has for many vears been used in Eskom as the limit for continuous loading of
a feeder under normal operating conditions.
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Each of the three terms of Eq. 6.9 are analysed in the following sections to identify the relative
influence of different network parameters on the voltage rise effect.

7.2.1 Analysis of the "No-l.oad” term

v V ~ Ve
No-Load term: [ pemax) * (Vbagmax) — Vsetpoint )]

rxd

Notice from Eq. 6.9 that the No-oad term represents the total DG penefration limit for
networks that are not loaded and where the DG operates at unity power factor.

The form of the No-load term indicates that in the absence of load the DG penetration limit is
hyperbolic with respect to d, the distance of the DG from the source substation®. The limit of
allowable DG penetration is thus halved as the distance of the DG from the source is doubled.
This trend is illustrated for two typical 22kV feeders in the no-load curves of Fig 7.1 below”.

| ~e-22kV Rabbit 48 22kV Hare |
s‘ : 1 : r
Ew'o m10.44 22kV Hare" Thermal Capacuty ITQZMVA
;-:, 1 7 : j :
E 22kV “Rabbit" Thermal Capac:ty 7 OMVA ....
£ plwopeel d e ey T
- ‘ :
8 !
s
G
)
[+ 8
@ AN N 200 e TR
Q : ; : s z
| 1.68 s » : il 0.78 | 0.67
0.0 : e 0'845 0567 5 ¢ —< 0.36
0 10 20 30 40 50

Distance of DG from Source (km)
Fig. 7.1. DG penetration curves for typical 22kV feeders in the absence of load;
generation at UPF,

The increase in allowable DG penetration on the higher capacity "Hare” feeder in Fig 7.1 is a
result of its lower per-unit resistance. From Table 7.1, the upgrade of a 22kV "Rabbit" line to
"Hare" conductor reduces the per-unit line resistance by 53.5%. By the No-load term this
increases the penetration limit by a factor of 1.87 (=0.535"). A similar increase in the
penetration limit is expected with a conductor upgrade from "Hare" to "Wolf" on an 88kV

2 An equation in (x.y) is said to be hyperbolic if xy = ¢ where ¢ is a constant.

* The penetration curves of Figs. 7.1 and 7.2 are constructed under the assumption of a 1.03pu
OLTC setpoint voltage and a maximum overvoltage limit of 1.05pu (as are commonly applicable to
distribution networks in South Africa).
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feeder. The type of conductor that is used on the DG feeder is thus seen to have a
multiplicative effect on the No-load term of Eq. 6.9

A second series of penetration curves in Fig. 7.2 demonstrates the effect of voitage level on
the no-load DG penefration limits.

[ --22kV Hare -m-88kV Hare |
40.0
&
=
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(] 10.0 g H
e ; : : ;
BCA LR Y N P I A PR S AN
212061157 los | |o7s 067
0.0 3
0 10 20 30 40 50

Distance of DG from Source (km)

Fig. 7.2. Effect of voltage jevel on the no-load DG penetration curves;
generation at UPF,

The curves in Fig. 7.2 indicate that the DG penetration limit on an 88kV "Hare" feeder is 16
times higher than that on a "Hare" line operated at 22kV. This effect is a result of the voltage
dependency of the line resistance factor in the No-load term. Recall that the No-load term is
expressed in per-unit values and that the per-unit resistance of a given conductor is inversely
proportional to the square of the voltage level. By the No-load term then, the no-load DG
penetration varies in proportion to the square of the voltage level,

The variation of no-load DG penetration limits with the square of the voltage level is
particularly significant for lower voltage MV feeders. A "Hare" line operated at 11kV, for
example, will accept one guarter of the power generation by DGs than one operated at 22kV.
From Fig. 7.2, this suggests that an 11kV "Hare" line will accept less than 1MW of generation
from any machine located further than 7km from the source substation.

The results of Figs. 7.1 and 7.2 indicate that DG feeders become increasingly voltage-
constrained at lower voltage levels and with lower capacity conductors. This is evidenced by
the fact that DGs within the first 13km of an 88kV "Hare" line are constrained by capacity
limitations rather than the prevention of network overvoltages. On the 22kV "Rabbit” line, only
machines closer than 2.4km to the source substation will be constrained by the conductor
capacity. Also, a DG installed 40km down a 22kV "Rabbit" line can generate only up to 6% of
the thermal capacity of the conductor, whereas the same machine on an 88kV "Hare" line can
generate up to 31% of the conductor rating.
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The form of the No-load term suggests that the DG penetration limit can be increased by
lowering the OLTC sefpoint at the source substation, or by increasing the limit for
overvoliages on the network. In fact, the No-load term suggests that a 0.01puy reduction in
the OLTC setpoint, or a 0.01pu increase in the limit for overvoitages, will give rise to a 50%
increase in the penetration curves that were plotted in Figs. 7.1 and 7.2. This is because the
figures were constructed under the assumption of a 0.02pu allowable voltage rise between
the source and DG busbars. A 0.01pu increase to this represents a 50% increase in the
(Vpomax = Vsewont) term in the No-load term. Notice that a 0.01 to 0.03pu change in the limit
for overvoitages (the maximum variation that is likely) represents a small percentage change
in the variable Vpguax, and the effect of the change on the multiplicative coefficient in the No-
load term can thus be ignored.

A corollary of the above discussion is that an increase in the OLTC setpoint from 1.03pu to
1.04pu, or a decrease in the allowable limit for network overvoltages, to 1.04pu for example,
will bring about a 50% reduction in the penetration limits of Figs. 7.1 and 7.2. This is a
significant result in light of the discussions in Section 4.3 regarding the new approach to
voltage drop apportionment on MV networks in the Eskom system. It was seen here that a
reduction of the allowable overvoitage limit to 1.04pu is not uncommon.

7.2.2 Analvsis of the "Load” term
Power factor scaling factor

N

d X
xLJx[cos¢+?sm¢H

Analysis of the Load term is considered in two parts: (i) the effect of unity power factor load
and (i) the effect of load power factor variations on DG penetfration limits. Noftice that the

Load term: [Sma,x[% >

"power factor" scaling factor in the Load term equates to unity under the assumption of load at
UPF (i.e. ¢ = 0°).

Expressed as a graph of "d" vs. "Ppg", the Load term at UPF represents a straight line having
a maximum value of Sy at the source substation busbar, and reaches a minimum of

S—T;‘—?iat the line end. This is illustrated in Fig 7.3.
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Fig. 7.3. Linear effect of feeder load on DG penetration limits.

Fig. 7.3 demonstrates that the effect of feeder load on DG penetration limits varies with the
DG location. Significantly, however, the addition of Sy of uniformly distributed load will

increase the DG penetration at all locations by at least §-T-22t91. This is in contrast to the

hyperbolic No-load term that exhibits a much stronger bias towards DGs located near to the
source substation.

The effect on the Load term of varying the load power factor is {o multiply the linsar UPF
characteristic by a scaling factor, k. This is illustrated by the grey lines in Fig. 7.3. The

scaling factor k is given by the expression: (cos¢+§sin ¢) in the Load term. The load

scaling factor is plotted as a function of load power factor {(i.e. cosé) for the four different types
of networks in Fig. 7.4. Fig. 7.4 considers power factors from unity to 0.80 lagging.
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Fig. 7.4. The Load term scaling factor for varied load power factors
on different networks.
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The increase in the load scaling factor on higher voltage and higher capacity networks in Fig.
7.4 is a result of the increased XR ratios of these feeders. This effect is countered to an
extent, however, by the higher load power factors that are usually encountered on higher
voltage feeders. Load power factors on distribution networks typically vary between 0.95 and
0.85 lagging, whilst on sub-transmission networks these range between 0.98 and 0.95°. This
being the case, Table 7.2 lists the typical range of load scaling factors for the four networks
considered in Fig. 7.4.

Table 7.2. Typical ioad scaling factor values for four different networks.

Network Typical load
scaling factor

22kV "Rabbit" | 1.15-1.18
22kV "Hare" 1.31-1.46
88kV "Hare" 1.26 -1.39
88kv "Wolf 1.39 - 1.60

The results of Table 7.2 indicate that even when considering the higher power faclors on
higher voltage networks, the load scaling factor generally increases with increased voltage
levels and heavier conductor types. In this regard, Table 7.2 indicates a 40% increase in the
load scaling factor between the 22kV "Rabbit" and 88kV "Wolf' networks.

The effect of load on DG penetration limits on stronger networks is increased further by the
fact that high voltage, high capacity networks are usually loaded closer to their thermal limits
than weaker systems. Recall from Chapter 3 that in the absence of DG, distribution networks
in South Africa are often constrained by voltage-drop considerations that limit their capacities
o values well below the thermal rating of the conductor. A simulation on a 50km 22kV
"Rabbit" line, for example, reveals that the feeder can carry a maximum of 2.7MVA of
uniformiy-distributed load before the line-end voliage drops below 0.95pu. This compares
with the 7.0MVA thermal rating of the conductor at this voliage level.

Despite the decreasing magnitude of Eq. 6.9's Load term in weaker systems, feeder load has
a greater relative influence on DG penetration limits in weak networks. This is due to the swift
decrease in the values of the No-load term in weaker systems. Figs. 7.5 a-b below indicate
the increased overall DG penetration that is brought about on a 22kV "Rabbit" and an 88kv

* The highly reactive nature of sub-transmission and transmisslon line Impedances diciates that
voltage drops in these nefworks are more dependent on reactive power flows than on that of real power.
Load power factors at these voltage levels are thus more tightly regulated through the application of tariff
penalties {o large power users that operate below a given power factor. Power factor correction devices
are also commonly installed at sub-transmission voltage levels.
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Fig. 7.5a. Increased DG penetration limit on a

“Wolf" line with the addition of load to the value of 20% of the respective feeder's carrying
capacity. The carrying capacity of the "Wolf* feeder is determined by the thermal rating of the
conductor (56.4MVA), while that of the "Rabbit” line is constrained by voltage drop
considerations in the absence of DG (2.7MVA).

-4~ No Load -8 540kVA Load ? I -¢-No Load B 11.2MVA Load
- - 60.0 " AV " T
PPN HBIOK SN RTINS RN U S SO
:E 40.0
|
=
S
£
£
£ 20.0
a.
v
rat
. : | 0.0
10 20 30 40 50 0 10 20 30 40
Distance of DG from Source (km) Distance of DG from Source (km)

22kY "Rabbit” line with the addition an 88kY "Wolf” line with the addition
of feeder load. of feeder load.

Notice from Fig 7.5a that the presence of 540kVA of load on the 22kV "Rabbit" line increases
the allowable DG penetration 30km from the source substation by 80% when compared with
the no-load threshold. On the 88kV feeder, the addition of 20% of rated load increases the
penetration limit for a machine at the same location by 45%. It is also apparent from Figs.
7.5a-b that feeder load causes a greater percentage increase in the penetration limits for
machines located farther from the source substation.

7.2.3 Analysis of the "Reactive Power Generation™ term

Reactive Power Generation term: - ﬁ x QDG}

By the above term, reaclive power absorption by the DG (in which case Qpg is negative) has
an additive effect on the DG penetration limit. The effect is, however, proportional to the X/R
ratio of the feeder and is thus a more effective means of increasing DG penetration limits on
higher voltage, higher capacity networks. To this end, the X/R data in Table 7.1 indicates that
the absorption of 1MVAr by a DG will increase the allowable power export onto a 22kv
"Rabbit" line by approximately 630kW, and by 2.10MW on an 88kV "Wolf" line.

it is significant that the effect of reactive power absorption (or generation) by a DG is
independent of the machine's location. A fixed level of reactive power absorption thus gives
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rise to the same increase in penefration limits for a DG located 2km from the source
substation as it does for one located 47km away.

