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ABSTRACT 2. OBJECTIVE

Strategically sited grid-support plogbltaic (PV) Grid-support PV can provide many values to T&D systems.
applications have been proposed to provide distributed valilecan defer capital upgrades [6, 7], extend equipment
(cost savings) to electric utilities experiencing transmissiamaintenance intervals, reduce electrical line losses [8], and
and distribution (T&D) system overloads. Thesémprove distribution system reliability, all with cost savings
applications can potentially defer capital upgrades, extema utilities. This research examines the value of grid-
equipment maintenance intervals, reduce electrical lirsipport PV to a substation transformer load tap changer
losses, and improve distribution system reliability. ThigLTC).

research focuses on one aspect of the value of grid-support

PV: the value to a substation transformer load tap changktilities strive to maintain certain power quality standards
Results at Pacific Gas and Electric Company indicate théfiroughout their service territories. ~ One way they
due to the voltage support provided by the 0.50 MW Pgccomplish this is through the use of voltage regulation
plant at Kerman, California, the lifetime operation andlevices such as LTCs. Grid-support PV may provide value
maintenance costs of a transformer load tap changer at taean LTC by extending maintenance intervals and thus
Kerman Substation are reduced by $13,000. Although theducing maintenance costs. It achieves thisdmsting

method is generally applicable, the results are site specificvoltage on the feeder which displaces some of the voltage
regulation provided by the LTC.

1. _INTRODUCTION This paper develops a method to quantify the level of feeder
voltage support provided by a PV plant, the effect of this on

A common practice of electric utilities experiencing. TC performance, and the corresponding economic value.

transmission and distribution (T&D) system overloads is tphe method is then applied to the 0.50 MW PVUSA PV

expand the substation, add lines, or upgrade equipment, @int located near PG&E's Kerman Substation.

of which are capital intensive options. In 1988, it was

hypothesized that strategically sited phwaitaics (PV)

could benefit parts of T&D systems near or at overloadet _METHODOLOGY

conditions [1]. An evaluation methodology was developed .

and applied to a test case (Kerman Substation near Freshd, Yoltage Support Provided by PV Plant

California). Results of this and other studies suggested tr{%

the value of PV to the T&D system could exceed its ener%)é3

and generation capacity value [1, 2].

Itage support S provided by PV is the difference
tween voltage drog\y) with and without the PV plant.
Since voltage drop is the product of current and impedance,
The importance of this finding indicated the need foyoltage drop Wi_thout PV between a substation transformer
empirical validation. This led to the construction of a 0.58nd some location on a feeder equals
MW PV demonstration plant by Pacific Gas and Electric .

Company (PG&E) at Kerman, California as part of the,,, _

PVUSA (PV for Utility Scale Applications) project. Av _I I(I)Z(l )dl

PVUSA is a national cooperative research and development 0

effort under the auspices of the United States Department of _ _
Energy [3]. PVUSA developed guidelines of how td/vher_e currentli? and impedanceZf are fu.nct|ons of fegder
configure the plant to obtain the greatest total value [4] af@eation (), O is the transformer location, and x is the
designed a research test plan [5] to empirically determiffgation of interest on the feeder.

the value of PV to the T&D and bulk generation systems.

The Kerman PV plant, completed in June, 1993, is reported

to be the world’s first grid-support PV demonstration plant.

(1)



Equation (4) states that voltage support at any particular
feeder location is the product of PV plant current and
conductor impedance between the transformer and the point
at which the lateral is attached to the line between the
transformer and PV plant. The implications of this are: 1)
voltage support is independent of feeder current; 2) voltage
support is linearly related to plant output (and thus to plant
size); and 3) voltage support anywhere on a feeder is known
Without PV and is based only on PV plant output and feeder
configuration.

