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Allocation of Fixed Costs in Distribution Networks
with Distributed Generation
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Abstract— In this paper we propose a method for the allocation more revenue from loads than is paid out to generators, it has
of fixed (capital and non-variable operation and maintenance) peen shown in [5], [6], and [7] to be insufficient to cover the
costs at the medium voltage (MV) distribution level. The method o maining infrastructure and other fixed costs of the network.
is derived from the philosophy behind the widely used MW- . . . ..
mile methodology for transmission networks that bases fixed | Itis also well established that passmg thrpugh the remaining
cost allocations on the “extent of use” that is derived from load infrastructure costs on pro rata basis, as is often the case
flows. We calculate the “extent of use” by multiplying the total in many tariff methodologies, does not provide price signals
consumption or generation at a busbar by the marginal current that are based on cost causality (cost reflective) or are long-
variations, or power to current distribution factors (PIDFs)  efficient for investment in new network infrastructure, or
that an increment of active apd reactive power consumed, or for the | Hi f load Hi Bedinni ith
generated in the case of distributed generation, at each busbar, or the location of new loads or generation. 5eginning wi
produces in each circuit. These PIDFs are analogous to power [8] many have written about “extent of use” methods for the
transfer distribution factors (PTDFs). allocation of transmission network fixed costs. These “extent

Unlike traditio_nal tariff designs that average fixed costs on of yse” methods for allocating costs have also become known
a per kWh basis across all customers, the proposed method yonarically as MW-mile methods as they were called in [8].
prow_des more cost _re_flectlve price 5|gna!s and _helps eliminate The “extent of " b icallv defined load’
possible cross-subsidies that deter profitable (in the case of € “extent ol use” can be generically delinéd as a loads or
competition) or cost-effective (in the case of a fully regulated generator’s impact on a transmission asset (line, transformer,
industry) deployment of DG by directly accounting for use and etc. ) relative to total flows or total capacity on the asset as
location in the allocation of fixed costs. An application of this determined by a load flow model. Other variations on this same
method for a rural radial distribution network is presented. idea can be seen in [9]. An interesting trend in the literature on

Index Terms— Distributed generation, allocation of fixed costs, MW-mile methodologies emerges on closer examination. As
distribution networks. different methods are proposed to allocate fixed transmission

costs, rarely is there any incentive to provide for counter-flow
. INTRODUCTION on a transmission asset, the contention being that transmission

T is becoming widely accepted that distributed gener@wners would be against making payments to generators that

tion (DG) resources can provide benefits to distributioprovided counter-flows and the worry that the method would
and transmission networks; reducing line losses, acting a®@ longer be revenue sufficient [8], [10], [11], and [12].
network service provider by postponing new distribution da 0] allows for counterflows, but to ease potential worries to
transmission reinforcements, and providing ancillary servicdsansmission owners, proposes that counterflows be assessed
In addition, as a modular technology, it may present a low@rcharge of zero.
cost addition to the system in that a large facility need not to AS there are many cost allocation methods, there are many
be built that has excess capacity for some years. The Workifgd flow based methods to determine the extent of use. [13],
Group 37.23 of CIGRE has summarized in [1] some of tHd4], and [15] use a tracing method that relies on the use
reasons for an increasing share of DG in different countrie®f Proportional sharing of flows into and out of any node.

As it is likely that DG will become more prevalent in distri-Marginal factors such as distribution factors are used in [8]
bution systems, we are interested in modeling the distributi@fd [6] while [16] uses a line utilization factors that depend
network with DG paying particular attention to the design ¢?n demand in the system being held constant. [12] provides
tariffs for the recovery and allocation of distribution networi@n overview and comparison of these methods and shows that
fixed costs including capital and non-variable operation af@ey arrive at very similar results for flows and charges, leading
maintenance (O & M) costs. It is already well understood thifte them to conclude that there still is no agreement on the
nodal energy prices as developed by [2] sends short-run effest method to determine the extent of use.
cient time and location differentiated price signals to load andAs discussed in [4], the rationale behind the present work is
generation in transmission networks as discussed in [3]. ThéBat the presence of DG in the distribution network transforms
signals can also be used for sending the appropriate sigrififgribution from a passive network (e.g. a network that only
for the siting of DG in distribution networks as demonstrate@@s loads connected to it) into an active network, not unlike
in [4]. While these short-run efficient nodal prices collecd transmission network. As with nodal pricing for short-run

operation of power systems where price signals are sent so
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that locate in a manner that reduces line loading or uses fewAn allocation of costs based on the line loading attributable
assets should be rewarded with lower charges for the recoveoy distributed generation that pays generators for providing
of fixed costs as essentially these generators or loads “createdunter flow that effectively “creates” additional capacity
additional distrbution capacityAs a result, we propose thatprovides a better financial incentive to distributed generation
extent of use cost allocation methodologies from transmissitmsite where it provides counter flow versus siting at a location
networks could, and should, be adopted to promote more cedtere it increases line loading, all else equal. Or, for a large
reflective pricing which will provide better financial incentivesndustrial customer, allocation of costs based on the extent of
for the entry and location of distributed generation or largese will lead it to site its facility closer to the interface with
loads on, and investment in, distribution networks. the transmission system rather than at the end of the network
Our extent of use measure uses marginal changes in currgvtere it will increase loading far more facilities.
as opposed to power, in a distribution asset with respect toln the design of our allocation strategy, we make two
both active and reactive power injections multiplied by thosgbservations regarding distribution networks. The first is that
injections to determine the extent of use at any timiéJnlike distribution networks are designed primarily to handle circuit
most previous applications of extent of use measures, aunrrents. The second observation is that current flow better
extent of use measure explicitly accounts for flow direction worresponds to the thermal capacity limits of a line or asset
provide better long-term price signals and incentives for D&nce voltages may not necessarily be held constant in the
to locate optimally in the distribution network and to alleviat@etwork [17]. Consequently, the “extent of use” of distribution
potential constraints and reduce losses. network circuits can be measured in terms of the contribution
We propose two possibilities to price the extent of use, tld each customer to the current flow, not the power flow,
merits of which will be discussed in the next section belowhrough the circuit at any point in time similar to [18] in
First, we can compute the extent of use at each bus in edbhir derivation of utilization factors. This current flow can
hour and will price the extent of use on a per MWh basis &g traced to injections and withdrawals of active and reactive
each bus in each hour, with any remaining fixed costs sprgaalver at each busbar using active and reactive power to
over all load in the system on a per MWh basis. The otheurrent distribution factors, APIDFs and RPIDFs respectively.
pricing option we explore is the use of fixed charges bas€iir extent of use measure is grounded in the idea that costs
on the extent of use at each bus at the system coincidshbuld be allocated to those who cause them. Given that we
peak, with any remaining fixed costs recovered over all loguopose to use current flows attributed to network customers,
at coincident peak. we choose to call our methodology an “Amp-mile” or “I-mile”
The paper is structured as follows. In Section Il we wilinethodology for allocating fixed distribution network costs.
present the general allocation strategy. In Section Il we will The contribution of a given customer to the current flow
present the proposed electricity “extent of use” measurem@nt a given circuit at any time is the summation of the
methodology. In Section IV we will present an applicatiogworrespondent APIDF and RPIDF times the actual active
of the proposed method considering a rural radial mediuamd reactive power respectively injected or withdrawn by the
voltage (MV) distribution network with results presented irtustomer at that time. The summation for a given circuit of all

