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APPLICATION OF DISTRIBUTED GENERATION REACTIVE POWER CONTROL
MODES TO INCREASE SYSTEM STABILITY
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ABSTRACT

With 940MW of Distributed Generation (DG) currently
connected to the NIE Networks’ distribution system and a
summer valley demand of c505MW it is essential that
generation is operated in a manner that ensures system
stability is not jeopardised. This paper presents the
application of various Distributed Generation (DG)
reactive power control modes, with specific focus on the
innovative variants of voltage control employed within NIE
Networks’, in order to improve local and global system
stability.

1. INTRODUCTION

The Department of Enterprise, Trade and Industry (DETT)
in its Strategic Energy Framework document [1] issued an
ambitious target that Northern Ireland will seek to achieve
40% of its electricity consumption from renewable
resources by 2020. Consequently the volume of DG
connected to the NIE Networks’ distribution system has
dramatically increased over the last 5 years. This has
resulted in the evolution from a passive distribution system
to an active one, with bidirectional power flows at many
substations; this poses many challenges to a network
operator, which includes but is not limited to: maintaining
feeder voltages within statutory limits and ensuring that
sufficient reactive power resources are available on the
system.

Traditionally voltages on the NIE Networks’ distribution
system were managed through the operation of On Load
Tap Changers (OLTCs) on substation power transformers.
However, as the number of DG connections have increased
it has become increasingly difficult to manage voltage
levels. Furthermore, the displacement of conventional
generation with intermittent DG has increased the difficulty
in managing the reactive power on the system. The
aforementioned concerns have caused NIE Networks’ to
consider the most prudent use of DG reactive power control
modes on the system.

To ensure that distribution voltage, reactive power flows
and losses are managed appropriately, NIE Networks’ have
mandated, through their network codes, that generators
greater than SMW must be able to deliver three reactive
power control modes: power factor; reactive power
dispatch and voltage control. The application of these
control modes and selection of set points is essential to
ensure that the distribution system operates effectively.
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2. ISSUES ASSOCIATED WITH DG

In this section, some of the issues associated with operating
a distribution system heavily connected with DG are
highlighted.

2.1. Voltage Management
2.1.1. Feeder Voltage Regulation

Whenever DG is connected to a feeder the voltage at the
connection point will rise in accordance with Equation 1
[2]. To manage this NIE Networks currently use Voltage
Control Relays (VCR’s) in conjunction with Load Drop
Compensation (LDC) to control the On Load Tap Changer
(OLTC) on substation power transformers and therefore
manage the feeder voltages.

AV=Vr-Vs=RP-X.Q (1)

Where: Vs = Sending end voltage; Vr = Receiving end
voltage; R = Resistance of feeder; X = Reactance of feeder;
P= Active Power flow; Q = Reactive Power flow

The operation of the VCR and LDC functions are well
understood and offer significant benefits to the distribution
system; however, the benefits of such voltage control
schemes dwindle as penetration levels of DG increase. The
following is a non-exhaustive list describing voltage
management issues associated with a substation heavily
connected with DG:

1) As DG outputs increase the current measured at
the substation decreases resulting in reduced LDC boost
and therefore insufficient voltage levels at the receiving end
of circuits [3].

2) As DG outputs exceed feeder demand, the voltage
at the DG connection point will rise beyond the substation
busbar voltage. In an attempt to counteract this voltage rise
a reverse LDC setting may be applied to ensure that
substation voltage is decreased in proportion to reverse
power flow. This will alleviate voltage rise problems on
feeders which contain high generator outputs but may serve
to exacerbate low voltage problems on feeders with low
DG outputs.

3) Latency exists between the voltage at the
substation power transformers exceeding limits and the
OLTC initiating an operation. This delay is present to
avoid unnecessary OLTC operations and is configurable up
to 120s. Consequently, during the time between voltage
exceedance and OLTC operation the voltage at the DG
connection point may exceed statutory limits.
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2.1.2. Excessive OLTC Operation
As the levels of DG connecting to the NIE Networks’
distribution system have increased it has been witnessed
that the number of power transformer OLTC operations
have also increased: illustrated in Figure 1. This is due to
the volatile nature of intermittent DG which causes the
voltage at the upstream substation to fluctuate and initiate
OLTC operations.  Excessive OLTC operations are
undesirable and can result in increased maintenance and
reduced OLTC lifespan.
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Figure 1