The "Reactive power generation” term can be reformulated to study the effect on DG
penetration limits of operating the DG at a fixed power factor. This is achieved by substituting

Qe = Ppatand into Eq. 6.9 and solving for Ppe.

DG power factor
No-L.
@ Notons Diw  @oow
~ N ~~r ~
V x(V, ~Vsatooint) d X . X -
Pog = u DG(max) !?:‘G:n;ax) Setpoint ] + l:STota, X (1 - 7 L) X (cosds + ?Sm ¢)D x (1 "R x tan GJ {7.1)

where 0 is the leading power factor angle of the generator [ = arccos(generator power factor)].

Notice in Eq. 7.1 that the "No-load” and "Load" terms have remained unchanged from Eq. 6.9,
but that the "Reactive power generation" term has changed from an additive term into the
mulitiplicative "DG power factor” term. The effect of operating a DG at a non-unity power

-1
factor is thus to multiply the resuits of the UPF studies by the scaling factor: (1 —%xtan ¢) .

The form of scaling factor in Eq. 7.1 indicates that the effect of constant power factor
operation by DGs is dependent on the X/R ratio of the feeder, and on the value of the
generator power factor. The value of the scaling factor for four network types with DG power
factors ranging from unity to 0.90 leading is shown in Fig. 7.6 below.

{ -4~ 22kV Rabbit  -B-22kV Hare  -&- 88kV Hare @ 88kY Wolf |

AR

15 1 .-—-—"“*“"”

<~

Penetration limit scaling factor

1.0 ‘ . ;
1.00 0.98 0.96 0.94 0.92 0.90
Generator power factor (leading)

Flg. 7.6, Penetration limit scaling factors for DGs operating
at leading power factors.

It is seen in Fig. 7.6 that the scaling factors for each of the four networks increase in a near-
linear manner as the generator power factor is reduced. The increasing slopes of the curves
with increased voitage levels and conductor sizes reinforce the finding earlier in this section
that generation at lower power faclors (corresponding to increased levels of reactive power
absorption) is increasingly advantageous on stronger networks. Alternatively stated, the
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effect of fixed power factor generation on the DG penetration limit is lowest on those networks
that are most voltage constrained.

Notice from Eq. 7.1 that the presence of load on the feeder increases the benefils to be
derived from fixed power factor generation. Specifically, the scaling factor in Eq. 7.1 is
applied to the linear "Load" term as well as the hyperbolic "No-load"” term. This is understood
by the fact that the presence of load allows for an increase in DG penetration which, in turn,
increases the level of reactive power absorption by the DG (since this operates at a fixed
power factor). By the earlier discussion, an increase in reactive power demand by a
generator increases the penetration limit further.

7.2.4 Summary: the influence of network parameters on DG penetration limits

The discussions of this section indicate that the DG-initiated voltage rise effect can be studied
in terms of three terms:

1. A"No-load” term that is hyperbolic with respect to the distance of the DG from the source
substation. The No-load term is proportional to the square of the voltage level and
inversely proportional to the conductor resistance. Variations in the OLTC setpoint,
and/or voltage regulation limits also have a multiplicative effect on the No-load term.

2. A "Load" term that is linear with respect to the distance of the DG from the source
substation. This term is increased multiplicatively with increased load magnitudes and
decreased load power factors, although the latter effect is dependent on the X/R ratio of
the feeder.

3. A "Reactive Power Generation" (by the DG) term that is constant with respect to the
distance of the DG from the source substation. This term Is proportional to the X/R ratio
of the feeder and the level of reactive power generation/absorption by the DG,

OR

A "DG power factor” term that forms a multiplier of the "No-load" and "Load" terms
described above. The magnitude of the multiplier term is dependent on the generator
power factor and the X/R ratio of the DG feeder.

The relative influence of variations in different network parameters was studied using the
three-part analysis method outlined above. The results of these studies are summarised in
Table 7.3 below.
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Table 7.3. Relative influence of network parameter variations on DG penetration fimits.

Network parameter

Affects
Term*

Nature of
effect

Summary

Voltage level

O0®

Multiplicative

Has a significant effect on the no-load penetration limit.
This is proportional to the square of the voltage level.
Increased voltage levels also increase the effect of
reactive power facior load (and generation) on account
of the increased X/R ratios. Higher voltage lines are
less voltage constrained, and can normally be loaded fo
a greater extent than lower voltage feeders.

Conductor type

Oe®

Multiplicative

The effect at No-load is inversely proportional to the
conductor resistance. Has a similar effect on the load
and reactive power generation terms as voltage level,

Feeder load

Additive

Has an additive effect on DG penetration. Effect
decreases for machines located far from the source
substation, but this decrease is not as significant as the
decrease in the No-load component. The effect of the
load term increases with decreasing lagging power
factors, although this is dependent on the X/R ratio of
the feeder.

OLTC Setpoint/
Voltage regulation
fimit

Multiplicative

Has a multiplicative effect on the No-load component.
A 0.02pu decrease in the OLTC setpoint or a similar
increase in the limit for overvoltages doubles the No-
load factor.

Reactive power
absorption by the
DG

P&

Additive /
Multiplicative

Fixed levels of reactive power absorption have an
additive effect, but this is proportional to the X/R ratio of
the conductor. Generation at a fixed power factor has a
multiplicative effect on both the No-load and load
components of the penetration limit.

*Term references are as follows: O "No-Load", @ "Load", @ "Reactive power generation” and @ "DG

power factor”.

7.3 Chapter in Perspective

The discussion in this chapter has revealed the algebraic solution equation to be a useful tool

for the analysis of the voltage rise effect. This method of analysis is extended in Chapter 9 to

describe the relative efficiencies of the voltage rise mitigation options that were oullined in

Chapter 3. First, however, Chapter 8 investigates the accuracy of the equation's results given

the number of core assumptions were made in the course of its derivation. This analysis

serves to identify the limitations of the equation's applicability to the study of network voltage

rise.
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Chapter 8
Accuracy of the Generalised Analysis

Two sets of assumptions were described during the derivation of the algebraic solution
equation (Eq. 6.9) in Chapter 6. These included:

1. assumptions made in the construction of the simple model network, and

2. assumptions required for the "linearisation” of the solution to the network model.

These assumptions are revisited in the present chapter. Section 8.1 identifies the limitations
of the algebraic method as a solution to the network model. Thereafter, Section 8.2 revisits
the assumptions that were made in Section 6.1 o determine whether or not the model

network is adequately representative of reallife systems and can yield usable, practical
results.

8.1 Accuracy of the Algebraic Solution of the Network Model

This section describes the results of a series of comparative studies that were performed to
assess the accuracy of the algebraic method as a solution to the network model of Section
6.1.3. The resuits from the algebraic method are compared with those derived using the
Gauss-Seidel load-flow program of Section 6.2.2 for simulations on different network types
under varying load- and generation conditions.

8.1.1 Effect of variations In load, voltage level and conductor tvpe

Twelve "DG location” vs. "DG penetration” curves were constructed to study the effect of DG
location, voltage level, conductor type and network load variations on the accuracy of the
algebraic solution method. The same four network types as were used in the analysis of
Section 7.2 were applied for the present studies: 22kV "Rabbit", 22kV "Hare", 88kV "Hare"
and 88kY "Wolf' networks (each 50km long). Simulations on the 22kV systems were
performed at no load, and with TMVA and 2MVA of load uniformly distributed down the feeder
length. Studies at 88kV were conducted at no load and with 2MVA and 10MVA of feeder load
respectively. These levels of loading were considered representative of the ranges that would
typically be encountered in real-life applications, remembering that the voltage rise effect is
most severe under the condition of lowest network loading. The load power factor was
assumed at 0.95 lagging and the generation at UPF in all cases.

Accuracy of the Generalised Analysis Page 93



Simulation results for the three loading levels per network type are presented as Figs. 8.1a-d

below. The results derived using the Gauss-Seidel technique are indicated by the solid

curves, while curves derived using the algebraic method are indicated using dashed lines. In

some cases, no dashed curves are visible, since they are overwritten by the respective

Gauss-Seidel curves.
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Fig. 8.1a. Accuracy of the algebraic solution
under variable loading conditions on
a 22kV "Rabbit” line.
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Fig. 8.1c. Accuracy of the aigebraic soiution
under variable loading conditions on
an 88kY "Hare" line.
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Fig. 8.1b. Accuracy of the algebraic solution
under variable loading conditions on
a 22k "Hare" line.
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Fig. 8.1d. Accuracy of the algebraic solution
under variable loading conditions on
an 88k “Wolf” line.

A notable trend from Figs. 8.1a-d is that the results from the algebraic method all fall below

those derived using the Gauss-Seidel solution technique. This is to be expected given that all
of the assumptions made in the derivation of Eqg. 6.9 (as discussed in Section 6.2.1.2) lead to

an underestimation of the allowable DG output.
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Table 8.1 below describes the percentage underestimation of the allowable DG output by the
algebraic solution method. Accuracy ranges are presented for all twelve of the curves in Figs.
8.1a-d. In all of the simulations, the algebraic method was most accurate for DGs located
closest to the source substation. The starting figure of each accuracy range thus represents
the accuracy for close-up machines, whilst the highest value is achieved for machines located

at the end of the line.

Table 8.1. Percentage error of the algebraic solution under varying volftage level,
conductor type and load conditions.

Percentage underestimation by the algebraic
gsolution method

Case No load 1MVA 2MVA 10MVA
load load load

22kV Rabbit 06-07 0.7-24 1.8-39 -
22kV Hare 16-20 1.7-33 25=51 -7
88kV Hare 20-25 . 20-3.1 21-38
a8kv Wolf 46-52 - 44-49 4.7-641

it is apparent from Figs. 8.1a-d and Table 8.1 that the algebraic method is most accurate for
DGs located closest to the source substation. This effect is a result of assumption 1 in
Section 6.2.1.2 (i.e. that the DG busbar voltage remains fixed at 1.05pu under all conditions)
being increasingly inaccurate for busbars located further from the source substation.

The accuracy of the algebraic solution method is reduced as the network load increases.
This effect is particularly apparent from the results in Table 8.1 of the 22kV simulations for
generators far from the source: the inaccuracy in the 22kV "Rabbit" simulations increases
from 0.7% to 3.9% with the addition of 2MVA of feeder load. Notice that on an 88kvV "Wolf*
line, the change in accuracy is less than 1% with the addition of 10MVA of load. Deeper
investigation reveals this phenomenon also {o be a result of the first assumption in Section
6.2.1.2. The assumption that the DG busbar voltage remains fixed at 1.05pu is less valid as
the load increases on account of the increased voltage drops across the conductor. The
validity of the assumption is restored fo an extent in higher voltage networks (with lower
impedance conductors) since lower voltage drops are encountered for a comparable degree
of feeder loading (i.e. a fixed percentage of the feeder's thermal capacity).
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in Table 8.1, the 22kV no-load curves are very closely approximated by the algebraic solution
method. Somewhat surprisingly, the accuracy of the no-load curves decreases at 88kV, and
with the upsizing of the conductor. This effect can, however, be aftributed to the second
assumption of Section 8.2.1.2: that of neglecting the effect of the quadrature voltage change
term, V.. By Eq. 3.4a and 3.4b, AV, and 8V, are given as:

RR+XQ L0 gy, XPoRQy

AVy =
2 V2 VZ

(3.4a-b)
The term magnitude of 8V, is expected fo increase relative to AV, as the X/R ratio of the line
increases, since P, is usually greater than Q.. Neglecting the 8V, term in the derivation of Eq.
6.9 thus gives rise to greater inaccuracies on higher voltage lines, since these exhibit higher
X/R ratios than reticulation-type networks.