Section V. Section VI concludes. customers contributions closely approximates the current flow.
A reconciliation factor must be used to obtain the exact current

II. ALLOCATION STRATEGY AND DESCRIPTION OF flow through the circuit using the APIDFs and the RPIDFs.
CHARGES The reconciliated contributions can be used as a measure of

] ) ) _ the “extent of use”, and active power extent of use (AEoU) and
From an economic perspective allocation methods for fixgdactive power extent of use (REoU) factors can be obtained.

costs do not have efficiency propertigsr se But the alloca- e fixed cost of each circuit is calculated summing up
tion of costs, regardless of the method, is entirely necessary fgg capital and non-variable O & M costs of the conductor

the owners of distribution infrastructure so they may recovghq other circuit related equipment such as circuit breakers,
the costs associated with providing distribution servibeus, isolators, dischargers, etc., including installation costs. The

given the general lack of efficiency properties and the needdQpjta| portion of the fixed cost is assumed to be a levelized

allocate fixed costs, allocating costs to those who cause thegy: A |ocational charge for each customer, which recovers
(cost causality) is another method that is often used, and s ysed network capacity, can be determined summing up the
the criteria we use in our allocation strategyloreover, since ngiyidual facility charges for circuit usage. These individual
these are fixed costs that are being allocated, there are g ges are obtained multiplying the correspondent AEoU and
“short-term” incentive changes that one would observe akin {84y factors by the adapted circuit cost (ACC). The ACC for
the changes that occur when moving to efficient nodal pricgssircyit is calculated multiplying the levelized circuit cost by

for energy. the used circuit capacity (UCC) factor, which is given by the

However, there are long-term entry and siting incentives thatio hetween current flow and current capacity of the circuit.
may change depending on the fixed cost allocation. Consiggs suggested by [9] and [12], and employed by [14], any

the siting of distributed generation on a distribution SySterﬂemaining network costs related to the unused capacity of the

N _ _ circuits can be recovered by a non-locational charge.
The extent of use measure we propose is not a marginal methodology lik

the nodal pricing of congestion and losses, but is analogous to the expenditurglNe obtain for e.aCh customer (gen_erator/demand) two types
incurred or revenues gained (price multiplied by quantity) under nodal pricingf charges, locational and non-locational, for the recovery of
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fixed costs for the distribution network. The first is a locational _
charge, based on the extent of use, that should be paid to on
cover the portion of fixed cost for network service considering OP;
both active power (active locational charge) and reactive power, ) . o
P ( ge) P We define active power to absolute current distribution

(reactive locational charge) injections or withdrawals. Unlik . S .
previous applications of flow-based extent-of-use methodoIF—Ctor with respect to an injection or withdrawal at buso

gies and charges that only account for flow magnitudes and ﬁo? absolute value of current on the lineat time, as the

@

flow direction,in our Amp-mile method we explicitly accountsenS't'V'ty:

for counterflows and reward potential distributed generation oIt

units that free up, or in effect, create additional distribution APIDF}, = TPlt (2
k

network capacity with negative locational payments (payments

to the DG source).The second charge is a non-locational where,

charge that is levied to recover the cost of the unused networkflt is the absolute value of curreﬁf through circuitl, at

capacity and spreads the cost of the unused capacity overijgle ¢

load in some fashiof .t can be argued that the spare capacity P! is the active power withdrawal at node at timet

can be seen as a common “system benefit” to all users as the

excess capacity reduces losses for every customer and providds the same way, the reactive power to absolute current

system security and therefore should be paid for by all usegistribution factor with respect to an injection or withdrawal
There exist a variety of possibilities for assessing the locat busk to absolute value of current on the lihgat timet,

tional and non-locational charges. One possibility is to allocag@n be defined as the sensitivity:

both charges on a per MWh basis. However, a drawback to ,

allocating charges for fixed costs on a per MWh basis is RPIDF}, = o ©)

that it would distort short-term price signals if those short- 2Q;,

term signals were based on efficient nodal prices. However,

; : . “where,
assessing the charges on a per MWh basis would make it easier, . . .
to implement the suggestion by [19] that extent of use charges®* is the reactive power withdrawal at no#igat time?

for network infrastructure may be more long-term efficient within this framework, bothA PIDF}, and RPIDF}, are

if they are time differentiated to account for different usagesiculated using the Jacobian matrix derived from the power
patterns over different time periods. By assessing these chargg® equations of Appendix L.

in each hour we are taking the suggestion to the extreme. Time

differentiating locational charges for the recovery of fixed costs Absolute value of current at liné, at time ¢, can be
has also been previously implemented in [20]. At the oth@pPproximated as:

extreme, the charges could be assessed as a fixed charge.

The basis for the fixed locational charge could be determined n

by a customer’s contribution to line loading at system peak, I} = ZAPIDka [PL}, + PG} +

while the remaining non-locational charge could be based on k=2

the demand at coincident peak. The main rationales for a n . . .

fixed charge are that it holds with the logic of distribution ZRPIDFM [QLk + QGIJ (4)
network design to serve the system peak and fixed charges k=2

also preserve the efficiency of short-term nodal prices. Thereyhere,

are other pOSSibi”tiES for aIIocating fixed Charges, but that is PL;C is the active power consumption of a demand customer
beyond the scope of our work. at busbark, for time ¢ with PL!, > 0.
In our application in Sections IV and V, we will provide pgGt s the active power consumption of a generation

examples using both per MWh charges and fixed charges bagg&iomer at busbak, for time ¢ with PGt < 0.
on demand at system peak for both the locational componeng, L is the reactive power consumption of a demand cus-
and the non-locational component. tomer at busbak;, for time ¢ with QL% > 0.

