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A Method to Evaluate

Total Supply Capability

of Distribution Systerm Considering Network
Reconfiguration and Daily Load Curves

Kening Chen, Wenchuan W8enior Member, IEEE, Boming ZhangFellow, |EEE, Sasa Djokic,
Senior Member 1EEE, and Gareth P. HarrisoBenior Member, |EEE

Abstract—The total supply capability (TSC) is an important
index for assessing the reliability of a distributon power system.
In this paper, two models to evaluate the TSC arestablished. In
the first, the TSC is acquired with the conditionsthat all load
outages can be restored via network reconfigurationwith
transformers’ N-1 contingencies, i.e., that all constraints relate
to branch thermal ratings and bus-voltage limits ca be satisfied
following restoration for each N-1 contingency. The second
model, which is revision of the first, considers tb daily load
curves for different classes of customers, e.g., sidential,
commercial and industrial. Both models can be formlated as
mixed integer problems with second-order cone progmming
(MISOCP), which can be solved using commercially aiable
optimization software. Two test systems are used emonstrate
the applicability of the presented models. Numeridaresults show
that the presented model is more accurate than thereviously
published models. This proposed analytical approactcan be
applied in a range of network planning studies, e.gfor selecting
appropriate ratings of transformers, or for optimal locating of
circuit breakers and distributed energy resources.

Index Terms — Total supply capability, distribution power
system; N-1 contingency; daily load curves

|. NOMENCLATURE
o, : Set of all buses, excluding root buses.
@, : Set of root buses.
@, Set of buses with distributed generation (DG).
N...- Number of all buses, excluding root buses.
N, .- Number of transformers.
Niime -

N (i): Set of buses connected to by a branch.

Number of all considered time points of a day.

B : Set of branches directly connected to a faultadsformer.
Lo Lo, - Active and reactive power demands at bus
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f : Scenario in which transformérs faulted.
X; : State of branch-j; 0 represents disconnected and 1

represents connected branch.

dij : Direction parameter for branéij.

R, Active power flow on terminail-of branch-j.
Q. Reactive power flow on terminalef branchi-j.
LS,
DG connected to bus

@, : Power factor of the load connected to bus

Lg‘f Maximum active and reactive power output of the

§j : The power limit for branchy.

U, : The voltage magnitude for bus

U;°: The square of the voltage magnitude for bus

1 The current for branchj.

|ij5: The square of the current for brargh

US°,U?>: Lower and upper boundaries for the square ofgelt

magnitude for bus
M, : A large positive number.

M, A relaxation variable of brandh.

R;, X;;: The resistance and reactance of brarjch

S: The output apparent power of transformer

§™: The rating of transformer

t: Time point of a day.

a(t),B(t),y(t): Proportions of load values at timewith

respects to the peak values of aggregate daily ¢oaeks for
residential, commercial and industrial customezspectively.
Epi: The peak value of daily load curve at lbus

&, ., ®,: The set of buses where residential, commercial

and industrial loads are respectively connected.
V' (t) : The form of variable/ for scenarid (at time point),

generally representin%. B Q etc.

Il. INTRODUCTION

OWER distribution systems in urban areas are dedigrs
meshed networks, but are typically operated in aladi



configurations with normally open switches on the Ilines
interconnecting ends of radial feeders and on fthesl
providing connections to alternative supply points].

Consequently, after a permanent fault occurs amblated by
protection system, distribution network operatdd®NQ) will

try to reconfigure the network, in order to maintabntinuous
power supply to all, or most of the connected loatise

ability of the network to transfer the loads thabuld be
otherwise interrupted to a reconfigured supply pbecomes a
significant feature, reflecting the overall networidiability

performance [2]. It is, therefore, necessary tessgshe total
supply capability of the considered network in efiéint
planning and operation applications by considersupply
restoration and load recovery under relevant N-&tesy
contingencies.

improved restoration algorithm, which is adoptedhiis paper,
accompanied with the idea of using conic relaxatehnique
from [20]. Regarding the previous works,
contributions of this paper are:

(1) A second-order cone programming with mixedgete
(MISOCP), considering network losses based on &b@l [20],
is established for the analysis of distribution wuek
reconfiguration functionalities.