2.2.Reactive Power Burden

Traditionally generators connecting to the NIE Networks’
distribution network have been induction machines
operating on a leading power factor. Combined with the
intrinsically inductive nature of the electricity network and
connected demands some substations have very low and

variable power factors, demonstrated in Figure 2.
Power flows at an NIE Networks' substation
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Figure 2

The distribution system therefore acts as a large reactive
power sink which, as well as increasing losses, may cause
voltage stability issues in the absence of network
reinforcement. The impacts of reactive power shortfalls on
electricity networks have been well documented and the
North American Electric Reliability Council attributed a
large proportion of the blame for the 2003 North American
blackout, which affected 50million people, to a shortage of
reactive power resources [4]. To prevent reactive power
shortfalls, both in steady state and in transient conditions, it
is anticipated that reactive compensation devices will be
required at strategic positions on the NIE Networks’
electricity system.
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3. APPLICATION OF DG REACTIVE
POWER CONTROL MODES

This section describes in detail the operation of NIE
Networks’ mandated DG reactive power control modes and
how they are employed to mitigate the issues outlined in
section 2.

3.1. Voltage Control

As described in section 2.1managing distribution system
voltage levels, if heavily connected with DG is complex.
One method is to operate the connected DG in voltage
control mode. NIE Networks currently employ several
variants of DG voltage control: voltage control on slope;
direct voltage control and direct voltage control with slope.
3.1.1. Voltage Control on Slope
Figure 3 demonstrates the operating principals of voltage
control on slope. The system slope is determined by the
AV/AQ relationship of the system at the connection point.
The DG will operate on the DG control slope which
determines the magnitude of reactive power response to
voltage perturbations and is configurable from 2% - 7%: if
system voltage reduces the DG will move towards +Qmax
and if the system voltage increases the DG will move
towards —Qmax. In this fashion the DG attempts to control
system voltage.
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Figure 3

Voltage control on slope is used sporadically across
Europe; however, it is a relatively rudimentary form of
voltage control and has several limitations:

1) Whenever the network operator’s control engineer
is amending the DG voltage control set point they will be
unaware of what the actual voltage will be at the connection
point. The actual voltage will be subject to the intersection
between the system slope and control slope. If the system
slope has a high gradient (weak system) then DG voltage
control set point changes will result in a large change in
voltage at the connection point, potentially pushing
voltages outside of statutory limits and causing the DG to
disconnect on under/over voltage protection.

2) If the system slope and control slope do not have
the same gradient then the DG will either overcompensate
or undercompensate for system voltage perturbations. This
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issue was witnessed during wind farm compliance testing as
the OLTCs at the upstream substation operated: shown in
Figure 4. Since the DG control slope gradient did not
match the system slope gradient, the reactive power
response of the DG was unable to keep the voltage
constant. This can be mitigated to some degree by
determining the system slope through power flow studies
and/or examining historic data, after which the DG control
slope can be set to match.
Voltage vs Reactive Power
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3.1.2. Direct voltage control with feedback
NIE Networks require DG with an MEC greater than SMW
to be able to operate in direct voltage control with
feedback. The operation of this variant of voltage control is
illustrated in Figure 5. The DG will operate on a closed
loop control system to ensure that the voltage at the
connection point equates to the DG voltage set point, if it
has the reactive power capability to do so. In response to
system voltage perturbations, the DG will deliver the
correct magnitude of reactive power to ensure that the
voltage at the connection point remains constant.
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Figure 5

It is important to ensure that the correct voltage set point is
chosen; otherwise unwanted interaction may occur between
the DG and other voltage control devices in close electrical
proximity. Moreover, if this control mode is employed by
several generators in close electrical proximity then the
possibility exists for large reactive power overshoots, hence
voltage overshoots, to be experienced in response to system
voltage perturbations.
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3.1.3. Direct voltage control with slope

This voltage control variant is a hybrid of direct voltage
control with feedback and voltage control on slope and is
considered, by NIE Networks, to be the most prudent form
of voltage control. It ensures, on receipt of a new voltage
set point, that the voltage at the connection point equals the
voltage set point whilst mitigating the potential unwanted
interference and excessive overshoots.