QG is the reactive power consumption of a generation
[Il. EXTENT OF USE MEASUREMENT METHODOLOGY AND customer at busbak, for timet with QG}, < 0 for a generator

CHARGES providing reactive power to the network.

A. Defining the Extent of Use n is the number of busbars in the distribution network, with

o ..k =1 as the slack bus and: is the number of lines in the
In [17] the power to current distribution factor, from injec-,

. . S X network wherem <n — 1.

tion at busk to current magnitude on the lirleis defined as -

the sensitivity: I} turns out to be a close approximation as circuit currents
are approximately a linear function of active and reactive

2We allocate non-locational charges over only load as this is the ta\rx’/ﬁower at busbars. However. to define AEoU and REoU factors
method used in Uruguay, where our example is based in Section IV. If We ’ !

allocated some of these costs to generators, it does not change our re&:l(@concmaﬂon faCt_or is needed so that. the “extent of use”
qualitatively. factors for a given line sum to 1. We definl} so that
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Al =Y " APIDF}, [PL}, + PG}] +
k=2

> RPIDF}, [QL}, + QG}].

k=2

®)

Then, dividing by AI}, the product of the active/reactive
power to current distribution factor with the active/reactive
power injection or withdrawal, we obtain extent of use factors.

Note that the summation for all busbars, for a given linat
a given timet, of these factors equals one.

Active power related extent of use factor for linel with
respect to demand at busbark, for time ¢:

APIDF}, x PL
ALl

AEoULY, = (6)

Active power related extent of use factor for linel with
respect to generation at busbark, for time ¢:

APIDF}, x PG!,
ALl

AEoUGY, = (7)

Reactive power related extent of use factor for linel
with respect to demand at busbark, for time ¢:

RPIDF}, x QL

Al ®

REoUL}, =

Reactive power related extent of use factor for linel
with respect to generation at busbark, for time t:

RPIDF}!, x QG

REoUG, = oY
l

9)

B. Defining the Costs and Charges
Let C'C; be the levelized annual cost of circdit If line

flows are measured every hour during the year, for example,
then the levelized cost for each hati€f = £CL. Without loss

8760 "

of generality, the number of time periods can vary depending
on how often flows are measured, whether they be every hou

or every five minutes.
The adapted cost of circuit for time ¢, is defined as

ACCI =UCC} x CCY (20)
where,

UCCY} is the used circuit capacity df for time ¢, and is
defined by

I
CAP,

I}, the current through circult for time ¢, andC AP, the
circuit capacity ofi

UCCt =

(11)

1) Time Differentiated Per Unit ChargesRelated active
and reactive locational charges for demand/generation at bus-
bar k, for time ¢, can now be determined. These charges can
be expressed as a total charge at timehough given that
these charges could change on an hourly basis, they are for all
intents and purposes time differentiated per MWh or MVArh
charges and is the way we shall express the charges below.

The totalactive locational charge for demand at busk:

AL}, =Y AEoULj, x ACCY
=1
The total charge can be broken down into a per MWh charge
by noting that total charges for buscan be expressed as

(12)

m t t t
AL =3 APIDF! x PLL I 13)

l t

2 Allt X CAH OCl .

Note thatAI} = I} for each linel, and dividing through by

the active power demand at bis PL¢, then the per MWh
charge can be expressed as

ALY i APIDF}, x CC!

MWh £ CAP,

As a time and location differentiated charge, the per unit
charge has two desirable properties in terms of cost causality.
First, as active power load at busincreases, the extent of
use increases so that at peak usage times, the customer at bus
k will face a higher overall charge. Second, the more circuits
over which power demanded at bksnust travel, the greater
will be the overall charge.

Moreover, the per unit charges, a per MWh charge as
expressed in equation 14, should be stable over both time
and differing load levels at bug. Both CCf and CAP,
are constants. AnddPIDF}, is approximately constant as
the relationship between injections or withdrawals and current
flow are approximately linear.

(14)

Analogously, for active power injectedhe total active
locational charge for generation at busk:

AG}, = AEoUGH, x ACC}
=1

'And just as we have define the per MWh charge for load,

the per MWh charge for generation at btss

(15)

m

.S APIDF}, x CC}
CAP,

AGL
MWh —

(16)

Note that for this case a minus sign must be added in the
formula because PIDFs are defined for the case of withdrawals
and power generation?G?, is a negative withdrawal when
calculating this per MWh charge. Then, when the generation
at busk is providing counterflow, the per MWh charge for
injections at bug: are really payments made to generation for
“creating” extra capacity on each circuit The more circuits
for which counterflows are created, and hence “capacity
created” also implies that this payment increases.
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We can now define analogous charges for reactive power

withdrawals and injections at bus that have the same ALY =N " ABoU L™ x ACCP** (26)
properties and interpretations. =1
Related reactive locational charge for demand at bus: AGE™* =N " AEoUGH™ x ACCPee” (27)
=1
RLi = Y REoULj; x ACC (17) RLE“* = 3" REoULI™ x ACCPe (28)
=1 =1
m
RGY™ =3 " REoUGH™ x ACCP** (29)

RLY i RPIDEF}, x CC}

MWh — CAP,

(18) =

Relative to the per unit, time differentiated charges, given
that the PIDFs are approximately constant, the total charges
over the year can differ significantly using a fixed, coincident

” peak charge. In fact, if an individual load at the coincident peak
t t t is greater than the average load for that individual customer
Ry = ZREOUle x ACC (19) over the year, then the charges will be higher. Conversely, if
the individual load at coincident peak is less than the average
load for that individual customer over the year, the the charges
(20) will be lower.
3) Non-locational ChargesAs mentioned previously, our

] extent of use method will not allocate all fixed costs based
2) Fixed Charges Based on Extent of Use at System Pegon the extent of use. The condition under which locational