(2) Based on (1), two improved TSC evaluation medek
presented. In the first model, the reconfiguratapability of
an entire distribution system, including detailedwork within
a feeder, are used to assess more accurately thediGe that
satisfy relevant transformers’ N-1 contingenciebe Tsecond
model acknowledges that different types of systeau$ have
different shapes of daily curves [21]- [22]. Accimgly, the

Some early studies reported reduced models to aeallPresented TSC assessment methodology includes en

network supply capability, taking into account oslybstation
power ratings. References [3]-[5] researched |Iegzhcity and
load recovery, but a proper concept of total sumggalpability
(TSC) had not been proposed until [6] were reporteaere
transformer contingencies were found to be the msestre
and for which TSC should be assessed. Based orl 8%
concept, further studies has been conducted: (8jedl impact
of load growth and load forecasting based on priibab
theory; [9] considered power flow when computingCT &nd
took into account voltage constraints and netwarksés,
making the model more accurate. However, the exjstiSC

analysis non-coincident
additional
underestimated. The consideration of characterikity load
curves as the modelling constraints also makess#uwnd
presented TSC model more realistic.

The remaining part of this paper is organized #svis. In
Section Ill, two TSC evaluation models are introetlicthe
first one maximizes TSC with transformel’l contingencies
via network reconfigurations; the second includesstraints
related to daily load curves based on the first T&@tlel. In
Section 1V, both models are illustrated using satiohs to

peak demands and

algorithms consider only routings among feeders affow their performance and effects. Main conclusiame

transformers, without formulating the detailed rmtev and
load connections within a feeder and without takingp

account actual load distributions for considereddsu As a
result, the reconfiguration capability of the emtdistribution
system was not exhaustively investigated and theeirlacked
flexibility to include practical operating conditis.

To improve these aspects of evaluating TSC,
optimization model for distribution network resttiom
formulated as mixed-integer problem would be respliirA
description of the radial restrictions was introeldian [10],
while [11] and [12] proposed practical optimizatiorethods
for distribution system reconfiguration. However,this work
network losses are ignored for branch power flondetiog.
Piecewise linear functions were firstly introduced[13] to
formulate distribution network restoration as a edbinteger
linear programming (MILP) model. Similar idea wakoa
raised in [14]. Both of these two works achieveulyfawvell
performance on computational efficiency and optitpalAn
approximated linear power-flow (LPF) solution wasseloped
for distribution networks [15], in which each loadas
modelled as a combination of an impedance and eerdur
source. Based on LPF solution, an efficient MILBdel was

provided in Section V.

Ill. ALGORITHM AND METHODOLOGY

A. TSC Satisfying N-1 Contingencies

This is the first analyzed TSC model, in which laads
iyerrupted after a permanent fault of a transfornaee
guaranteed to be restored. Under this assumptien,ldad
supplied by the whole system is maximized by oping the
required reconfiguration actions for a network wigiven
configuration. The detail model is as follows.
1) The objective is given by:

Obj. TSC= M%imize_%: Ly, -
P i N

The objective is to maximize the total active powleat
could be supplied to all loads in the system. FopSfication,
the power factors of loads are assumed to be qund® in
the following numerical tests), so that the supplyreactive
demand is acquired when the active demand at the bas is
confirmed.
2) The constraints are as follows:

1)

recently developed and the numerical tests shosvrttdthod )gjf D{O,J} Z )gjf = Noe @
has good performance [16]. To hedge the uncertaifitpad f20.ii0B

demand, a robust network reconfiguration method was X =

proposed in [17], in which network reconfiguratiomas d, =-d,, d, 0{1,-3 3)
formulated as two-stage robust optimization model

incorporated with optimal power flow problem.
Based on the works [11] [12], [18] and [19] propbsn

the main

th

calculates
supply capacity which would be otherwise
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12)

trans (13)
Where:

Equation (2) describes the states of branches ade&o
values. For a radial topology, the number of alirerted lines

is always equal to the number of nodes minus theben o

roots. The second row of (2) means that the fault&
transformer branchyj is isolated/disconnected for contingency

f. If a meshed network is analyzeE >§,~ = should be

written as " x/ =N
of independent loops. Herg;j O f means that the branc

node

node

is connected to thi# transformer.

Variables in (3) describe the positive directioh®@nches,
which are defined arbitrarily before the model @mputed.
The direction parameters are constant and knowarédhe
optimization.

Equation (4) gives power balance restrictions: plosver
injection of a bus equals to the sum of the povews of
branches connected to this bus. The reactive pmyjestion is
known from the active power injection and the cepanding
power factor.

Equation (5) describes the power output limitatidos
distributed generator (DG) buses.

for disconnected branches: two terminals of a diseoted
branch should not have voltage relationship desedriby (8).
In such cases, (14) substitutes (8) [11]: whenbttaechi-j is

connected,x/ equals to 1 anc(1—>§jf)|:|}‘/|O equals to O;
therefore, (14) is equivalent to (8). When the braij is

dlsconnected)q equals to 0 an@l )EIM equals toMo;
therefored, (Uis’f ~ys! ) is within the range of-M,M ],
meaning tha(UiS’f —Ujsvf) has no restrictions, becaudg is

large enough.

d, (US -UP")<(1-x )M, +
(RJfI+RJJ)RJ ( 'J' 'vaJ)Xii (14)

d, (U -U>" )z -(1-x )M, +
(Fﬁfl+Fﬁf1)RJ ( IJ' Ivai)XiJ

Equation (9) restricts the node voltages withinldweer and
upper boundaries, which can be defined by DNO.