A second series of simulations, described in Appendix C, were conducted to determine the
effect of load power factor on the accuracy of the algebraic solution method. These
simulations reveal that in the worst case of load at low (0.85) lagging power factors, the
accuracy of the algebraic method drops by less than one percent compared to the studies
with 0.95 lagging power factor load.

Overall, the algebraic solution method is found to be accurate to within 7% of the Gauss-
Seidel method under typical network conditions. The approach is most accurate at lower
voltage levels and under light loading conditions. From the previous chapter recall that these
are the conditions under which the constraint on the DG output is most severe, and thus the
conditions under which most accuracy is required.

8.1.2 Effect of reactive power generation

A further series of simulations were performed {0 establish the accuracy of the algebraic
solution method under the condition of generation at leading power factors. Simulations were
performed at no-load on each of the four network types for DG power factors of unity, 0.975,
0.95 and 0.925 leading.

The results of the simulations on the 22kV "Hare" network are illustrated in Fig 8.2 overleaf.
As in Figs. 8.1a-d, resulis derived using the Gauss-Seidel technique are indicated in using
solid lines, whilst those derived using the algebraic method are indicated using dashed lines.
Note that the base case described as "Gen UPF" corresponds to the "No-Load” curve in Fig.
8.1b.
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Fig. 8.2. Accuracy of the algebralc solution for various leading DG power factors
on a 22kY "Hare" line.

Fig. 8.2 demonstrates a trend of decreasing accuracy of the algebraic method at lower
leading DG power factors. It is also apparent from the figure that the percentage
underestimation of the DG penetration limit remains relatively constant with increased
distance of the DG from the source substation. In fact, analysis of the raw data reveals that
the accuracy is constant across the length of the feeder. Percentage inaccuracy statistics for
all the sixteen different scenarios are presented in Table 8.2 below.

Tabie 8.2. Percentage error of the algebraic solution for different DG power factors.

Percentage underestimation by the linear solution
method.
Case UPF 0.975lead | 0.950 lead | 0.925 lead
22kV "Rabbit” 06 1.2 1.5 1.8
22kV "Hare" 1.5 34 6.2 8.7
88kV "Hare" 20 6.3 12.1 256
88kV "Wolf" 4.8 26.1 77 - 100" 100

*Load-flow program determines very high penetration limits, but does not converge reliably.
* Load-flow program does not solve (i.e. the DG penetration limit approaches Infinity).

The increased inaccuracy of the algebraic solution method for lower leading DG power factors
can be attributed to assumption 2 from Section 6.2.1.2: the fact that the 8V, term was
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neglected in the derivation of the linear solution formula'. Recall that AV, and 8V, are given
by the expressions:

_RR#XQ  ang 8V, =22 (3.4a-b)

AVy = v v
2 2

Notice from Eq. 3.4b that the magnitude of 8V, is greatest when P, and Q, are of opposite
sign. This is the case when the DG operates at a leading power factor (absorbing reactive
power whilst generating real power). Notice also by the form of Eqg. 3.4a that AV, is smallest
in the event of generation at a leading power factor. Generation at lower leading power
factors thus causes large increases the relative size of 8V, with respect to AV,, and gives rise
to the increased underestimation of the DG penetration limit that is observed in Table 8.2.
Notice also from Egs. 3.4a-b that the relative size of 8V, and AV, is not affected by the
distance of the DG from the source substation, but rather by the X/R ratio of the feeder. This
explains the constant error percentages across the feeder lengths that are observed in Table
8.2.

Table 8.2 indicates a sharp decrease in the accuracy of the algebraic solution method for
leading DG power factors on higher voltage and higher capacity networks®. This effect can
again be understood by studying the form of Eqs. 3.4a-b. Specifically, the increased X/R
ratios of the higher voltage/capacity feeders further increase the size of 3V, relative to AV,
and hence the degree of underestimation by the algebraic solution (that neglects the 8V,
term). Interestingly, a more qualitative analysis of the raw data for these simulations (and
those in Appendix C.2) indicates a comrelation between the decay in the accuracy of the
algebraic solution and the increase in line losses on the network. The mechanism by which
this occurs is not fully understood, but the result is very significant in the context of this
section, since it indicates that underestimation of the DG penetration limit by the algebraic
solution method may not be an inaccuracy. Rather, it may be that the algebraic method,
through its having neglected the effect of the 8V, term, is constrained in a way that tends to
limit the extent of line losses. In this way, the results of the algebraic solution method may be
more practical than those derived using the Gauss-Seidel technigue, since the latter method
does not consider line losses. This trend is suggested as a topic of further research.

' Note that Assumptions 1 and 3 from the discussion of Section 6.2.1.2 are not applicable in
simulations performed without feeder load.

2 A similar trend is noticed in a series of simulations on 22kV and 88kV "Hare" feeders with DGs
operating at low leading power factors in the presence of low lagging power factor load. This study is
described in Appendix C.2.
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The results of this section, as in the previous section, indicate that the algebraic solution
equation is most accurate on weak systems. The simulations at 22kV indicate that the
method is accurate to within 5% of the Gauss-Seidel results for machines that are constrained
to power factors higher than 0.95 leading. The "accuracy” of the algebraic solution is
diminished dramatically in the event of heavy reactive power loading on the networks, a
phenomenon that appears to be related to increasing line losses on the feeder.

8.2 Accuracy of the Network Model in representing Real-life Systems

The ability of the network model to represent real-life systems is evaluated in this section by
revisiting the assumptions of Section 6.1.2. The assumptions were made in an endeavour to
reduce the complexity of the model that was required to represent typical DG networks.

8.2.1 Model assumptions revisited

1. The source substation is equipped with an QLTC. Eq. 6.9 was derived under the
assumption that the substation busbar voltage was regulated by OLTC action. In fact, the
derivation of Eq. 6.9 can be easily modified for applications where this is not the case. In
this event, the source impedance as seen from the substation busbar (at the same
voltage level as the DG feeder) can be added to the impedance of line section 1 in Fig.
6.1, and Eq. 6.4 can be reformulated as:

) ! 2 o N e - - 8.1
oo ( Rg+Rs * +Rd+Rs *7 Ao+ Rq+Rg 8 +Xa+Xs X5 +Qu2-Qpg | (8.1)

where Rq+ X4 = the impedance of the conductor connecting the source substation to the DG busbar

Rs + jXs = the source impedance seen from the source busbar

The magnitude and angle of the source impedances in Eq. 8.1 can be derived from the
fault level statistics presented in Table 4.1 and Fig. 4.4 of Chapter 4.

Using Eq. 8.1, and comparing the magnitudes of typical busbar source impedances in
South Africa with per unit length conductor impedances (from Table 7.1), indicates that
the absence of a substation OLTC is unlikely to impose a significant constraint on DG
penetration limits. From Table 4.1, for example, it is seen that the 50" percentile fault
level for 22kV busbars is 84MVA. Assuming a typical source impedance angle of 84°, this
fault level translates into a source impedance of 0.008 + j0.118 pu. Notice from Table 7.1
that the resistance of the source impedance in this case is only 12% of the per-unit
resistance of 1km of "Hare"” conductor at 22kV. By the first term in Eq. 8.1, it can thus be
concluded that the absence of a substation OLTC will give rise to only a 6% change in the
no-ioad DG penetration limit for DGs located 2km from the source. Recall from the
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discussion of Chapter 7 that DGs located close fo the source substation are often
constrained by the thermal rating of the conductor rather than by voltage-rise issues, so
the absence of an OLTC may actually have no effect on the no-load penetration limits at
all,

Notice also from the form of Eq. 8.1 that the absence of a substation OLTC does not
significantly alter the effect of load on DG penetration limits. From Fig. 6.1, the load P is

small for DGs located close to the source and so the multiplier (14. = RSR Jwil! thus not
d+hg

have a large effect on the DG penetration limit.  For DGs located farther from source
substation, Rp>>Rg and the multiplier term tends to unity.

The discussion above indicates that the network model of Section 6.1 is not constrained
by the assumption of an OLTC being operational at the source substation. In fact, the
algebraic solution equation is easily reformulated to allow the study of networks not fitted
with OLTCs.

2. The feeder load is uniformly distributed down the feeder length. Notice from the form of
Eq. 6.4 that the effect of feeder load on DG penetration limits can be divided into the
effect of load downstream of the DG busbar (P, Qo) and that of upstream load (Py,
Qu1). By Eq. 6.4, only half of the upstream load is added to the DG penetration limit. This
is a result of the assumption that the load was uniformly distributed down the feeder's
length and that the upstream load centre is halfway between the DG busbar and the
source. In reality, practical experience suggests that the load centre from any point on a
distribution line is located approximately 30% from the source busbar. This takes into
account the distribution and lengths of spurs that tee-off the feeder backbone. This
finding suggests that a more accurate formulation of Eq. 6.4 for application on distribution
networks might be to reduce the multipliers of Py, and Q4 from 50% to 30%. In this way,
Eq. 6.4 can be made to more closely represent practical networks.

3. A single type of conductor is used along the entire feeder length. The common design
practice for distribution lines of reducing the conductor size along the backbone and spurs
leads to non-uniform conductor impedance. This can, however, be accommodated into
the network model of Chapter 6 by entering the average conductor impedance per unit
length, and varying the iocation of the upstream load centre. The mechanism by which
this is achieved is best understood by example.

Scenario. Suppose that a DG is to be connected 10km from the source substation on
a 22kV feeder. The first Zkm of the feeder is strung with "Hare” conductor, whilst the
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remainder of the feeder uses "Rabbit" conductor. As described above, the upstream load
centre is located 3km from the source substation busbar.

Calculation of the DG penetration limit. From Table 7.1, the average impedance per
unit  length of the composite conduclor can be calculated as
(Z_XZ_Hg_re_;"'_giRabﬂ =J 0.1124 + j0.7952pu/km. This figure can be used as the uniform
conductor impedance in the network model. Now, the impedance from the source busbar
to the upstream load centre in this example is (2x Zygre +1% Zrapp =) 0-2591 + j0.2361pu.

The resistive component of this figure corresponds to 23% of the line resistance from the
source fo the DG busbar, whilst the reactive component is 30% of the line reactance up to
the DG busbar. The effect of the composite conductor can thus be represented by
moving the real power load centre to 2.3km from the source busbar on the model feeder
of uniform conductor type. As described in the previous section, this is achieved by
reducing the muitiplicative factor for P, in Eq. 6.4 to 0.23. Notice that the use of different
conductor types on the same feeder has almost no effect on the location of the reactive
power load centre, since the per-unit reactance of a line is hardly affected by the size of
the conductor. Notice also that the use of multiple conductor types on the DG feeder will
also give rise to a change in position of the downstream load centre. The position of the
downstream load centre is not relevant in Eq. 6.4, however, on account of the assumption
that power losses on the downstream line are neglected (as described in Section 6.2.1).

The example above demonstrates that the assumption of a single conductor type being
used on the DG feeder will not limit the application of the algebraic solution method to

real-life networks.