Fixed charges based on the extent of use at the system pgakrges will cover the entire fixed cost of an asset are described
have two desirable attributes over per unit charges. First, @Siow. The remaining fixed cost not recovered by locational

the charge is independent of use at each hour except the pg@krges in the case of time differentiated, per unit charges is,
hour, it will not distort efficient short-term price signals such

as nodal prices. Second, as distribution networks are often P . '
designed explicitly to handle the system peak, it is logical RCCT = 310G - ACC]

Related reactive locational charge for generation at bus

=1

RG}, Zm: RPIDF} x CC!
MWh CAP,

=1
to assess the charge based on use at the peak. Consider our RCCH — i oct [1 o } (30)
measure of the extent of use defined in equations 6, 7, 8, 9 and =R CAP |

define the extent of use at system peak for active and reactive .
load and generation as and these costs will be allocated over all load for for the year

on a per MWh basis.
The remaining non-locational costs that must be covered for

APIDFPek o preak the fixed, coincident peak locational charge are
ABoU L™ = >k 21) P J
AIZI)EO/
peak peak m ca
ABoUGIE — API DFZIW; PG (22) ROCP*F = 3°(CCy — ACCP* ™)
l =1
ear  RPIDFPC™ x QLrec® peak N~ qopeak I
REoU L™ = W : (23) RCCP*™ = (CCP (1 — 4R, ), (31)
l =1
eak eak
REoUGrek — BPIDE" x QGy (24) @nd these costs will be allocated based on the individual loads
lk APk ’ at the coincident peak.

where thepeak superscript denotes the values at system

peak. As the fixed Charge will be fixed for the entire yeap,. When Locational Charges Cover Fixed All Fixed Costs of

we define the adapted circuit capacity for the levelized anni@l ASSet

circuit cost of the capacity to be In general, our method does not recover all of the fixed costs
through locational charges. However, the locational charges

peak Ilpeak defined above can recover all fixed costs when the circuit is

ACCy = CAP, x €y, (25) fully loaded. Obviously, this results directly from the proposed

allocation strategy, but can also be easily verified. Let us
where C'C; is the levelized annual cost of circuit Thus, calculate the total amount recovered by locational charges
the locational charges to load and generation for active aagdplied to all busbars, for a given lidgat timet, when the
reactive power are current equals the circuit capacity.
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when it runs at half capacity. We also assume that G has a
cost that is below the system price at these hours for the cases

Loct = ACC! x Z(AEOULfk + AEoUGY, +

with DG.
k=2
REOUL!, + REoUG!,)  (32) TABLE |
TYPICAL DATA FOR 120ALAL CONDUCTOR
ACC!
Loc} = =t x Y (APIDF, x (PL + PGY) 03016 | 03831
l k=2
t t t
RPIDF}, x (QL, +QG}))  (33) ELE
INFORMATION DATA FOR THE RURAL RADIAL DISTRIBUTION NETWORK
Il x CCt - - —
t_ l l t t t Sending bus| Receiving bus| Length (km) | Type of Conductor
Locj = o m——tr X > (APIDF}, x (PL}, + PG}) 7 2 gih of Con
l l

k=2 2 3 16 120AIAI
+RPIDF}, x (QL}, + QGY}.)) (34) 2 4 26.0 120A1A]
4 5 3.0 120AIAl
. 5 6 15 120AIAl
.1 " . 6 7 5.6 120AIA
Loc; = AR, x CCy x A—Ilt x Al (35) 7 ) 135 T50AIAI

Then, asl} = CAP,, Loci = CC}.

Note that the same can be shown for the fixed, coincident™S it can be seen, each load profile has eight different
peak charge substituting peak values for time differentiat§§enarios corresponding to seasons and to weekdays and non
values and the levelized annual cost for the levelized houM{Prking days. We will assume that the levelized annual fixed

cost of the considered network is USD 134640 which is

reflective of prices in Uruguay.

IV. APPLICATION-NETWORK CHARACTERISTICS

Let us consider the rural radial distribution network of Fit
1. The characteristics of the distribution network are me
to reflect conditions in Uruguay where there are potentia
long, radial lines. This network consists of a busbar (1) whi
is fed by a 150/30 kV transformer, and 4 radial feeders (
B, C, D). The network data is shown in Tables | and Il. Fi
the purpose of simplicity, we will just consider feeder A fc
our calculations. Feeder A consists of a 30 kV overhead |
feeding 6 busbars (3, 4, 5, 6, 7, 8). Except for the case
busbar 4, which is an industrial customer, all the other bush
are 30/15 kV substations providing electricity to low voltac
customers (basically residential). In theory we could apply ¢
tariff scheme to voltages 15 kV and lower, but the cost
metering may be prohibitive at these lower voltages. We w
assume then that the industrial customer has the load pr¢
of Fig. 2 and the residential customers have the load profile
Fig. 3. The load profiles used in this section have been tal
from a database of the state-owned electric utility in Urugui
As can be seen in the figures, the residential load profi
follow a typical pattern with daily peaks in the evening. Tt
seasonal peak is in the winter season. The industrial I
profile is from a particular customer that operates at ni¢
due to the tariff structure in Uruguay that encourages usi

at night, with daily peaks between midnight and 4 am, ancgig.

seasonal peak in the winter. For all cases the power factor
load is assumed to be 0.9 lagging.

We will also run cases with the same distribution netwo
of Fig.1 but with generator G connected at bus 8. G is ¢
MVA synchronous generator operating at 0.95 lagging power
factor. We assume this distributed generation unit runs in all
hours along the year at full capacity except for the weekends

TZX 15MVA

150/30kV

«—]®
<+«

g e e i

1. A rural distribution network.
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Fig. 3. Daily load profiles for the residential customers.

Fig. 2. Daily load profiles for the industrial customer.