Voltage

With PV

Current

3.2 Parameters Affecting LTC Operation

low resistance wire high resistance wire . . .
_§||§ - g b1 Translating voltage support to economic value requires

understanding the relationship between LTC changes and
feeder voltage requirements. LTC operation is based on
voltage into the LTC, feeder voltage regulation devices on-
line, LTC voltage range setting (this range is set to
compensate for voltage drop on the feeder), and the
variation in transformer load. This subsection outlines
some of the most important parameters and how they relate
LTC changes.

; |
Substation PV
Transformer

PV
Generation
Fig. 1. Feeder voltage support provided by PV.

As illustrated in Fig. 1, a PV plant reduces voltage drop
reducing feeder current. Voltage support provided by a

plant to pointB on the lateral in Fig. 1 is the difference iNgjg 5 presents the relationship between desired substation
voltgge_ drop W|th_and Wlth_out PV. Voltage drop Wl'FhOUR/oltage and the LTC voltage range setting and transformer
PV'is simply (1) withB substituted fox. Voltage drop with 554 " The figure illustrates that desired substation voltage is
PV equals a linear function of transformer load given an LTC voltage
A B range setting. For illustration purposes, two settings are
— considered with the wide voltage range being twice the
AV, = ”l(l) -l PV]Z (l )dl +j| G Z (I hl (2) narrow voltage range. The LTC voltage range is set to
0 A narrow when small voltage drops are anticipated on the
) , ) . . _feeder; the range is set to wide when large voltage drops are
\tlivrzlghé;l;r;?:l pv IS constant over the line at any instant inynicipated. Many more settings are possible in practice.

Desired substation voltage as a function of load is converted

B .. . . .
_ to LTC changes by combining Fig. 2 with a load profile,
AV, —II(I)Z(l)dI LV (3) such as the one presented in Fig. 3. The load axis is
0 common to both figures so the resulting plot, Fig. 4, is

desired substation voltage versus time. The top dashed
) ) . curve corresponds to desired voltage for a wide voltage
where Z, is the total impedance from the substatlorgange and the bottom to a narrow voltage range.
transformer to poinA.

oo . . Actual substation voltage for any given input voltage is
SubstitutingB for x into (1) and subtracting (3), voltage|;miteqd by the number of available LTC taps and the voltage
support at point B is change produced by one LTC tap change (LTC step size).

Thus, there is a difference between desired substation
VS = by Za (4) voltage (a continuous function) and actual substation
voltage (a step function). When this differenceeeds the
A similar analysis will show that the voltage support atTC bandwidth, the LTC changes taps.
point D equalslp,, Z-. Note that impedance in (4) can be
replaced with resistance when the PV operates at unity
power factor.



Fig. 4 plots actual substation voltage in addition to desired
substation voltage. LTC bandwidth and LTC step size are

Wide Range . - -~
T the same for both cases; only the LTC voltage range setting
is different. The figure suggests that, in general, there is a
I linear relationship between the number of LTC changes and
- /_'_’ _______ Narrow Range voltage range setting when all other variables are constant.

For example, the first four LTC changes for the wide
voltage range correspond to two LTC changes for the
narrow range. This is as expected since the narrow range
was selected in Fig. 2 to be half the wide range.

Desired Substation Voltage

Notice, however, that although there is an additional step up
in the wide range case, there is no corresponding LTC
change in the narrow range case. This is attributable to the
Load fact that the LTC does not have a continuous range of
voltages available. As the voltage range setting narrows,
Sfractional LTC changes are eliminated. This is not
important if actual loads follow the load pattern presented
in Fig. 3.

Fig. 2. Voltage versus load for two voltage range setting

In reality, however, load fluctuations occur throughout the
day in addition to the overall daily load change. An LTC
change occurs if these load fluctuations are large enough
and the LTC voltage range is sufficiently wide; they stop
occurring as the LTC voltage range narrows.

Load

In order to make the results of this research broadly
applicable, it is desirable to develop an equation that
describes LTC changes as a function of voltage range
setting. Following is one suggestion of what that equation
might look like.