4. The feedsr load is of the constant power fyps. The total range of allowable voltage rise
resulting from the application of DGs is of the order of 0.01 to 0.03pu. it can thus be
accepted that the voltage characteristics of the network load will have a negligible
influence on the penetration limits that are derived using Eqgs. 6.4 or 6.9. The voltage
characteristics of loads are more significant in classical voltage drop studies where the
range of voltage variation is of the order of 10%, and in transient studies where larger
voltage deviations can be encountered.

5. The DG is connected directly to the feeder backbone. The possibility of DGs being
connected to lateral feeders on distribution networks can be accommodated in the
network model of Chapter 6 by shifting the location of the upstream load centre.
Alternatively, the upstream load might be spiit into upstream load that is downstream of
the fee-off point of the lateral on the backbone, and load upstream of this location.
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"Scaling factors" for these loads in a reformulation of Eq. 6.4 can be calculated based on
the location of the load relative to the source and DG busbars.

One of the primary concerns regarding the application of generator transformers in DG
applications is the possibility of worse overvoltages arising on the DG-side bushings of
the transformer. Generator transformers are, however, normally fitted with OLTCs. From
the discussion of Chapter 4, these should be capable of bucking the source (i.e. utility-
side) voltage by at least 5%. If the utility-side busbar voltage is restricted to a maximum
of 1.05pu, adequate voltage regulation on the DG-side can thus be maintained via OLTC
action of the generator transformer. Since transformers have very low series resistances,
operation of DGs via a transformer should not give rise to significant voliage rise across
the transformer itself. it thus appears that the presence of a DG transformer will have
little effect on voltage rise siudies conducted using Eqgs. 6.4 or 6.9. The present study
has, however, not considered the interaction between the generator transformer OLTC
controller and the DG excitation confroller. This topic should be similar to the application
of generator transformers in traditional power station applications, but is suggested as an
area for future investigation with particular reference to DG applications.

6. The (synchronous) DG is not constrained to operate within in a fixed capability curve.
Detailed knowledge of a synchronous DG's capability curve (in terms of steady-state
voltage studies) is required when the DG is to be made o operate at a leading power
factor. This may be done in an effort to curb network voltage rise. In this case, Eq. 6.4
can be used to determine the required reactive power absorption capacity of the DG at a
particular real power output if busbar voltages are to be maintained within the reguiatory
limit. This can be achieved by solving Eq. 6.4 for Qpg.

It was described in Chapter § how the optimal operating point within the DG's capability
curve is influenced by considerations of generator stability, machine and network losses
and reactive power tariffs. None of these factors are considered in the network modei of
Chapter 6 or in the "DG penetration” equations that followed therefrom. Indeed, it was
seen in Section 8.1.2 how some "solutions” to the network model for DGs operating at
leading power factors can give rise to extreme levels of power losses across the network.
Further discussion in Section 8.1.2 indicated that the algebraic equation for the solution of
the network model takes into consideration the reduction of losses in its solution process,
aithough the mechanism by which this is achieved is not fully understood. Overall, the
simple network model and the related algebraic solution equations must be applied with
caution to DG applications at leading power factors. The necessily to consider machine
stability, losses and tariffs indicates that detailed application-specific studies wili be
required in these cases. The simple analysis equations identified in this study are,
however, useful in identifying the potential for the application of different generator control
modes for the mitigation of network voltage rise.

Page 102 Chapter 8



8.3 Chapter in Perspective

The algebraic method for the study of DG-initiated network voltage rise is most accurate for
applications on weak networks: those of low voltage level, X/R ratio and load. This is
advantageous since, as described in Chapter 7, voltage rise is more of a constraint to DGs in
this type of network. The algebraic method is also useful for the study of network voltage rise
in stronger systems. The slightly reduced accuracy of the solution method in these networks
is not likely to be significant, since voltage rise is less of a constraint for DG applications.

The discussion of Section 8.2 indicated that, with minor modifications, the algebraic approach
could be applied to most real-life systems. The scope of application of the method is
demonstrated in two case studies in Chapter 9. The method is also applied to the evaluation
of the voitage rise mitigation options from Chapter 3. The discussion of the present chapter
found that the algebraic approach is not sufficient on its own to study one of the mitigation
options, namely that of reactive power absorption by DGs. The approach is, however, found
to be useful in identifying network conditions that most suit this option.
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Chapter 9
Application of the Analysis Technique

The discussion of Chapter 7 regarding the relative influence of different network parameters
on the voltage rise effect is extended in the first section of the present chapter to identify the
relative efficiency of the six voltage rise mitigation options from Chapter 3. Thereafter, the
algebraic analysis technique is used as the basis for a generalised approach for the
evaluation and resolution of voltage rise problems in DG applications. This method is
compared with two generalised evaluation methods that are used in other countries and
which were introduced in Chapter 1. The application of the generalised approach is
demonstrated on two South African case studies in the final section of this chapter.

9.1 Assessing the Mitigation Options

The six options for the mitigation of the voltage rise effect from Section 3.2.3 are revisited in
the present section. The relative efficiency of each option is established following the
discussion of Chapter 7 regarding the effect of different network parameters on network
voltage rise.

9.1.1 Ungrading the network

An upgrade of the conductor on the DG feeder to one of larger cross-section increases the
DG penetration limit by way of the reduction in conductor resistance, r. This has a
multiplicative effect on the No-load term in Eq. 6.9. A reduction in conductor resistance also
affects the reactive power load and generation terms in Eq. 6.9 through the increase brought
about on the X/R ratio of the feeder.

A study of Eskom's standard table of line impedances reveals that the maximum possible
reduction in line resistance that can be effected by a conductor upgrade is of the order of
85%. This figure corresponds to a 22kV feeder being up-rated from "Mink" to "Kingbird"
conductor, or at 88kVY from single "Hare" conductor to a twin "Kingbird” bundied arrangement.
Such drastic reductions in line resistance will, however, usually require that the line be entirely
rebuilt for the towers to carry the exira conductor weight.  This constraint is likely to limit the
practical maximum reduction in line resistance by between 35 to 50%. These figures
correspond to a 50 to 100% increase in the no-load DG penefration limit. A 50% decrease in
conductor resistance will typically increase the X/R ratio by 75 — 100% on a reticulation line,
and from 50 - 75% on a sub-transmission network.
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The hyperbolic characteristic of the no-load DG penetration limit with increased distance of
the DG from the source (as described in Section 7.2.1) has serious implications for the
efficiency of network upgrading as a mitigation option. The multiplicative effect of this option
on the penetration limit dictates that its efficiency (in terms of MW generation) will decrease in
proportion to the distance between the DG and source busbars. The cost of a conductor
upgrade, on the other hand, increases in proportion to the line length.

Costs for re-conductoring distribution and sub-transmission networks in South Africa vary in
the region of R150 000 to 200 000/km. This makes the network upgrade option an expensive
prospect for all but those DGs located very close to the source substation ~ typically closer
than 4 or 5km away. In Chapter 7, it was seen that DGs located close-in are often
constrained by the thermal capacity of the conductor (or that of the substation transformer),
rather than by voltage rise. Network upgrading might thus be the best prospect in these
select applications. This option has the added benefit of increasing the effect of reactive
power absorption by the DG as a mitigation option as described in Section 9.1.4. Overall,
however, DGs located farther from the source substation will usually benefit more from the
option of installing a voltage regulator as described below.

9.1.2 Installing a voltage requlator

The discussion of Section 4.2.4 indicated that the application of a voltage regulator to a DG
feeder can be approximated by considering voltage rise in terms of two separate systems: the
networks upstream and downstream of the regulator installation. In this way, installing a
voltage regulator on the DG feeder reduces the effective distance of the generator from the
source busbar (represented by the variable "d" in Eq. 6.9). At best, the application of a
voltage regulator midway between the source and DG busbars can halve the value of "d", and
can give rise to a 100% increase in the no-load DG penetration limit. As with the previous
option, however, this has a multiplicative effect on the hyperbolic no-load characteristic, and
the efficiency of this solution method is reduced for machines located farther from the source
substation.

A two-can voltage regulator installation can be installed at a cost of approximately R500 000.
For DGs located further than 5km from the source substétion, this option thus has a much
lower cost/benefit ratio than a possible network upgrade. This option is less viable for DGs
located close the source substation, since the application of a voltage regulator does not
increase the thermal carrying capacity of the network. Voltage regulators are also only
available for application at distribution voltage levels.

in the discussion above, it was assumed that the voltage regulator could be installed at the
midpoint between the source and DG busbars. In fact, the placement of regulator
installations is a more complex topic, and includes an analysis of load magnitudes and
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positions, as well as the accessibility of the proposed site [Carter-Brown, 2002b, p.45-6]. This
discussion is bayond the scope of this study. A further aspect that could influence the optimal
location of a regulator installation is, however, described in Section 8.1.3.

9.1.3 Reducing the sending-end voltage

The discussion of Chapter 7 indicated that reduction of the source voltage setpoint (as with
the previous mitigation options) has a multiplicative effect on the no-load DG penetration
limits. From Section 4.2.3, this mitigation option can be realised through the application of
“Line Drop Compensation” (LDC) to the OLTC or regulator control strategy. This same
discussion indicated, however, that LDC is often limited to applications with regulators, or with
OLTCs whose fransformers supply only a single feeder. The option of applying LDC to
reduce the sending-end voltage on the DG feeder can thus mostly be considered as an
extension of the previous mitigation option. Section 4.2.3 indicated that the presence of DG
can negatively influence the operation of the LDC controller. The possible application of LDC
to DG-installed networks will thus require detailed study, and is beyond the scope of the
generalised analysis technique.

9.1.4 Reactive power absorption by the DG

The studies of Section 7.2.3 demonstrated the potential of having the DG absorb reactive
power in order to mitigate against network voltage rise. The effect of reactive power
absorption was seen to depend on the X/R ratio of the feeder and is thus a less effective
option in weaker networks. In fact, the decrease in efficiency is such as to make this option
unviable for application on many 22kV and 11kV networks. it is, however, a viable option on
higher voliage, higher capacity systems.

The extent to which this mitigation option can be applied is reliant on the tariff for reactive
power consumption and the extent of allowable network losses. At present, however, no
charge is levied for reactive power consumed by DGs in South Africa and no consideration is
given to the losses that might be incurred as a result of the generator's control strategy. Until
such time as these sfructures are developed, it is difficult to further assess the efficiency of
this option for voltage rise mitigation. At present, this option is the most favourable from the
DG operator's perspective on account of the avoided capital expenditure as compared to the
other mitigation techniques. This will undoubtedly change if a reactive power tariff is instituted
with respect to DG.

A future reactive power tariff that includes a charge for VArs drawn in excess of a given power
factor (similar to the tariffs presently offered to non-generating customers) will encourage DGs
to operate at a fixed power factor. This was seen in Chapter 7 {o give rise to a multiplicative
increase in the DG penetration limits. As with the previous mitigation options, operation of the
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DG at a fixed leading power factor will be less effective for machines located far from the
source substation.

Section 2.2 described a study by Salman et al. [1996] that concluded that the effectiveness of
this mitigation option can be increased by connecting the DG to the network via a generator
transformer. This premise on which this is based is that a transformer has a high series
reactance, and that this will increase "x" in Eq. 6.9. This logic is flawed, however, since the
transformer is a lumped reactance, and although its presence will reduce the voltage on the
DG-side busbar as a result of reactive power drawn through the transformer, an overvoltage
condition will still exist on the network-side of the transformer.