Table IV. In all cases, the net amount paid to the distribution
V. APPLICATION-RESULTS company should be exactly equal to the fixed cost of $134640
for the network. However, in the cases with DG, DG receives
yments, represented by negative payments, for the “capacity
reates” by locating at bus 8 and generating counterflow that

In the case of our network, our benchmark for comparis
is a per MWh charge where the fixed cost is averaged over ]

load for the entire year which is $5'_4O/MWh and the yearl educes line loading. Moreover, the demand customers, whom
charges for each bus can be seen in Table Ill. Note that

) € have assumed pay for the network, pay more than the
?1" of our gatses, thetre IS no lolfldfat i)#ssesbl and 2, thus th@eﬁﬁital cost of the network. The reason is that they are paying
'S NO need 1o report any results for those bUSSes. for the “extra capacity created” by the DG resource in addition

TABLE Il to the actual network capacity. This would be no different than
BENCHMARK: YEARLY CHARGES INUSD USING AVERAGE TaRIFE o 1T the distribution company added capacity itself and assessed
5.40USD/MWh those charges to demand customers.
Bus 3 4 5 6 7 8 TABLE IV
Charge || 20146 | 33909 | 20146 | 20146 | 20146 | 20146 SUMMARY OF LOCATIONAL, REMAINING, AND TOTAL CHARGES BY

CAsSe INUSD /yr
Overall our results show, as expected, residential customers
(i.e. same load profiles) locational charges increase with the

Bench- | Per Unit | Per Unit | Fixed Fixed
mark No DG DG No DG DG

distance between the customer and the PSP. The more circuits—7, — 24133 | 20732 | 51230 | 46350
over which power demanded at bkimust travel, the greater is Demand
the charge. This reflects the “extent of use” philosophy behind| ZLoc - - -4425 - -4472

DG
the methodology: the greater the extent of use, the greater the—7—— 134640 | 110507 | 118333 | 83410 | 92717

charges will be. The magnitude of the locational charges for| Tot 134640 | 134640 | 139065 | 134640 | 139076
each bus will be discussed in more detail below. Demand
We have examined and priced out four cases. Two cases are
assessing locational charges on a time differentiated, per unitVith respect to the magnitude of the locational charges
basis with and without distributed generation, and the othier Table IV, there are two things that stand out. The first
two cases are assessing a fixed, coincident peak locatioisathat the locational charges for demand are greater without
charge with and without distributed generation. A summaiG in both pricing cases. This is due to the network being
of locational and remaining charges by case can be seenmaore heavily loaded without DG implying the adapted circuit
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cost used for allocating locational charges is greater th&h7538 versus benchmark charges of $20146, a 13% savings,
the cases with DG thereby leading to the higher chargehie to the fact that load at bus 3 does not affect the rest of the
The second item that stands out is that the fixed, coincidardtwork or affects it very little. The residential customer at
peak locational charges are greater than the per unit, title end of the line at bus 8, however, pays more: total charges
differentiated charges. As discussed in Section I, the pef $22046 versus the benchmark of $20146, a 9.5% increase.
unit, time differentiated charges are quite stable over houkgain, this is as expected as the customer at bus 8 affects all
and seasons, thus the total charges in the per unit case theeassets in the system. As for the industrial customer at bus
approximately equal to the average load multiplied by the pér its charge change very little in this case $33688 versus the
unit rate multiplied by 8760. But in the coincident peak caseenchmark of $33909.

the load that is determining the yearly charge is the peak, not

the average, thus leading to higher overall locational charges?) With Distributed GenerationComputation of the net-

Below we discuss the various cases and examine m(WBrk in this case leads to the results of Table VI and Table X

closely the financial impacts at each bus as well as overand Figures 8,9,10, 11 ‘_Jf Appendix 1. ]
properties of those cases. For this example, active related locational charges are

approximately 76 % of the locational charge inclusive of
payments to DG, while reactive related locational charges
account for the other 24 % as seen in Table X in Appendix

1) No Distributed GenerationComputation of the network |- ©verall, the locational charges, inclusive of payments to
in this case leads to the results of Table V and Table 1X ar[rzlG’ recover apprommately only 12 % of the network f|?<ed
Figures 4, 5, 6, 7 of Appendix I. cost while the ot_her 88 % is recovere_d by the non-locational

The use of each circuit is due to both active and reactif@ar9€ as seen in Table X in Appendix I.
power flows. For this example, active related charges are TABLE VI
approximately 80 % of the locational charge, while reaCtiVSISTRIBUTION NETWORK WITH DG: SUMMARY OF CHARGES INUSD /yr
related locational charges account for the other 20 %. Overall,
the locational charges recover approximately 18 % of the
network fixed cost while the other 82 % is recovered by the Total locational and remaining charges for demand, all seasons, for
non-locational charge as seen in Table IX. working days and weekends (USD/yr)
Moreover, as discussed in Section Il and discussed ab velus 15’33 5;104 35535 3248 38709 380%)3 -51;4025
the per unit (MWh or MVArh) charges are relatively StablvTJQ:; 17706 | 29801 | 17706 | 17706 | 17706 | 17706 -
over hours of the day, weekdays or weekends, and over seasonS¢ || 18739 | 35505 | 21241 | 21354 | 21515 | 20709 | -4425 |

as can be seen in in Figures 4, 5, 6, 7 of Appendix I. We
have chosen busses 3, 4, and 8 to show this stability foriy this case, charges (both active and reactive related
both residential and industrial loads as well as the fact thé“arges) for generator G are negative, reflecting the coun-
location does not affect the stability of the per unit charggerfiow that the DG resource is providing to free up circuit
The slight variations that do exist are such that the per uglipacity. Another way of viewing this result, as stated previ-
charge difference are no more that 2.5% of the remaining NQUsly, is that the negative charges are really payments to the
locational per MWh charge of $4.43/MWh. DG for “creating” extra capacity in the network. In addition,
Table V summarizes the locational, non-locational (remaikne payments made to the generator are greater at times of
ing), and total fixed cost charges by bus for the year. Table Wteater network utilization, such as the winter season and at
in Appendix | shows the total active and reactive locationgyeater loading attributable to residential loads at their peak
charges for each busbar, in USD/yr for each season. Figuregdurs at busses 5-8, reflecting the increased value the DG
5, 6, 7 of Appendix | show the per unit charge and its variatiqsource provides as the network becomes more heavily loaded

A. Time Differentiated Per Unit Locational Charges

BY Bus

over hour and season for busses 3, 4, and 8. as shown in Figures 8, 9, 10, 11 of Appendix I.
TABLE V Overall, the presence of DG also alters the tariffs of demand
DISTRIBUTION NETWORK WITHOUT DG: SUMMARY OF CHARGES IN customers. Overall locational charges for load decrease relative

USD/yr BY BUS to the case without the DG resource, but only by about 14%
of the locational charges without DG, and by bus, the decrease
Total locational and remaining charges for demand, all seasons, for is greater the closer the load is to the DG resource. This
working days and weekend& §.D /yr) reduced locational charge is attributed to the decreased line