Equation (10) is the branch current expression.

Equation (11) gives the expression of active arattiee
power losses of a branch.

Equation (12) describes the
transformers; if a transformer is faulted and thdtfis isolated
in one of the considered scenarios, that transfomwilehave 0
rating. In (12),U; is the square of root voltage and is

regarded as a constant value, assuming that veltage
8ntro|led at these root buses.

Equation (13) describes that there are, in tdWah.st1
scenarios, wherBlyans Scenarios represent faults of individual
transformers, with one additional scenario repriéxsgmormal

+ K, whereK represents the numberstate of the system, i.e., none of the transformeifaulted,

given by f=0".

The product of different variables in (10) makes thodel
unsolvable. To resolve that problem, (10) can lstiuted by
(15) (16) using SOCP relaxation [20]:

Obj. Minimize ZZ Rl (15)
:ZF%T
st. | 2Q, | <137 +uS (16)
|57 -y S
oz

This is a classical SOCP problem, where nétvmsses
are minimized by (15).
This SOCP relaxation technique can be used to «ifgve

Equations(2), (4) and (5) together provide suffitiethe TSC programming model, where the revised moaelbe

conditions for a radial network structure [10].

Equation (6) expresses the thermal rating comsgafior
each branch.

Equation (7) uses the first degree variablesefilace the
second degree ones.

The voltage relationship between nodes at two teatwiof

a connected brandk can be described by (8). The derivatio

formulated as:

17

Obj. Maxm‘lze(z Ly —qazz R
iddy
st. (2)-(7),(9),(11)-(14),(16)
The first term in (17) is TSC, while the secondrtds the

Renalty with a weighted network losses form, withas the

of (8) can refer to the appendix. However, (8) cdrire used weighting coefficient. This model is a MISOCP modatl can

rating constraints for



be solved by available commercial software packagash as
CPLEX. As numerical tests in Section IV confirm,eth
application of relaxation method [20] has accemaddcuracy
for the proposed TSC model.

The above constraints are used for solving powend]
based on the corresponding network configuratiéios. any
transformer fault case, all loads in the systemukhde
supplied without violating any of the operating staints.

selecting five characteristic points from the ar@icurves, as
shown in Fig.1. For instance, valueogf=12:00)=0.6 in Fig.1,
means that residential load contribution in the potation
should be 60% of its peak load at 12:00. Similgsl&xations
can be made fg#(t=5:00)=0.6 andy(t=8:00)=0.85. The
corresponding peak load times for residential, cencsial and
industrial load classes are at 18:00, 12:00, 12@pectively,
whena, g and y are equal to 1.

There are in totalNyanstl sets of system variables and The more time points are selected per day and the m

constraints with the same objective, which is toimize the

load classes are considered (if present in the iders

total load that can be supplied in the consideredvork. In  network), the more accurate result will be obtajniedt this
the model, detailed power flow solution constrairdee will also result in heavier computational burdew. make the
considered, in order to assess the overall neteaplability to computation feasible, we considered only five tipents

supply the system load by applying optimal
reconfigurations.

B. TSC Considering both N-1 Contingencies and Daily Load
Curves

In Section Ill.A, loads/demands at busés; were
considered to be independent variables, so thdt ke is
represented with only one value: peak demand athins In
reality, however, the load will change at differ¢imes of a
day, rather than to stay constant. The same cldsads will
have similar shape of daily load curves, repreagnsimilar
temporal variations of demands, which may be dffeiin the
actual amounts. As the differences in shapes af maves
among different classes of customers are evidentis i
necessary to take assumed or known daily load suirve
account for a more accurate assessment in the Td8IEIm

Without any loss of generality, three parameterse a
introduced,a(t), A(t) andy(t), representing the proportions of_

the corresponding peak demands at titnef a day for
residential, commercial and industrial load
respectively. Therefore, the value of the load/denat bus
at timet can be represented as follows:

Le, () =ap(t) L, i DD,
Lp, () = Bs(1) E[P,i  i0®
Lpi (1) = ¥ (t) DEP,i’ i0®,

(18)

In (18), Epyi are unknown variables which should be

optimized. Contribution of the residential loadsthe total
demands at buisat timet is expressed as a proportia(t)of

its peak daily valueEPYi ; Similar approach is used for

commercial and industrial loads. Parametdt} f(t) andy(t)
can be acquired from historical data analysis artthis paper,
they are estimated from the typical daily load esrfrom
[21], by computing the ratio of load at timd” “to the
corresponding daily peak load. Further assumptomade
that there is only one load class at each bus,thete are no
mixes of three considered load classes at any whigh is
often the case in practice.