The discussion in the previous paragraphs suggests that one
possible model is a combination of a linear and a non-linear
Fig. 3. Hypothetical load profile. equation where some fraction of the changE} #re
associated with the linear equation and the othd¥) with
the non-linear equation. If one assumes that the magnitude
of the load fluctuations throughout the day have an
Wide Range - exponential probability distribution, one non-linear
Actual Desired . - - equation that makes sense is an exponential function and
] the combination of the two equations becomes

Time

R=LTG
Rieas— LTC

Actual Desired
Narrow Range

) +(1-F)eX TR | (5)

step,

C=GC, F[

Substation Voltage

whereC is the number of LTC changes for an LTC voltage
range setting oR, C,,.,5iS the recorded number of LTC
changes corresponding to an LTC voltage range setting of
Rimeas LTCstep is the voltage change produced by one tap
Time change, ané is a scaling factor that determines the slope

Fig. 4. Desired and actual voltages.



of the exponential curve. Equation (5) is valid as long asnumber of times the maintenance procedure is performed
is greater than or equal kG C;q, over the study life, an8Lis the study life.

Given LTCyep and aCpe gassociated with somi;.,o F - This expression is most familiar for annually recurring
andSin (5) are needed befof@is a function of only one expenses, in which cab#l equals 1(N+1)MI equalsSL+1,
variable, R. F, a unitless variable that describes whaand the second term in the brackets is zero [9]. Equation
fraction of changes is attributable to the linear and noirf?) includes the second term to account for times when the

linear terms in (5), is estimated by study life is not an integer multiple of the maintenance
interval. In these cases, a fractional maintenance procedure
- 365x 2x (Lmax - me)A © must be performed at the end of the study life.
CmeasLTCstep
4, RESULTS
whereL,,,, minusL,;, is the average daily load change (in

MW/day). A is the desired voltage change per MW of loa his section applies the method from the previous section to

change (volts/MW)LTCyis the voltage change producedS eb (t)?o MV‘I\'/h P\O/ Sp;)la'\;l\tlvloclza:f? reart gGﬁ‘iS gerrTi(r)lg
by one tap change (volts/step), aBfq,sis the recorded ubstation. € v plant IS focated on ~eede '

number of LTC changes in a year (steps/year). There c (f)f the tl\_/\_/rocfeeRderslt regt;l_atﬁd by .E[he Ker_?wan Bink 2d
365 days per year and the 2 accounts for the fact that if fians ormerd d t fesu tﬁ’. W IIC tare Site specific, are base
LTC setting increases to meet the maximum load, it mu8f Measured data from this pfant.

decrease to meet the minimum load. 4.1 Voltage Support Provided by PV Plant

S the scaling factor that determines the slope of thge|q tests of Kerman Feeder 1103 were performed on July
exponential curve, is estimated by inputting at least two sgfS1993 and July 6, 1993 that facilitate quantification of the
of LTC changes under two sets of conditions into (5) ar\ﬂ)ltage support provided by the 0.50 MW PV plant. On

solving for S. Its value can be approximated if two sets gfjly 6, a range of feeder load conditions, including extreme
historical LTC data are unavailable. peak load conditions (6 MW, or 20 percent greater than
normal peak loads), were simulated by having the

distribution system operator transfer load from adjacent
fsgders to the Kerman Feeder 1103.

3.3 Economic Value

The technical results from the previous subsections can

translated to economic value by computing the differenqg . 5 presents the voltage support provided by the PV plant

between the LTC maintenance cost with and without the Pa the plant location as a function of plant current and

plant. _Specifically, one _calculates the net present Valuefggder load. The figure suggests that voltage support is
the maintenance cost with the PV pl_ant and subtract_s trﬁﬁearly related to PV plant current and is independent of
from the net present_value of the maintenance cost W|thqg der load. The Model line is constructed by multiplying

the PV plant. The difference between the two is the valyg,\+ cirrent times feeder resistance as described in (4).