Bus 3 4 5 6 7 8 loading from the counterflow from the DG resoufcote, for
Troc 1047 | 5855 | 3641 | 3783 | 4297 | 5510 instance, that there is a large reduction in locational charges for

Trem || 16536 | 27833 | 16536 | 16536 | 16536 | 16536 . .
[Tof || 17583 | 33686 | 20177 20310 | 20833 22046] the demand at bus 8. Due to the reduced line loading, the non-

. o o . . . 30ur extent of use factors are weighted by a linear approximation of the
The financial implications of locational fixed charges isurrent flow, which for the value of any withdrawal, is less than the actual

revealing as well from Table V. Now consider the residenti%}‘rre”t as current is a concave (square root) function of withdrawals. Going
.back to equations 12 and 13, with the reduction in line loading, actual current

Cl_JStome.r at bus 3. L.Jnder our proposed methodology and t'mﬁ/ decreases by more than the linear approximation resulting in lower
differentiated per unit charge, the total charges for the year afrges for the same load.
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. . TABLE VIII
locational charge increases from $4.43/MWh to $4.74/MWh _
. DISTRIBUTION NETWORK WITH DG: SUMMARY OF PEAK CHARGES IN
or by 7 % over the case without DG. USD /yr

The overall network capital charge will increase for load
customers on the _n_et\Nork as mentioned above. T_h_|3 resultrotal locational and remaining charges for demand, all seasons, for
should not be surprising as load customers are benefiting from, working days and weekends (USD/yr)

: : : ; : 4 BUS 3 4 5 6 7 8D | 8G
and paying for, the virtual increase in network capacity creat Q819 | 35200 | 2940 | 3004 | 2668 | 1764 | 4472
by the DG resource. However, the total cost to load custometr;; .~ 5796 | 66737 | 5196 | 5196 | 5196 | 5196 | -
may decrease with the decrease in line losses induced by fheTot 6015 | 101937 | 8136 | 8200 | 7864 | 6960 | -4472
increased network capacity, though we do not examine losses

here. In any event, the total charges paid by load, relative to

the benchmark are all higher, except for bus 3, and they aéad customers are benefiting from, and paying for, the virtual
all higher than the case without DG except for bus 8 whiGRcrease in network capacity created by the DG resource. It

benefits directly from being at the same bus as DG. is interesting to note that the DG resources revenues from
creating extra capacity have changed little, increasing by just
B. Fixed, Coincident Peak Locational Charges over 1%. For loads, the overall charges have increased versus

fixed charges without DG, except for loads at busses 7 and 8
which benefit greatly from DG at the peak. And just as before

TABLE VI with fixed charges without DG, the residential busses pay far
DISTRIBUTION NETWORK WITHOUTDG: SUMMARY OF PEAK CHARGES  |ags than the benchmark, and far less than under the per unit
INUSD /yr prices.
Total locational and remaining charges for demand, all seasons, for
working days and weekends (USD/yr)
Bus 3 4 5 6 7 8 TOT VI. CONCLUSION
Totro. | 827 | 36230 | 3039 | 3145 | 3535 | 4455 | 51230
T'J;Rtem gggg ggggg ‘7“751‘51 ‘;g;g ggzg ‘9“15;5) 533:6120 This paper has presented a new methodology for the alloca-
° tion of fixed costs at the MV distribution level. The method-

. . i ology, based on the widely used MW-mile for transmission
1) No Distributed Generation:A summary of the fixed, onyorks, uses power to current distribution factors in order

coincident peak locational charges without DG can be fou@g measure the extent of use imposed by customers to the
in Table VII and Table XI in Appendix I. As discussed abovemetwork and thus can be referred as the “Amp-mile” or “I-

the total charges paid, relative to the time differentiated PRiile” method for distribution networks. Unlike traditional
unit charges,will depend on whether the load at the coincidgqis designs that average fixed costs over all load, our
peak is less than or greater than the average load over the ygaioqology uses cost causality (extent of use) to assign part
For example, the loads at all residential (3,5,6,7,8) busses payine fixed costs of the network. In particular, DG is paid
lower locational charges, and lower overall charges, than they e reduction of network utilization (a virtual increase in

did under the other pricing regime because their load at tH‘étwork capacity). Moreover, demand customers who impose
peak hour is less than the average load over the year. The, network use have, within the proposed methodology,
overall charges for residential loads are al_so much lower thﬁﬂver charges than those which impose a high network use.
the benchmark cha_rges. In fact, the gomc_ldent peak_occurs_ﬂﬂe price signals sent with the Amp-mile method become
hour 3 during the winter season, and is driven by the industrigl,nger as network utilization increases. In particular, if the

customer at bus 4. Moreover, if one is to examine the 10gy\ork were fully loaded all fixed costs would be recovered
profiles in Figures 2 and 3, it is easy to see that at the pe&k the locational charges.

hhour, Lesldentfl (Zlystomersl are clo?e to the_|fr mm:cm# mds ratherApplying our methodology to a distribution network that
than their peaks. This resuit Is purely an artifact of the data W&s characteristics found in Uruguay, and for two different

have on Iogds n Urug_uay. I .the residentials peaked at ab Lilfcing schemes, we show the financial incentives are in the
the same time as the industrial customer, they too would p

. ; : sired direction, and the signals are strongest for those loads
more than under the per unit charges just as the mdustrllﬁ\ g 9

: X t drive the the coincident peak of the system, and that
customer at bus 4 does. The industrial customer, because g\Jg far away from the power supply point. Moreover, using a
driving the peak, pays more than six times more in locatio : |

h than it did under the oth - hani ed, coincident peak charge recovers more of the fixed costs
charges than it did under the other pricing mechanism, afy ough locational charges than does a time differentiated, per
drives the overall more than doubling in locational charges

unit charge. Finally, we find that time differentiating the per
2) With Distributed GenerationMuch like the time differ- unit charge does not aid in pricing for cost causality as the per

entiated, per unit pricing scheme with distributed generationnit charge is stable over hours of the day, days of the week,

distributed generation leads to an overall decrease of 1@d seasons.

in locational charges for loads, and that decrease is greater

for busses closer to the DG resource. Moreover, the overall

network capital charge will increase, as it did in the previous

pricing scheme, for load customers on the network. Again,



WORKING PAPER, NOVEMBER 2004, REVISED APRIL 2005

APPENDIXI
APPLICATION: RESULTS

TABLE IX
DISTRIBUTION NETWORK WITHOUTDG: CHARGES INUSD/YR

Active locational charges for demand, all seasons,
for working days and weekends (USD/yr