The possible application of a shunt reactor to reduce the extent of network voltage rise was
introduced in Section 2.2. The mechanism by which voltage reduction is achieved in this
case can be understood using Eq. 6.9. Shunt reactor applications will, however, be equally
constrained by the lack of a reactive power tariff and loss allocation practice, as is the option
of reactive power absorption by the generator itself.

9.1.5 Back-feeding an adjacent network

Back-feeding an adjacent network is an effective means of increasing the load on the DG
feeder. From Chapter 7, feeder load has an additive effect on the DG penetration limit,
although its effectiveness is reduced if the load is situated far upstream of the DG location.
The additive effect of feeder load is particularly significant for the mitigation of voltage rise
caused by DGs located far from the source substation. All of the mitigation options described
previously have a multiplicative effect on the penetration limit. Penetration limits for machines
far from the source substation are low, however, and multiplicative solutions thus have a very
limited influence.

The option of using the DG feeder to supply an adjacent network has implications for the
reliability and quality of supply of both networks. It may also cause difficulties with the grading
of the protection on line-installed switchgear and may cause voltage drop problems in the
event that the DG is out of service. Application of this solution option will require that a
detailed study be performed and cannot be adequately evaluated using the simple voltage
rise studies alone.

9.1.6 Constraining the generator

Constraining the DG to operate during periods of heavier network loading is a second load-
based method for mitigating against voltage rise. This may be the only viable option for small
DG operators whose machines are located far from the source substation, since this solution
requires no exira capital investment. The effect on the DG operator of constraining the
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generator to operate during periods of heavier loading is limited by the fact that the energy
price will be highest at this time. For operators of MW-sized machines the cost of undelivered
energy may, however, justify the capital outlay required by one of the other mitigation options.

9.2 Generalised Approaches for the Evaluation of Network Voltage Rise

Section 3.3 introduced two generalised methods for the evaluation of DG-initiated network
voitage rise: standard penetration limits based on DG location and voltage level, or expressed
as a multiple of the three-phase fault level at the point of connection. The present study has
identified a third method by which the voltage rise phenomenon can be studied. This method
is developed into a formal evaluation procedure in Section 9.2.1. Thereafter the "new"
generalised approach is compared with the two previous methods.

9.2.1 A new generalised approach

The discussion of Chapters 7 and 8 indicates that the voltage rise phenomenon in DG-
instailed networks can be studied using Eq. 8.1 below. This equation is similar in form to Eq.
6.9, but includes discrete terms for the apparent power load that is situated upstream and
downstream of the DG busbar. A discrete variable, n, is ailso included for the upstream load
scaling factor that, as described in Section 8.2, can be varied to represent networks of non-
uniform load distribution and/or conductor type.

® ® ®
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the maximum allowable busbar voltage on the DG feeder (pu)

Where: Vocmex

Vsewont = the setpoint voltage of the substation OLTC controller or the line-installed voltage
regulator (pu)
xr = the average resistance/reactance per-unit length of the conductor connecting the DG to
the source substation (pu/km)

d = the electrical distance of the DG from the source substation (km)

Sup = the total apparent power load on the line section between the source substation and DG
busbar (pu).
Spewn = the total apparent power load at, or downstream of, the DG busbar {pu).

n = ypstream load scaling factor. On networks of uniform conductor type n is calculated as
the distance of the load centre of the upstream load from the source substation,
expressed as a percentage of d. If the load centre is k km from the source substation
then n = % . Where the position of the upstream load centre is not known, use n = 0.3.

¢ = the load power factor angle [=arccos(load power faclor)].

Qoz = reactive power delivered by the DG to the network.
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Notice that Eq. 8.1 is applicable to DG feeders whose source busbar voltage is regulated by
OLTC or voliage regulator action. The same equation can, however, be used in the event
that no OLTC or regulator is installed at the source if the DG is located further than 5km from
the source substation. Failing this, an equation of the form of Eq. 8.1 should be used.

Eqg. 9.1 is used as the basis for a generalised procedure for the evaluation of the volfage rise
effect in DG projects as described the flow diagram of Fig. 9.1 below.

ﬁroposed max. DG outM
v

More than maximum No | Allow generation at
@ "No-load" limit? UPF.

\LYes

Statistical meter (" Determine min. feeder load during
readings. L periods of proposed DG operation.

v

Id I
Morae than maximum No | Allow generation at // Reactive power tariff //
@ DG limit with load? UPF. z/ & Loss allocation. //
Yes 1
\ v ©]
DG further than Skm Consider network re- Consider operating DG ata
from source? configuration, leading power factor.

A

Consider voltage Consider network
regulator installation. upgrade.

\ \ \ y

Constrain generator durin
Costbenefit analysis No . g g
periods of low feeder
acceptable to DG operator? .
loading.

yYes

Compile detailed design.

Fig. 8.1. Decision tree for the evaluation and solution of network voltage rise

problems.

In Fig. 9.1, decision @ requires only basic information regarding the DG proposal: maximum
planned power output, location, and voltage level and conductor type. This information is
used to determine the No-load DG penetration limit via term® in Eq. 9.1. Decision 2 requires
that statistical metering data is available for the DG feeder, and the simple study is repeated,
but with information on the magnitude and power factor of the "standing” load included via
term®@ in Eq. 9.1. Note that this term requires knowledge of the load that is located upstream
and downstream of the DG location. If this is not known, the upstream and downstream loads
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can be approximated using the assumption of uniform load distribution. In this case Sy, and
Spown are given by:

d d
Sup = T xStotat  @Nd  Spown = [1 - E’) x Stotal (9.2)
Where:
d = the distance of the DG from the source substation;
L = length of the DG feeder; and
Svaa = the total apparent power load on the feeder.

Eqg. 9.1 can be used as the basis for a screening study of the possible mitigation options in
the event the allowable penetration limit at the DG location is not sufficient to cater for the
proposed machine output. Term @ in Eq. 9.1 can be used to gauge the effect of reactive
power absorption by the DG, or, re-writing the term as a function of generator power factor as
in Eqg. 7.1, the effect of operation at a fixed power factor. As described in Section 9.1, proper
evaluation of DG control mode variation as a solution of the voltage rise effect is dependent
on the reactive power tariff and the loss allocation philosophy, neither of which are currently
defined in South Africa. As described earlier in this chapter, Eq. 9.1 can also be used to
gauge the relative efficiency of other solutions to the voltage rise problem: voltage regulator
installation, conductor upgrade and network re-configuration.

9.2.2 Comparison of generalised methods

The "new" generalised approach to the evaluation of network voltage rise is here compared to
the two international methods that were infroduced in Section 1.3, Recall that the first of
these methods employs a table of generalised DG penetration limits based on the voltage
level of the DG feeder and a rough indication of the DG's location: at a source busbar, or
elsewhere on the network. The second method uses the three-phase faull level at the DG
busbar to calculate the allowable DG penetration limit.

The first international method

Table 1.1 in Chapter 1 listed the generalised DG penetration limits that are applicable when
using the first international method. This table is re-presented in part as Table 9.1 below and
includes comparative penetration limits for four of the voltage level/DG location categories as
derived using the "new" generalised approach.
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Table 8.1. Comparison of DG penetration limits derived using the first international
method and the "new” generalised approach.

Cat. | DG jocation Int. Method 1’ "New" Method
1 | Anywhere on a 83kV - 90kV network 10-40MVA 10-40MVA*
2 | Anywhere on a 15kV - 20kvV 6.5-10MVA 500kVA — TMVAT
3 | Atan 11kV or 11.5kV busbar 8MVA 8.2MVA*
4 | Elsewhere on an 11kV or 11.5kV 2-3MVA 125kVA — 3.5MVA**
network

* Based on the results for the 88kV "Hare" line in Fig. 7.2
¥ Based on the results for the 22kV “Rabbit" line in Fig. 7.1

* Based on the 20™ percentile fault leve! for 11kV busbars in South Africa with an assumed source impedance angle
of 84°. This corresponds to a source resistance of 0.118pu.

** Calculated from the results of the 22kV "Rabbit” line, using the (halved) thermal capacity as the upper limit and the
voltage-rise related lower limit. The latter figure is four times smaller than that at 22kV on account of the no-load DG
penetration limit varying with the square of the voltage level.

Notice in Table 9.1 that the upper limit of DG penetration limits in categories 1,2 and 4 for the
"new" method are based on the thermal capacity of the respective lines and not on a voltage
constraint. The generalised equation has the penetration limits (that are based purely on the
study of network voltage regulation) approaching infinity near to the source busbar. The
international method presumably also considers thermal capacity limits for the upper bound of
the listed penetration limits.

Table 9.1 indicates a close correlation between the ranges of penetration limits in category 1.
This correlation may, however, be misleading, since entry for the "new” method is based on
an 88kY network, The discussion of Chapter 7 indicated that the penetration limit varies with
the square of the voltage level. 1t may thus have been more realistic to list penetration figures
for a typical 66kV network. These would have been in the range of SMVA — 40MVA. The
results of the two methods are nevertheless still in good agreement.

There is a large discrepancy between the lower values of the penetration limit ranges in
categories 2 and 4 in Table 8.1. This may be partly due to the results of the "new" method
having neglected the possible presence of lpad on the DG feeder. Even so, the addition of
typical "standing” loading values (2MVA on a 22KV network and 1MVA on an 11kV system) by
Eqg. 8.1 will only add 1MVA and 500kV to the respective penetration limits. The resulis of the
"new" method will thus still be significantly lower than those listed for the international method.
This can be related fo the relative strength of the electrical networks in the countries where

! Penetration limits derived from this method are tabulated in Cigré [2002, p.10].
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the methods are applied. The 6.5MVA penetration limit that is listed by the international
method, for example, corresponds to a figure derived using the "new" method if the length of
the "Hare" line is limited to 5km. The same lower penetration limit is obtained if a higher
capacity conductor is used on a slightly longer line; a 15km "Kingbird" line, for exampie.
Comparison of the results of Table 8.1 thus provides confirmation of the results of Sections
3.2.2 and 4.1 regarding the comparative weakness of South African distribution networks with
respect to those in other countries. The "new" method can be used for voltage rise analysis
on weak and strong networks.

There is a close correlation in Table 9.1 between the results from the two methods for the DG
penetration limit on 11kV busbars. The result of the "new" method is representative of the
penetration limit for DGs that are located near to a typical 22/11kV reticulation substation
whose fransformer is not fitted with an OLTC. Note, however, that this result does not
consider (as is likely) the restriction that is placed on DGs by the limited transformer capacity.
it is possible, on the other hand, that the figure for the international method is based on the
consideration of typical 11kV transformer sizes in other countries.

The second intemational method

An alternative generalised method of evaluating DG penetration limits, as used in Spain and
other countries, is to specify that the DG penetration does not exceed a given percentage of
the three-phase fault level at the proposed point of connection. Section 4.1 described how
the fault level at a given network location provides an indication of the source impedance at
that point, but that it neglects the effect of network load®. This suggests that the origins of the
second international method can be understood by considering the No-load term in Eq. 6.4.

it was seen in Section 2.2 that the per-unit three-phase faull level at a particular network
location can be inverted to provide a value for the per-unit source impedance. This suggests
that the per-unit source resistance, Rsourcepy) 85 S€en from a DG busbar, can be calculated
using the expression:

cos@ 92)

Rsource(P“) = m

the three-phase fault MVA expressed in the per-unit system; and

Where: Sreutpu)
¢

the fault level or source impedance angle.