of PV to the transformer LTC. The PV plant boosts feeder ltage at the plant by more

The net present value (NPV) of a periadig recurring than 2.5 volts at full plant output.

maintenance cost is a geometric series that reduces 0, aqgition to automatic measurements taken at the PV

" (N+DMI plant, feeder voltage was measured manually at three
[1” j _(1” j o critical feeder locations. The distribution system operator
NPV 1+c 1+c +[E_Nj[1jj e took the PV plant off-line, field personnel measured three
1+ )" M 1l+c phase voltage, the distribution system operator put the plant
1_[1+cj back on-line, and field personnel remeasured the voltage. It
took about 15 minutes between the first and last voltage
. . measurements. Feeder current was not monitored at each
whereC is the current LTC maintenance procedure aost, . : . .
location; rather, it was monitored every minute on only one

is the rate of inflationg is the cost of capitalMl is the X
' . o . hase at a location other than where the voltage
maintenance interval (it is expressed in years and equals the

measurements were taken.

number of LTC changes between maintenance procedures
divided by the annual number of LTC changésé)is the




Fig. 6 presents the voltage support provided by the PV plastpport on a group of feeders (and thus to the LTC since it
as a function of the distance along the line between the B&rves two feeders) by examining minimum voltage on all
plant and the transformer (i.e., the distance of the lateralfeeders served. Minimum voltage location on adjacent
not included). The single line diagram in the figure ifeeders, however, does not change since PV plant voltage
drawn to scale and shows where the voltage measuremequpport to adjacent feeders is zero.
were taken (they are marked with a box; manual
measurements are marked with an M). Modeled valuEid- 5 implies that, since voltage support is linearly related
were calculated based on a plant output current of 20 AmigsPV plant output, it is also linearly related to PV plant size
(0.4 MW), feeder resistance, and (4). for plants operating at a given percentage of their rating.
Thus, calculating minimum voltages with the PV plant on-
Although not a perfect relationship, the figure suggests thiaie requires knowing what the voltages were with the PV
voltage support is independent of feeder load and that itpkant off-line and the voltage increases per unit of PV.
the point at which the lateral is connected to the line
between the transformer and PV plant rather than t®inimum voltages with the PV plant off-line during the
distance from the transformer that determines the level $fly 6, 1993 test were 118.9 volts, 116.6 volts, and 118.5
voltage support. The less than ideal results may Melts at the manual measurement locations M1, M2, and
explained by the long time delay (15 minutes) betwed¥3 in Fig. 6. Fig. 7 presents minimum voltage on the
measurements, the lack of current measurements at geup of feeders that the LTC serves as a function of PV
locations of interest, and that the measurement instrumeftant size (dark solid line) by combining these initial
were disconnected between measurements. voltages with the voltage support provided by a PV plant
operating at 80 percent of its rating; minimum feeder
The results in Figs. 5 and 6 are translated to feeder voltagidtage on an adjacent feeder (labeled adjacent feeder) is
support by examining voltage support at the feeder locatiassumed to be 120.5 volts. The figure suggests that a plant
with the lowest voltage; this location may change as Phated at 0.50 MW boosts kage by about 2 volts at the
plant size increases. Results are translated to voltdgeation with the lowest minimum voltage.
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Fig. 5. Voltage support versus PV plant output at various rig. 6. Voltage support provided by PV plant at 0.40 MW
feeder load levels (July 1, 1993 and July 6, 1993). output at various locations (July 6, 1993).
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Fig. 7. Voltage support versus PV plant size. Fig. 8. Annual LTC changes versus voltage range setting.
4.2 LTC Changes and LTC Voltage Range Setting 4.3 Economic Value

The relationship between LTC changes and voltage supp&donomic value can be calculated now that the voltage
must be understood to translate PV voltage support tosapport provided by the PV plant and the relationship
reduction in LTC changes. The squares in Fig. 8 represdmigtween LTC voltage range setting and annual LTC
the measured number of LTC changes for 1990 throughanges are known. As described earlier, the economic
1993. All points represent a year's worth of data excepdlue of a PV plant to the LTC is the difference between the
1993, which is based on 40 percent of the year and scaledT@C maintenance cost without the PV plant and the
an annual estimate. maintenance cost with the PV plant.