Sumyp, | Autp | Wing | Spr | Totroc | RemT

162 217 254 196 829 16536

1020 1149 1701 753 4623 27833

562 757 899 682 2900 16536

584 787 934 708 3013 16536

665 895 1063 805 3428 16536

oo~ oof o | w|
(2]

856 1151 1363 | 1037 4407 16536

Reactive locational charges for demand, all seasons,
for working days and weekends (USD/yr)
s | Sumy | Auty, | Wing | Spr | Total
42 57 69 50 218
266 306 466 194 | 1232
141 194 235 171 741
147 201 244 178 770
165 227 275 202 869
211 288 347 257 1103

oo | | o | | &

Remaining amount, all seasons,
for working days and weekends(USD/yr)
Sumyp | Autp | Wing, Spr, Total
28839 | 27431 | 25810 | 28427 | 110507

TABLE X
DISTRIBUTION NETWORK WITH DG: CHARGES INUSD/YR

Active locational charges for demand and generation,
all seasons, for working days and weekends(USD/yr)

S Sumy, | Auty | Wing | Spr | Totrpoc | RemT

156 211 249 190 806 17706

973 1105 1641 717 4436 29801

511 716 860 637 2724 17706

519 738 889 653 2799 17706

\lmmbmg

492 754 946 649 2841 17706

8-dem 310 532 728 438 2008 17706

8-gen -626 -844 -999 -754 -3223 -

Reactive locational charges for demand and generation,
for working days and weekends (USD/yr)
S Sumy, | Autp, | Wing | Spr | Total
45 59 70 53 227
282 314 465 207 | 1268
165 210 244 192 811
172 220 256 201 849
188 254 298 228 968
8-dem 181 260 328 226 995
8-gen -279 -304 -327 -292 | -1202

~ o | & | P

Remaining amount, all seasons,
for working days and weekends(USD/yr)
Sumyp | Autp | Wing Spr, Total
30571 | 29435 | 28012 | 30315 | 118333

10

USD/MWh
120 3+
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Fig. 4. Active locational tariffs for demand during summer and winter, for
working and non-working days, nodes 3, 4 and 8 (USD/MWh).

TABLE XI
FIXED COINCIDENT PEAK CHARGESUSD/YR

Active related charges (P), reactive related charges (Q), and remaining
charges (R), for cases with and without DG

Bus Propa QnoDG RnobDG Ppa Qpc Rpg
3 638 189 4675 632 187 5196
4 28305 7925 60035 | 27371 | 7829 | 66737
5 2377 662 4675 2267 673 5196
6 2462 683 4675 2288 716 5196
7 2775 760 4675 1944 724 5196

8-d 3515 940 4675 1134 629 5196

89 - - - 3254 [ 1218 | -

Total 40072 11159 83410 | 35636 | 10758 | 92717

Load

APPENDIXII
POWER FLOW AND ANALYTICAL DERIVATIVES
CALCULATION

The equations for the power flow are:

i)=Y f(n— > f(h).¥keV  (36)

hEH,i" hequt

o(k)eonj(i(k)) = s(k) = p(k) + ja(k),Vk € V  (37)

O(kn,ini) = 0(Kn.ena) = (r(h) + jz(h)) f(h),Yh € E (38)

where,
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Fig. 6. Reactive locational tariffs for demand during summer and winter, for

working and non-working days, nodes 3, 4 and 8 (USD/MVArh).

Fig. 5. Active locational tariffs for demand at different seasons, for working
days, nodes 4 and 8 (USD/MWh).

i=A"f (39)
i(k), is the complex charging current for node
f(h), is the complex current flowing through lirie v.* conj(i) = p+ Jjq (40)
v(k), is the complex voltage at node
conj(z), is the conjugate of complex number Av = —(r+ jz). * f (41)
s(k), is the loading apparent power at nobebeingp(k),  where A es the incident matrix lines-nodes defined as

q(k), the active and reactive power respectivel{k), ¢(k) >  follows:
0 corresponds to consumption/demapd), ¢(k) < 0 corre-

sponds to generation A/
r(h), z(h), are the resistance and the reactance for line Al Fn,ena) =1 (42)
. + . . . A(h, kh,ini) =-1
H* HZ* are the sets of entry lines and salient lines for A(h, k) = Ok % kp ini, kn.end

nodek, respectively

V. is the set of nodes The notation x indicates the operation element by element.

) ] For our particular case where the network is radial we have
E, is the set of lines Nmod = Mines + 1 and the slack bus, is the PSP, where the

Equation 36 corresponds to the current balance at each nddigtribution network connects to the transmission network.
equation 37 is the definition of the apparent power for eachlLet us callV;,, the set of nodes different from the slack
node relating voltage, current and power and equation 3804s, thenV” = {k;} UV,,;. We will use a similar notation for
Ohms law applied to each line. Note that all magnitudes aY8Ctorsv, i and for matrixA:
in per unit. . N g

For the case we are studying our unknown variablesvare U= (Vs 0ns)i = (B ine)i A = (As, Ans)
and: while the known variables are glls and ¢gs. The only wherev, = vy is known, A, is the columnk, of A and
exception to this is the voltage at the slack bus, which is knowh, , is a square matrix obtained from withdrawing the column
and set at 1 p.u.. ks of A. It is possible to prove thatl,,; is invertible; we are

We will work with the matricial form of equations 36, 37,not going to do so here.

38: Then equations 39, 40, 41 can be written as follows:
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Fig. 8. Active locational tariffs for demand and generation during summer
and winter, for working and non-working days, nodes 3, 4 and 8 (USD/MWh).