2 1t also neglects the effect of OLTC action at the upstream substation that acts fo mask the impedance
of the higher voltage networks. This is not likely to lead to great inaccuracies, however, since the source
impedance from the point of DG connection will be dominated by the line and transformer impedances
at that voltage level.
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Eg. 9.2 can be substituted for Ry into the first term of Ea. 64 to vield the following
approximate expression for the allowable per-unit DG penetration limit at a given network

location:
~ xS 8.3
Poa ( Cos(p] Fault(pu) (9.3)
Where: k = a constant given by the expression Voemeg X (Voamay ~Vsepert). For networks with a
1.03pu voltage setpoint, and a maximum allowable busbar voltage of 1.05puy, k =

0.021.

Equation 8.3 can be used to understand the stipulation in some couniries that the DG
penetration must not exceed one twenty-fifih of the three-phase fault level at that location.
This amounts to assuming a fault level angle of 58° and that k = 0.021 in Eq. 9.3. The more
lenient stipulation in Spain, that the DG penetration can be as high as 10% of the fault level, is
equivalent to assuming a fault level angle of 78°. The discussion of Section 4.1 indicated that
source impedance angles in the characteristically weak distribution networks in South Africa
approach 45° on account of the high conductor resistances. This suggests that, expressed
using the second international method, DG penetration on MV networks in this country should
be limited to one thirty-fourth of the fault level at the point of connection.

The discussion above indicates that the second international method for the generalised
evaluation of network voltage rise can be well understood using the "new” generalised
method. The international method is seen fo be more pessimistic than the new approach,
since it makes no provision for representing network load, or of the different DG control
modes on DG penetration limits. The present study has shown the significance of the load
term in Eq. 9.1 on the overall DG penetration limits, especially in weak networks where the
fault levels (and hence no-load penetration limits) are lowest.

9.3 Case Studies

The application of the generalised approach to evaluating network voltage rise of Fig. 9.1 is
demonstrated using two South African DG case studies.

CASE 1: Sugar mill A co-generation

A sugar mill in the Mpumalanga Province applied for co-generation rights in April 2002. The
mill planned to generate up to 4MW ontlo the local 22kV network using one of its 8MVA
{6.4MW) synchronous generators (refer to Fig. 9.2).
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Flg. 8.2. Electrical network for Case 1: Sugar Miil A co-generation.

In Fig. 9.2, the maximum load on the mill feeder under normal operating conditions is 2MVA
at a power factor of 0.87 lagging, although this is increased by up to 4MW when back-feeding
an adjacent feeder. The load is tapped off the backbone two spans before the DG busbar,
and to good approximation can be modelled at the DG busbar. The transformers at the
source and mill substations are all fitted with OLTC functionality.

The first step of the generalised procedure of Fig. 9.1 reveals that the no-load DG penetration
for this application is 5.6MW and thus that no overvoltage problems should be encountered
for the proposed generator output. The DG proposal, with respect to voltage regulation, can
thus be approved for generation at unity power factor. In practice, the co-generator would
operate at a high lagging power factor so as to supply the reactive power load of the mill
processes, but maintain the power factor at the Point of Common Coupling (PCC) close to

unity.

Note that, by considering the effect of feeder load (given by term®@ in Eq. 9.1), the DG
penetration limit can be increased fo 6. 2MW under normal operating conditions® and up to

® This figure is calculated under the assumption of a 20% load ratio (the ratio between maximum and
minimum loading). This indicates that the standing load on the feeder is 400kVA. The load scaling
factor for this feeder at a load power factor of 0.87 lagging can be calculated as 1.44 and thus load will
add 580kw to the no-load penetration limit.
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7.3MW in the event that the tie-point to the adjacent network is closed. Notice that as
described in Section 4.4, the load that is drawn from the source substation busbar has no
effect on the penetration limits on the DG feeder.

CASE 2: Sugar mill B co-generation

A second sugar mill has been co-generating up to SMW onto the utility's 22kV network since
19986, although the generation is limited to 3MW under conditions of normal mill operation.
Mill B is supplied via a dedicated 10.3km lateral that branches off the backbone 5.1km outside
the source substation (refer to Fig. 9.3). Most of the 8MVA feeder load (at 0.9 lagging power
factor) is situated downstream of the tee-off point of the lateral. As in Case 1, the source
substation and mill transformers are fitted with OLTCs.

Operating experience with the co-generator indicated that the machine had a better chance of
remaining on-line following the operation of the anti-islanding protection (that tripped the PCC
breaker) in the event it was operated at a 0.95 lagging power factor with respect to the PCC.
This operating mode was also favoured owing to ambiguity in the reactive power pricing tariff
that lead the operator to believe that he would be charged for reactive power drawn during
periods of co-generation.

66kYV Source substation

3 x 10MVA g g y
66/22kV
—(EH& B e
22kv X

5 1km { X Load on adjacent

“Wolf* 15MVAN € feeders

X
10.3km
GMVAV < wyolft  Utility

PCC ———> X Sugar Mill B
X
7.5MVA (4
22/11kV I
Turbo kY .
Generator Mift load
a 4
10MVA  5MVA

Fig. 9.3. Electrical network for Case 2: Sugar Mill B co-generation.
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The no-load study for a DG located 15km from the source substation on a "Wolf' line
indicates that up to 3.5MW of generation can be tolerated at UPF before the voltage at the
PCC rises to 105% of nominal. The generation limit at UPF is increased by 1MW when
1.2MVA of load (corresponding to a 20% load ratio) is added 5.1km from the source
substation in Eqg. 9.1. This simple analysis indicates that up to 4.5MW of generation can be
accepted from the Mill before the onset of an overvoltage condition at the PCC. Further
analysis using Eg. 9.1 reveals that absorption of 300kVAr of reactive power by the mill's
generator will raise the allowable penetration limit to SMW. This corresponds to operation at
a 0.998 leading power. The reactive power absorption of reactive power by the DG in this
application is a particularly effective means of limiting network voltage rise on account of the
uncharacteristically high (for a 22kV network) X/R ratio of the "Wolf" line.

Operation of the DG at a 0.95 lagging power factor, as occurred in practice, reduces the
penetration limit to 3.7MW under minimum loading conditions and indicates that the busbar
voltage at the PCC would have exceeded the 1.05pu limit under some operating conditions.

9.4 Chapter in Perspective

The "new" generalised method of voltage rise evaluation in DG applications is a practical tool
that can be used in real-life projects. The method compares well with the two previously
identified evaluation methods in terms of simplicity of application. It is an improvement on the
existing methods by way of its ability to discretely represent different network parameters.
This aftribute allows the approach to be applied at different levels of complexity, depending on
the solution accuracy required. The method also allows for the evaluation of the applicable

voltage rise mitigation options.
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Chapter 10
Lessons Learned

The answers to research questions posed in Chapter 1 were expected to facilitate the
evaluation of the main hypothesis that an improved generalised method for the evaluation of
DG-initiated voltage rise could be developed. Answers to these questions were developed
over the course of the study, and are surmmarised in the first section of the present chapter.
Thereafter, the hypothesis is assessed in the light of the research findings, and the scope for
further research is identified.

10.1_Research guestions answered

A number of questions relating to the main hypothesis of the research were raised in Chapter
1. Preliminary answers to these questions were found in the literature survey of Chapter 2
and were developed in the discussions of subsequent chapters. The answers fo the

questions are summarised below.
Which methods can be used to study the voltage rise effect?

A number of authors use complex, detailed network models to study DG-initiated voltage rise.
Possibly as a result of the large number of variables required, no other studies were found
that considered the generalised effect in a wider range of network types.

A simple 2-node model is used in a number of published studies to understand the basic
mechanism of voltage rise. Limitations in the application of this method, however, have
restricted its use to placing the voltage rise studies in context. The present study overcame
these limitations by making three assumptions and applied the simple analysis technique to a
more complex 4-node model. Comparison of the resulis with those from a traditional load-
flow based method indicate that the "algebraic” approach is sufficiently accurate for most

planning studies.
What is the limit of allowable voltage rise in electrical networks?

The extent of allowable voltage rise on a given network is governed by the sefpoint voltage
that is applied to the nearest upstream voltage regulator or OLTC, and by the limit for
overvoltages on the network. In South Africa, setpoint voltages of 1.03 or 1.04pu are
commonly applied, and network voltages in excess of 1.05pu are accepted only in emergency
conditions. This gives rise to a narrow band of allowable voltage rise ~ typically 0.01 to
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0.02pu, but most commonly 0.02pu. Similar ranges of allowable voltage rise are used in
published studies from other countries.

Significantly, a new approach to voltage drop apportionment and MV/LV transformer OCTS
setting in the Eskom's distribution system will restrict the extent of the allowable voltage rise in
some MV networks. The new planning philosophy allows for significant savings in installation
costs and/or increases in the carrying capacities of voltage-constrained MV and LV feeders.
The increased voltage profile of the feeder that results from the application of DG can
jeopardise the application of the new philosophy, however, and in these cases could lead to a
decrease in the overall carrying capacity of the feeder or extra costs to upgrade the network.
it is unlikely that the new Eskom planning philosophy, or an equivalent, has been applied in
other countries and it would thus appear that this constraint on DG is unigue to South Africa.

To what extent can the fault level at a busbar be used to determine the degree of the
voltage rise problem at that location?

The three-phase fault level at a busbar provides a good indication of the source impedance
“seen from that point. In this way, the fault level indicates the relative "strength” or "stiffness”
of the network and can be used as an indicator of the maximum amount of load of a given
type that can be connected at a certain location without causing quality of supply problems.
The fault level-based approach to calculating DG penetration limits appears to be basedon a
similar principle, although no information could be found regarding the calculation of the limits
specified by either approach. The "new" approach to studying voltage rise that was
developed in this thesis can, however, be used to understand the origins of the fault level
based limits of DG penetration, and could possibly also be used to understand the broader
application of the approach.

The use of the three-phase fault level as an indication of the allowabie DG penetration limit at
a given location is pessimistic on account of the fact that it neglects the influence of network
load. The studies of Chapter 7 indicate that the presence of load on the DG feeder can bring
about large percentage increases in the no-load DG penetration limits (or those based on the
fault level at the DG's point of connection).

How is adequate regulation of voltage attained in passive distribution systems?

Voltage control in distribution networks is principally achieved through the application of
transformer tap changers (OLTCs and OCTSs), voltage requiators and shunf- and series
capacitors or reactors. Shunt reactors could be applied in an effort to curb DG-initiated
voltage rise, but bring about an increase in network losses. This option is similar to that of
having a synchronous DG operate at a leading power factor. Series reactors are uniikely to
find application in DG-installed networks, since they would have to be removed from service
during periods of non-operation of the DG.
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To what extent are classical voltage regulation methods appropriate for the mitigation
of voltage rise in DG-installed networks?

Voltage regulators and OLTCs using traditional fixed setpoint control can successfully
regulate the voltage at the chosen busbar, irrespective of the direction of power flow. This is
a result of the grid dictating the source voltage. Advanced conirol algorithms such as Line-
Drop Compensation (LDC) and Negative Reactance Compounding (NRC) will be negatively
affected by the presence of DG. This can be minimised in the case of NRC through having
the DG operate at a lagging power factor, although this is not supported by tariff structures,
and may give rise to overvoltages on the network.