Fig. 8 includes model results. The data used to constrddie LTC is routinely inspected every four to six years.
the model are denoted by the circles. As described in (Buring the inspection, worn parts are replaced. At the
the model is based on the recorded number of LTC changésman Substation, it is estimated that the variable
(Cihead corresponding to a given LTC voltage range settingiaintenance cosiCj associated with parts replacement is
(Rpead: the voltage change produced by one tap chan§&5,000 and occurs every 50,000 LTC changes. According
(LTCstep)’ the fraction of load changes associated with dailp Fig. 8, the current LTC setting corresponds to 4,400
load changesH), and the scaling factor that determines thehanges per year. This translates to a maintenance interval
slope of the exponential curve&)( Although the LTC (MI) of 11.4 years. Using (7) and the assumptions that
bandwidth changed slightly between yeat8.75 volts in inflation (r) is 5.0 percent, cost of capitat)(is 10.0
1990 and 1993, an#l0.65 volts in 1991 and 1992), thispercent, and the study lif&k) equals the PV plant life of
change is ignored. 30 years, the net present value of the LTC maintenance cost
over 30 years without PV is $16,400.
Ciheas @ssociated with alR, ., 0f 5.0 volts equals 4,400
LTC changes per year (i.e., the average of LTC changesAacording to Fig. 8, a new LTC voltage range setting of 2.5
1991 and 1992)LTC, equals 9/16 voltF equals 0.44, volts corresponds to about 1,000 changes per year. This
and is calculated using (6) and estimates of the averdg@nslates to a maintenance interval of about 50 years.
daily load changel(, ;L) of 3.06 MW/day and\ of 0.5 Using the same assumptions as above @fd the net
volt/MW (i.e., voltage range of 5 volts divided by maximunpresent value of LTC maintenance cost over 30 years with a
transformer load of 10 MW); an& equals 1.43, and is 0.5 MW PV plant is about $3,400. Thus, the value of PV to
determined by solving foB in (5) and then inputting 1990 the LTC is the difference between the original cost
and 1992 conditions. The figure suggests that the model($8.6,400) and the new cost ($3,400) or $13,000. Fig. 9
a good fit to measured data. presents this same calculation for a range of PV plant sizes.



maintenance costs. An examination of historical cost data
would be beneficial. From a technical perspective, the
model relating the LTC voltage range setting to LTC
changes needs further evaluation. A specific area of
concern is the omission of transmission voltage in the
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5. CONCLUSIONS ANDFUTURE RESEARCH

A simple method was developed in this paper to estim

the value of grid-support PV to a substation transformer
LTC. The hypothesis was that PV reduces LTC
maintenance costs because LTC changes are a function of
feeder voltage support requirements and a PV plant redu?ﬁs
these requirements by providing feeder voltage support.
This voltage support translates to a reduced LTC voltage
range setting. Results suggest that the 0.50 MW PV pl it
near the Kerman Substation will save $13,08\) in

LTC maintenance costs over the 30 year life of the plant.

Important observations resulting from this work are: 1!
voltage support provided by a PV plant (or any other form
of distributed generation) is independent of feeder current;
2) voltage support is linearly related to plant output (and
thus to plant size); and 3) voltage support anywhere onl®
feeder is known and is based only on plant output and
feeder configuration. -
7
Future research needs can be divided into economic and
technical categories. From an economic perspective, the
possible prevention of LTC failure, and thus the deferment
of a capital expenditure, has not been considered. THib
value might exceed thmaintenance savings estimated in
this paper. In addition, more research is needed to assess
the relationship between the number of LTC changes afsi
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