Fig. 7. Reactive locational tariffs for demand at different seasons, for working
days, nodes 4 and 8 (USD/MVArh).

and then,
i = ALY (43) Uns = Apg (—Asvo = RAsing)
. _ AT
lns = Ansf (44) Uns = —UOAS’AS — AgRAQinS
UOCOnj(is) =Pps + jQS (45)
Uns = d+ DZns (49)
Unps- * Conj(ins) = Pns + jq”,s (46)
where,
Agvg + ApsVns = —Rf (47) d = —vyAT A, is a column vector ofy;;,. elements

— _ AT H i H X
where R is a diagonal matrix with vector + jx at the D = —A43 RA, is a square matrix of Siz@;ne.

diagonal. In order to findv,s,i,s, f We can focus in the

. . ; 0 sum up, we have to solve a non linear system of
resolution of equations 44, 46 and 47. Afterwards equat|o\%§ P y

uations consisting in equations 46 and 49, which may be

43 and 45 allow us to calculate the current and the power itten as:

the slack bus once fluxes through the lines are known. Let

us call,
_ Ins = Pns _jqns . COTLj Uns (50)
to (AT ( )-/conj(vns)
We can then calculatg from 44 obtaining:
Uns = d + D?;TLS (51)
f = AQins (48)
Then substituting in 47 we have: The advantage of this reasoning is that allows to calculate

the currents from the voltages and viceversa in a form that is
Agvg + Apstns = —RA3 . adequate to an iterative algorithm.
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Fig. 10. Reactive locational tariffs for demand and generation during
summer and winter, for working and non-working days, nodes 3, 4 and 8
Fig. 9. Active locational tariffs for demand and generation at differeqiUSD/MVArh).

seasons, for working days, nodes 4 and 8 (USD/MWh).

A. The iterative algorithm

. . . . conj(ins). * Uns = Pns + JQn.
The iterative algorithm used is as follows: Jns)-* Uns = Pns + Jdns

Uns = d+ DZns

First step: Choose toleraneeand setv(k) = voVk € Vi, we obtain the node loading power as a function of the node

Iterative step: loading current:

1) Save inv,4 the actual value of voltage vectoy,

2) Calculate the current vectoys using 50

3) Calculate the voltage vecter,; using 51

4) If ||vns — vard|l < e, the iteration is finished. In other
case, go to 1).

Sns = Pns +Jq’fLS = F(Lns) = COTLj (lns) * (d + Dins) (52)

The idea is to find the matrix derivatives of powers with
respect to currents and then calculate the inverse.

Final step: Calculat¢ using 48, therni, using 43, and active  To do this, we firstly make a distinction between the real
and reactive powers,, g, using 45. and imaginary parts of the complex magnitudes:

The convergence of the method can be proven in a similar
way as it is done in [21]. It can be proven a linear convergence,
iter+1_ . . . . .
corresponding to the limit; lim 11— ad| < B, with Then substituting in equation 52 we obtain two real func-
iter—oo 0717 —vx] tions:
B <1072,

In practice, it can be observed a fast convergence, reaching a
tolerance ofl0~¢ in vectorv within an average of 6 iterations.

Ins :Z+jy7D:D1 +]D2

Pns = Fl(zvy)

dns = F2(Za U)

B. Derivatives calculation

1) Derivatives of node currents with respect to loading Pns = 2. * (d+ D1z — Day) +y. x (D22 + D1y)  (53)
active and reactive powerg=rom equations 46 and 51 which
relate current, voltage and active and reactive powers at
network nodes: Gns = =Y. * (d+ D1z — Day) + z. % (Daz + D1y) (54)
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USD/MVArh
0,60 aF
. 87; = diag(z) D1 +diag(y) D2 —diag(d+ D1z —Day) (59)
0,50 b
R The desired Jacobian matrices are then:
0,30 o Node4_WinW [~
= Node4_SpwW OF" OF
020 + Noded_Sumw | Jo = O(purs qnr) _ ( e @1 )
- Node4_Autw - - OFs OFy
0,10 a(z,y) 0z Oy
0,00 T ‘ . . . and
0 4 8 Hr 12 16 20 24
-1
9z oF,  OF
USDIMVArh Ji = 8(7’3/) = 38152 aaﬁ*’g (60)
' (pnr7Qnr) Oz oy
0,70
0,60 o = . . . .
S e m gz ge oo . gs sl 2) Derivatives of the line currents with respect to node
R I 56060600800 currents: From equation 48, and including notatioh =
S : T . . -1 .
“ - Nodos Vi f1 + jf2, we have thatfy + jfo = (AL,) (2 + jy) and
= Noaed_Sp .
030 2 Nodo8_Sumw then:
0,20 - Node8_Autw |
0,10 %:%:<T)71%:%:
0z Oy nsl T By 0z
0,00 T T
0 4 8 Hr 12 16 20 24 . . . .
Finally, the Jacobian matrix is:
Fig. 11. Reactive locational tariffs for demand and generation at different ofi  Ofi AT -1 0
seasons, for working days, nodes 4 and 8 (USD/MVArh). Jy = gfz dajy — ( ns) 1 (61)
9f2  9f2 T\~
0z oy 0 (ATLS)

In order to find the matrix of partial derivatives, we will 3y perivatives of absolute values of line currents with
see at first how the Jacobian mat@% of a vectorial function respect to node active and reactive powelse would like

f: RY — R defined asf(z) = u(z). « v(x) looks like. {5 calculate the Jacobian matri% = s with the
As fiulz) = wup(z)vs(@), 84‘;;(}1) — 815:;(’190)%(95) 4 partial derivatives of abso_lute valudgh) _;S'anlfs (f(h)) =
s () or " f_’l(h)2 +f2(h)_2 of the line currents with respect to the
uy () =5~ Then rowk of 7 matrix is active and reactive powers at nodes (except the slack).
We have already calculated matrik = % with the
Of _  Oug Oug derivatives of the line currents with respect to node currents
or Uk or Uk ox ins = 2 + jy, and matrixJ; = % with the derivatives
and then: of node currents with respect to active and reactive powers.

Then, the Jacobian matrix we are looking for now can be

of . ou . ov calculated as
e dzag(v)a—x + dmg(u)a—x (55)
As a result, applying 55 to our functions in 53 and 54, we
have: Jo——oL __ 0L OJ) _ ;5 (62
8(pnsa Qns) 8(fla f2) 6(pnsa Qns)
oF i
a—; = diag(z)D1+diag(y)Da+diag(d+D1z—Dsy) (56) with
(f1,
g = ),
15J 3 8(pns, Qn,s)
—— = —diag(z) D2+ diag(y) Dy + diag(D2z + D1y) (57)
y and
OF. Jr= 2 (Cdiag(fy) diag(fs) )T
8—; = diag(z)Ds — diag(y) D1 + diag(D1z + Day) (58) r A(f1, f2) 1 g2 )
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