Figure 6 illustrates the operation of this voltage control
variant. Upon receipt of a new voltage set point the DG
engages direct voltage control with feedback. Whenever
the voltage at the connection point equals the voltage set
point the DG reverts to voltage control on slope; however,
to ensure that the switch between direct voltage control and
voltage control on slope is bumpless and does not cause the
voltage at the connection point to change, the DG controller
must calculate a new voltage set point and apply that
whenever voltage control on slope is engaged.
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Figure 6
3.2.Case Study

In order to quantify the benefits of operating generators in
voltage control mode, voltage stability and OLTC
operations at an upstream substation were monitored over a
period of time as a downstream 15MW wind farm was first
operated in power factor control mode and then in direct
voltage control with slope.

Figure 7 shows normal distribution curves for the voltage at
the upstream substation as the wind farm is operated in
power factor control and direct voltage control with slope.
It was identified that whilst operating in voltage control the
wind farm shifted the upstream substation voltage profile
and reduced the voltage variance by 14%.

Figure 8 illustrates that a considerable reduction in OLTC
operations were realised when the wind farm was operated
in direct voltage control with slope: 69% reduction over a
17 day period.
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3.3. Power Factor Control and VAr Control

NIE Networks require DG to be able to maintain a
specified power factor and reactive power (VAr) set point
from full output down to the greater of the Design
Minimum Operating Level (DMOL) or 15% of full output.
Traditionally NIE Networks operated these generators on a
leading power factor to ensure that voltage at the
connection point did not exceed statutory limits. However,
due to anticipated reactive power shortfalls and in an
attempt to reduce losses NIE Networks have studied, from
a voltage rise perspective, if each generator’s power factor
can be moved closer to unity or to a lagging power factor
and have then implemented the change.

Since power factor control mode and VAr control mode
offer no voltage regulation the potential exists for voltages
at the connection point to exceed statutory limits. For this
reason NIE Networks require generators to have
Emergency Voltage Control (EVC).
3.3.1. Emergency voltage control

Whilst operating in power factor or VAr control mode and
the voltage at the connection point exceeds 1.05pu or falls
below 0.95pu then EVC will be engaged. These limits
have been chosen so that DG will attempt to remedy the
voltage before it goes outside of NIE Networks design
limits. If triggered on high voltage the DG will target a
voltage set point of 1.05pu and remain in EVC until the
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voltage drops below 1.04pu at which point it will revert to
its previous control mode and sent set point; likewise, if
triggered on low voltage the DG should target a set point of
0.95pu and remain in EVC until the voltage exceeds
0.96pu. These values have been chosen to avoid situations
where the DG continually engages and disengages EVC.

4. CONCLUSION

The vast volumes of DG connected to the NIE Networks’
system has caused a number of challenges, particularly
around controlling distribution system voltage, limiting
excessive OLTC operations and reducing the reactive
power burden on the system.

NIE Networks require generators to have three main
reactive power control modes: voltage control; power
factor control and VAr control. The control mode is
selected by NIE Networks and is specific to the needs of
the local system.

Voltage control on slope is a relatively rudimentary form of
control and therefore has some limitations. These
limitations have caused NIE Networks to mandate
alternative variants of voltage control: direct voltage
control and direct voltage control with slope. Direct
voltage control with slope has proven to be the most
beneficial variant of voltage control on NIE Networks
distribution system, limiting unwanted interaction between
other voltage control devices and large overshoots, whilst
ensuring that the voltage set point is achieved if the
generator has the reactive capability to do so.

The performance of operating a I5SMW wind farm in direct
voltage control with slope was monitored for a period of
time with results showing a 14% reduction in the upstream
substation’s voltage variance and a 69% reduction in the
substation transformer’s OLTC operations.

REFERENCES

[1] Department of Enterprise Trade and Investment.,
“A Strategic Framework for Northern Ireland,” September
2010.

[2] M. A. Mahmud et al., 2011, “Analysis of Voltage
Rise Effect on Distribution Network with Distributed
Generation,” in 18" IFAC World Congress., Milano (Italy),
28 August — 2 September 2011.

[3] J. Hiscock et al., 2007, “Advanced Voltage
Control for Networks with Distributed Generation,” in / 9
International Conference on Electricity Distribution.,
Vienna, 21 — 24 May 2007.

[4] NERC., “Technical Analysis of the August 14,
2003 Blackout: What Happened, Why, and What Did We
Learn?” Princeton Forrestal Village, 116-390 Village
Boulevard, Princeton, New Jersey 08540-573, July 14
2004.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