The presence of an OLTC at the source substation does not significantly increase the
penetration limits for DGs on its feeders. This is because, although high with respect to those
in other countries, the source impedances seen from substation busbars in South Africa are
low relative to the impedances of the lines connecting DGs to the source substation. Also,
the highly reactive nature of source impedances dictate that relatively little voltage rise will be
experienced in the event that the DG, s real power output is exported back through the source
substation transformers. It is thus not critical that the source substation be fitted with OLTC
functionality for DG applications on the feeders to be viable.

Voltage regulators are a good prospect for the mitigation of DG-initiated voltage rise. LDC
techniques that are not offen viable in substation OLTC applications can more readily be
applied to voltage regulators, and can lead to further mitigation of the voltage rise

phenomenon.
What control mode options are available to synchronous DG operators?

Although others are available, the most commoniy-applied control modes for synchronous
DGs are constant power factor or constant reactive power (PF/VAR) mode and voltage
feedback control. Modern excitation control relays include a number of additional features
that may be beneficial in DG applications, including the ability to automatically switch between
control modes, and the ability to operate outside the machine's capability limits for short
periods.

What factors influence the choice of DG control mode?

Confrol mode selection for synchronous DGs must include consideration of the tarff for
reactive power generation or absorption by the DG, generator stability, and machine and
network losses. Worldwide, there is currently little clarity regarding the optimal form of a
reactive power tariff for DGs, and most are inappropriately based on tariffs for passive
networks. There is no clear ruling regarding reactive power pricing for DGs in South Africa
apart from disallowing reactive power generation. Generation at lagging power factors is,
however, advantageous from the ufility's perspective in minimising network losses and
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minimising the influence of the DG on OLTCs using the NRC parallel control technique,
although it can give rise to overvoltages in the network.

The absence of a tariff for reactive power absorption by DGs indirectly encourages generators
in South Africa to operate at leading power factors so as to mitigate against voltage rise. This
practice will, however, increase machine and network losses and may jeopardise the stability
of the machine during fault conditions on the network. The ability of a generator to maintain
the DG busbar voltage within limits using voltage control mode may also be constrained by its
limited capability to absorb reactive power.

Neglecting the possible participation of the DG in network voltage control, the optimal control
mode for DGs is at constant, unity power factor. In this regard, co-generators commonly
operate at high lagging power factors so as o supply embedded reactive power load, but
generate at unity power factor with respect to the point of connection to the distribution
network.

10.2 Assessing the Hypothesis

Answers to the research questions above facilitated the evaluation of the main hypothesis
that was proposed in Chapter 1. The hypothesis stated that:

it is possible to improve the existing generalised methods for the evaluation
of the influence of synchronous DGs on the steady-state voltage regulation of
radial distribution networks to which they are connected. By design, the
improved process should remain simple to implement; relying on data that is
readily available, yet its results should not be overly conservalive. The
method should be useful in seeking realistic solutions to the voltage rise
problem,

The "new" approach to evaluating voltage rise that was developed in this thesis was based
on a 4-node network model. Despite its simplicity, the model is representative of a wide
range of DG applications on radial feeders, including feeders with "tapering” conductors and
non-homogenous load distribution.

Algebraic solution of the model network revealed that the allowable DG penetration at any
location on the feeder (based on the voltage rise constraint) could be calculated as the sum
of three terms. These Include (i) a term that is independent of network load, (ii) a load term,
and (i) a term representing the reactive power generation or absorption by the DG. The
algebraic solution equation forms the basis for a procedure to evaluate voltage rise in DG-
installed networks. The three-part format of the equation allows the DG penetration limit to
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be calculated to an increasing degree of accuracy, depending on the amount of data
available, and the objective of the study.

Simplicity of application. Even at the most detailed level, the input data required by the "new"
voltage rise evaluation process is limited to summated statistical metering data for the DG
feeder and basic information regarding the voltage level, conductor type and location and
proposed output of the DG. The method can also be used to study the effect of various
voltage rise mitigation options, including the possible application of a voltage regulator on
the DG feeder. in the latter case, the generalised method is, however, limited to a
regulator that uses conventional fixed setpoint control.

Accuracy of resulfs. The results of the "new” generalised method were compared with those
derived using a traditional load-flow technique and were found to be accurate to within
7% under most network conditions. Significantly, the "new” method was most accurate
for studies on networks with low X/R ratios and under light loading conditions. These are
two characteristics typical of rural feeders in South Africa, and corresponds to the
network fypes that are most constrained by the voltage rise phenomenon.

improvement on existing generalised methods. The "new" generalised method can be used
to understand the origin of the fault-level based approach to voltage rise evaluation. In
making provision for the effect of network load and DG control mode on penetration
limits, the "new" method is also an improvement over the existing approach. Simulations
have shown the importance of representing the influence of feeder load, particularly on
wealk networks where the "no-load” penefration term is small.

The results of the "new" method compare well with the tabulated penetration limits of the
existing voltage levelllocation-based generalised method. The "new" method can,
however, be better adapted to specific DG applications and will provide more realistic
penetration figures as a result.

The "new" voltage rise evaluation method is unique in its ability to determine the influence of
specific network parameters on the voltage rise phenomenon and is able {o provide answers
to two of the remaining questions from Chapter 1

Which network parameters are most important in determining the extent of the voltage
rise problem in DG applications?

The voltage level at which the DG is connected is the most significant factor determining the
extent of network voltage rise. DG penetration limits for non-loaded feeders increase with the
square of the voltage level. This is in contrast to the thermal ratings of feeders that increase
in proportion to a single power of the voltage level and indicate that feeders become less
voltage constrained {and more constrained by the thermal limits of their conductors) at higher
voltage levels. No-load penetration limits for DG also vary in proportion {o the allowable limit
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for voltage rise on the feeder, and in an inverse relationship with the resistance per-unit length
of the conductor and the distance of the DG from the source substation. The latter property
results in the no-load DG penetration limits being halved as the distance of the machine from
the source is doubled.

Load on the DG feeder has an additive effect on DG penetration limits, although its influence
is dependent on the load's location. Load located at or downstream of the DG has the
greatest effect. Significantly, load on adjacent feeders (to the DG feeder) at the source
substation has no effect on DG penetration limits where the source busbar is regulated by
OLTC action, and little effect where no OLTC or regulator is installed. Reducing the (lagging)
load power factor has a muitiplicative effect on the load term, with lagging power factor loads
having the greatest effect on DG applications on higher voltage and higher capacity feeders.
Overall, however, the effect of load on DG penetration limits is most pronounced on weaker
networks since the no-load term is reduced significantly with respect to that on stronger
systems. It must be borne in mind, however, that the extent of allowable loading on weak
networks is limited by voltage drop considerations in the absence of DG, and that these are
affected by the same parameters that govern voltage rise in the presence of DG.

Reactive power absorption by the DG has an additive effect on the DG penetration limit,
although this varies in proportion to the X/R ratio of the feeder. Operation of the DG at a
leading power factor has a multiplicative effect on the overall penetration limit, but again is
dependent on the X/R ratio of the feeder and is thus more effective on DG applications on
higher voltage, higher capacity feeders.

Which is the optimal method for the mitigation of network voltage rise in typical DG
applications?

The optimal method of voltage rise mitigation varies between applications. The option of re-
conductoring a portion of the feeder is atiractive for applications on MV networks where the
DG is located within 5km of the source substation, or in the less likely event of voitage rise
problems with applications on HV networks. This option has the added benefit of increasing
the thermal capacity of the network, as well as raising the voltage-based penetration limits.

Operation of the DG at a leading power factor is an effective method of voltage rise mitigation
on higher voltage, higher capacily feeders. This option will, however, give rise to increased
network losses and is difficult to evaluate in the absence of clear policies regarding loss
allocation between the utility's customers and pricing of reactive power absorption by DGs.

The option of increasing feeder load by using the DG feeder to back-feed an adjacent network
is an effective means of increasing DG penetration limits. This option may, however, give rise
to quality of supply and protection grading problems and may result in low voltages at
customer supply points during times when the DG is out of operation.
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DG applications on MV networks where the generator is located at an intermediate location
from the source substation — between 5km and 20km on a 22kVY network, and closer-in on a
lower voltage feeder — will benefit most from the application of a voltage regulator. This
solution is advantageous as a result of the fixed cost of a voliage regulator installation
compared with the price of a network upgrade that varies with the length of the affected line

section.

installing a voltage regulator on the DG feeder, or upgrading the conductor to one of heavier
gauge has a multiplicative effect on the no-load DG penetration limits on the feeder. These
methods will thus be significantly less effective in DG applications on 22kV networks where
the generator is located farther than 15km or 20km from the source substation. On 11kV
systems, this limit is reduced to between 7km and 10km from the source substation. This is
on account of the low no-load penetration limits encountered at these locations. Constraining
the generator to operate during periods of heavier feeder loading is probably the only viable
mitigation option available to DGs located this far and further from the source substation.
This option might in any case be optimal for operators of smaller capacity machines, since
voltage rise mitigation is achieved without capital expenditure, and the DG is only constrained
during off-peak periods where the market price for power generation is at its lowest.

10.3 DG-initiated Voltage Rise in South Africa

This research has confirmed the initial suspicion that the extent of DG-initiated voltage rise
will be exaggerated under typical South African network conditions — long, sparsely loaded
feeders of relatively thin-gauge conductor. Ominously, the research also indicates that the
options for voltage rise mitigation are less effective under these conditions and, as a result,
the output of many DGs may need o be constrained to prevent excessive voltage rise. itis
concluded the voltage rise phenomenon will form a key consfraint in many local DG
applications.

it is fortunate that most co-generation schemes currently in service on South African
distribution networks appear o be connected to relatively strong feeders. This is on account
of their notified load requirements in event of loss of generation. Even so, Case Study 2 from
Chapter 9 demonstrates that generation to the machine's capability can raise busbar voliages
very near to, or above the limit statutory value.

The results of this study demonstrate the importance of considering the effect of DG operation
on the steady-state voltage regulation of the feeder when evaluating proposals for DG. While
it is standard practice for planners to consider feeder voltage drops when evaluating plans for
the connection of new loads, there is no record of voltage rise studies having been performed
in the evaluation of similar scale proposals for generation onto the networks. Some co-
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generator operators also appear to be unsure of the effect of real and reactive power
generation on busbar voltages in the distribution network to which they are connected.

10.4 Scope for further Research

This research into the extent of the DG-initiated voltage rise effect and the options for its
mitigation has identified a number of areas requiring further research. These include:

e developing a reactive power taniff for DGs. This tariff should reflect the cost of increased
network losses when DGs operate at leading power factors, and should consider the
possibility of overvoltages arising from lagging power factor generation. The development
of a reactive power tariff is closely related to that of loss allocation between customers as
applied in some European countries;

« investigating the apparent correlation between neglecting the quadrature voltage change
term 6V and restricting allowable network losses in the derivation and application of the
"new" generalised method;

o extending the generalised evaluation method to include alternative generator
technologies and meshed network topologies;

e developing an understanding of the interaction of a generator transformer OLTC controller
and the excitation control system of a synchronous DG in regulating the reactive power
output of a DG instaliation; and

e investigating the possible application of LDC techniques to voltage regulators that are
installed on DG feeders as a means to further mitigate network voltage rise.
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10.5 Conclusion

The extent of the voltage rise problem in weak distribution networks has implications for DGs,
not only in South Africa, but also in other countries. The phenomenon is likely o be
especially prevalent in DG projects in other African countries whose networks are expected to
be significantly weaker and more sparsely loaded than those in South Africa. The reduced
efficiencies of the voltage rise mitigation options under these network conditions also bodes
poorly for the widespread application of DG that is often also limited by high installation and

operational costs.

Co-generators appear to be less affected by voltage rise on account of their being supplied
from relatively strong feeders. These applications should nevertheless also be carefully
evaluated in terms of possible steady-state voltage problems arising from their operation.
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Appendix A
The Per-Unit System

In this thesis, as is common when analysing power networks, electrical parameters are
expressed in the per-unit (pu) system rather than using the actual values (in S! units, for
example).

A.1 The Per-Unit System [Weedy, 1994, p.72-4]

In the per-unit system, network parameters are expressed as fractions of reference or "base”
guantities:

actual quantity
base value of quantity

per - unit guantity =

This is done for three principle reasons:

1. By choosing appropriate voltage bases, the solution of networks containing transformers
is greatly simplified,

2. The use of root-three coefficients in calculations is reduced (as in the equation for
apparent power described below), and

3. Per-unit values lend themselves more readily for automatic computation (as in the Gauss-
Seide! load-flow program described in Chapler 6).

When using the per-unit system, it is common o select a fixed three-phase power base,
Srasezs) for the network under study and differing phase-to-phase voltage bases, Veasew-4)
corresponding to the nominal voltage levels of the different sections of network (where
applicable). As is common practice in the industry, a 100MVA power base is used throughout
this thesis. Base values for line currents, lzase @nd branch or load impedances, Zpase, are then
calculated as follows:

S
lBase = __Base(3¢) (A1)
V3 % Vgase(p-6)

v
and Zpase = —ooselé-d) (A2)
Sgase(3¢)

Equation A.1 can be used to prove that the following identity that is used in Section 3.1.1 in
the derivation of the voltage regulation equations:
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Sactual = \/5" Vactual * lactual A Spu = Vpu % lou

Notice that the customary root three co-efficient is neglected when working with per-unit
quantities rather than actual values.
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Appendix B
The Gauss-Seidel technique of Load-Flow Solution

The Gauss-Seidel method of load-flow solution was used in this study to provide an accurate
solution of the 4-bus model network of Section 6.1.3. Details regarding the application of the

Gauss-Seidel technique are provided below.

B.1 The Gauss-Seidel Method of Load-Flow Solution [Weedy, 1994, p.223-5]

in the Gauss-Seidel method, the network branch impedances are resolved into a matrix of
admittances. The voltages at all nodes other than that at the swing bus (that is already
known) are assumed at some initial value. The load-flow eguation presented as Eq. B.1
below is then applied successively to each node {excluding the swing bus) to obtain a betler
approximation of the node voltages.

The load-flow equation for the (p-1)" recalculation of the voltage at node k with real {Py) and
reactive (Qy) load/generation specified, and based on the latest calculated voltage values at
the other nodes, i, is stated here without proof as":

— 1P -jQ o vi Vi) IRV
VP - L__(%)..L _ Z VP « Vg — Z VP x Yy (B.1)
Yie | Vi ik ik
(i=k) (i=k)

where the admittance matrix, [7] is derived as follows:

Diagonal elements: Y;; = the sum of all admittances terminating at bus i; and

Off-diagonal elements: Vij = the negative of the series admittance between buses i and |.

The variables Py and Q, represent the real and reactive power load connected at node k.
The term (p) or (p+1) that is presented as a superscript on all the voltage variables
indicates the version of the node voltage approximation to use and are shown in
parenthesis to distinguish them from powers.

The application of Eq. B.1 to the solution of the radial 4-bus load-flow problem of Fig. B2 is
demonstrated by way of example below.

! Details regarding the derivation of Eq. 6.1 are included in Weedy [1994, p223-5].
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Step 1: Derivation of the Admittance matnix

The elements of the complex 4 x 4 admittance are calculated as described above. The third
diagonal element, Y5, for example, is:
o 1 1
= +
ZL1£9E ZLzéei

and the off-diagonal elements, Ya, and Y,3 are calculated as follows:

1
VAPYA:

Yaq = Vg = -

in a radial network, each node is connecled to only one predecessor- and one successor
node. Thus, all matrix elements that do not neighbour a diagonal element, and which are not

diagonal elements themselves have value zero i.e. fori € [1,2], Yigi2) = Y(a2)i =0

Step 2: First recalculation of the node volfages, Vi

The voltage at node 2 is recalculated using Eq. B.1. For the 4-bus system described above,
this can be expressed as:

g _ 1 |Pa-iQ e[GO | GO
V§ _V—zz[—\_@r-w‘ )Y21-(v§ Wos +V§ )Y24)}

Since Y,4 =0, this simplifies to:

g 1 IP-iQ v oy

The first recalculation of the node 2 voltage uses the assumed values for the voltages at the
downstream nodes. Node 1 is the swing bus and its voltage is fixed  Thus

V9 =Y =V The voltage at node 3 is recalculated in a similar manner, but uses the

updated node 2 voltage value:

= 1 |P-iQs oo oos
- 2Bt v, o]

The same procedure is followed to recalculate the voltage at node 4. The recalculation of the
entire set of busbar voltages in this manner constitutes a single iteration of the solution
process.
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Step 3. Perform further iterations of node voltage calculations

The procedure of Step 2 is repeated, but using the latest estimates for the node voliages.
Weedy [1994, p.225] describes how it is normal for the iteration process to be continued until

the value of VP! at every node differs from the corresponding value from the previous

iteration, V(p), by less than a specified amount. The figure 0.0001pu is commonly used as
this tolerance of convergence. In this way, the iteration procedure yields values for the
magnitude and angle of the voltage at each node relative to that at the swing bus.

in networks that include low impedance branches, a more onerous convergence criterion is to
consider the difference in calculated branch power flows between Herations. With the
approximate node voltages known, branch power flows within the model network can be
calculated using simple linear analysis similar to that described in Chapter 3. Equations 3.1
and 3.2 from Section 3.1 can be combined to vield the following equation for the apparent

power, §i§°), that flows between nodes | and j, based on the latest approximation of the node

voltages, V®) | and the branch impedance, Zj:

VRN v Ry NN

SP) = Yi X(\_/i Yi ) (B.2)

i 7 '
ij

A convergence criterion of l§q(°”)—§i§p)] <1x1078pu (forallfi,j]< 4) was used in the load-

flow program of Section 6.2.2. The convergence folerance of 1x10°pu corresponds to a
power flow variance of less than 100VA between iterations, and provides accurate network
solutions to within 1kVA.

B.2 Application of "Acceleration factors” to the Gauss-Seidel method
[Weedy, 1994, p.225]

The number of Gauss-Seidel iterations required {o reach convergence can be reduced
through the use of acceleration factors in the calculation procedure. By this method, termed
"successive over-relaxation”, each re-calculated node voltage is brought closer to its final
value by adding a factor based on the difference in voltages between iterations. This is
achieved using Eq. B.3 below.

e _ ) 4 m(VfP”) - Vi“’)) (B.3)
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In Eq. 6.3, 'VP*Dis the accelerated "new" voltage that is used in subsequent calculations

instead of Vi(p‘”) and o is the acceleration factor. Weedy describes how o is usually

specified as a real number and that a value of 1.8 is commonly used.

The method of successive over-relaxation could not, however, be applied on the 4-bus radial
network of this study. This is because the application of acceleration factors quickly caused a
previously convergent load-flow to diverge. Various different solutions to this were sought,
including introducing the acceleration only after a given number of "standard” iterations, and
using reduced acceleration factors. These measures were not able to curb the divergence of
the accelerated load-flow, however, and it was concluded that acceleration factors are not
appropriate for application on multi-node radial networks.
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Appendix C
Further studies into the Accuracy of the Generalised Analysis

This section describes two series of simulations that were conducted to determine the
accuracy of the algebraic solution of the network model of Section 6.1.3 relative to the more
rigorous Gauss-Seidel load-flow program. The results of these studies are mentioned in
Section 8.1 as part of the broader accuracy analysis of the algebraic method.

C.1 Effect of variable load power factor

Simulations were conducted on the four network types from Section 8.1.1 to determine the
effect of variable load power factor on the accuracy of the algebraic solution method. The
load magnitude in these simulations was assumed to be 2MVA in the 22kV simulations and
10MVA at 88kV. The load power factor was assumed at 0.95, 0.90 and 0.85 lagging for each
network type. Simulations were conducted with high load magnitudes since, from the studies
in Section 8.1.1, this increases the discrepancy between the algebraic and Gauss-Seidel
solution methods and would make more noticeable variations in their relative accuracy with
varied power factor.

Figures indicating the percentage accuracy of the algebraic solution method as compared to
the Gauss-Seidel results for varying load power factor are presented in Table C.1 below.
Notice that the data in the "0.95 lagging” power factor column is the same as that presented in
the "2MVA" and "10MVA" load columns in Table 8.1 for 22kV and 88kY simulations
respectively.

Table C.1. Percentage error of the algebraic solution for different load power factors.

Percentage underestimation by the algebraic
solution method
Case 0.98 lagging | 0.90 lagging | 0.85 lagging
22kV Rabbit 1.8-39 18-45 20-438
22kV Hare 25-51 22-57 25-58
88kV Hare 21-35 22-37 23-39
88KV Wolf 4.7-6.1 47-66 47-70

it is clear from the results in Table C.1 that variation of the load power factor has only a slight
effect on the accuracy of the algebraic solution method. in all of the study cases, the change
in accuracy is less than one percent and it can be concluded that the algebraic method
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remains an accurate approximation to the Gauss-Seidel method for a wide range of load
power factors.

C.2 Composite accuracy of the algebraic solution method

A further two studies were conducted in an effort to identify the worst-case accuracy statistics
for the algebraic solution method. This was o be achieved by combining the most onerous
network conditions from the discussions of Sections 8.1.1 and 8.1.2. These sections
identified high load magnitude, low lagging load power factor, low leading generator power
factor and high feeder X/R ratios as the most onerous network conditions for the accuracy of
the algebraic solution method. The following networks can thus be considered as comprising
the worst-case conditions for the accuracy of the algebraic solution method:

1. A 22kV "Hare" line, 50km long, with 2MVA of uniformly distributed load at 0.85 lagging
power factor and with the DG operating at a fixed leading power factor of 0.95.

2. An 88kV "Hare" line, 50km long, with 10MVA of uniformly distributed load at a lagging
power factor of 0.90. The DG operates at a fixed leading power factor of 0.95.

Percentage error statistics for the results of the algebraic solution from the two worst-case
networks are presented in Table C.2 below. Also presented for comparison in Table C.2, are
the results from Appendix C.1 and Section 8.2.2 for the studies considering separately the
effect of lagging power factor load and leading power factor generation on solution accuracy.

Table C.2. Worst-Case error of the algebralc solution method.

Percentage underestimation by the
algebraic solution method.

Case Load only* | Gen pf only™ Cﬁgevc;?;(te
22kV "Hare" 25-58 6.2 84266
88kV "Hare" 22-3.7 12.1 13.0-23.7

*Data derived from Table C.1.
** Data from Table 8.2,

The results in Table C.2 indicate that the underestimation of the DG penetration limit by the
algebraic solution method is comparable the results of Table 8.2 for machines located near to
the source substation. The accuracy of the algebraic method is greatly diminished for
machines located near the end of the line, however. Deeper analysis indicates that this effect
corresponds to a drastic increase in line losses as the DG moves farther from the source
substation, and is similar to that noted with leading power factor generation onto high voltage
networks in Section 8.1.2.
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