The full daily load curves contain 48 load poineagh
30min) and cannot be applied directly in the caltiah due to
complexity. Instead, these curves have been siegliby

networlturing a day: at 05:00, 08:00, 12:00, 18:00 and@Gours,

which are assumed to be representative of the lestiage of
each daily load curve (these time points are sadetd include
the main turning points on the original daily loedrves for
different customer classes).
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Fig. 1. Simplified daily load curves for residettieommercial and industrial
loads, normalized to the daily peak load for tioadl class.

classes

The variables introduced in Section LA should be
extended as follows:
(F?Jfl ’Qljf,i) - (Rf. (t)iQijf,i (t))
f f
T X (t
X = % (t) (19)
UiS,f N UiS,f (t)
My - M (t)
s -s§'®

The objective function also changes:

Obj. TSC: Mtax{ IVIE?X[ i% (apvi( 9 L, ) +
Y (B O )+ X (v O, 1}
[ImcX ido,

This new objective in (20) maximizes the peakha total
load supplied to the three different classes ofacuers during
a day in the system, and is, accordingly, agairsicened as
the TSC for the system. Before this optimizatiookpem is
solved, it is not known at what time of a day thaximum
demand in the considered network will occur. Fochea
selected time point in a day, the total load wél tmaximized
at Nime time points of a day respectively. The peak/maxmu
demand can be acquired by choosing the maximutmedfitye

(20)



solutions to (20). disconnected tie lines between the feeders. Tt fmihts are
The total number of variables and constraintsgisificantly — direct connections to transformers, i.e., feedets;omarked as
larger than for the TSC model described in SedtioA with: “bus 0” in Fig.3.

f=0,12,...N, . As shown in Fig.2, the six feeders connect to their
{t 12 N (21) transformers via breakers A-All, A-Alll, B-Bl, B-BI C-Cl
e Ttime respectively. The normally disconnected link braasxchmong
There are, in tota|( N, . +1) [N, . sets of variables and Substations include Al.17-C1.17, All.17-BII.17, AL7-BI.17.

scenarios in this model: i.e Where, the number following dot is the original ragumber
~ T _ inside a feeder. For example, Al.17 representd #enode in

(fort),  (fots), -\ (fo,tNm) feeder Al .
The following assumptions are used during the amlgf
( fl’tl)’ (fl’tZ) ’ J (fl’th,,e) test network from Fig. 2 and Fig. 3:

) (22) 1)All buses are PQ buses with a constant power fécr

2) The voltages at root buses are 1.1 p.u., therddeundary
for bus voltages is 0.9 p.u. in most cases, thadbrdhermal

limit is set to be 7 MVA.

(fN"ans’tl)'(thrans ’tZ) ' ( fNuans ’tNﬂmE) 3) All loads are constant power loads, so that agst
variations during reconfiguration will not impact &d Q
demands at these buses.
Qlf The additional assumptions about DER, breakeds liak
branches of the feeders will be discussed in cpomding
simulations.

()] (ft), (fotn), o (faty,

Both of the TSC models described in this and evi
section are MIQCP problems, which can be solved
commercial software packages (e.g. CPLEX).

V. SIMULATIONS AND ANALYSIS
B. Impact of Weight of the Relaxing Objective to TSC and the

A. Sx-Feeder Test System Introduction accuracy of SOCP Relaxation
The test system is shown in Fig. 2. It combinesstaxdard ~ Numerical tests are made based on the system i2,Fig
IEEE 33-bus networks, as shown in Fig. 3. using the optimization model introduced in sectib\, with

a 0 valued (which means a normal state scenario).

Fig.4 shows when the weight coefficigptis within a range
([0.01,10] in this case), the TSC will almost netdffected by
the penalty term (weighted network loss in (17)d ahe
network loss also keeps constant. That is to day, final
decision for variablesgj and Lp, keep unchanged whep is

below a threshold. However, § is above the threshold, the

TSC and network losses both decrease. This is bectne
value of weighted network loss is comparable to T

Fig. 2. The “Six-feeder” test system used for thelgsis (a combination of 12rge @ and the objective (17) is significantly affecteg the

six IEEE 33-Bus networks, Fig. 3). Weighted network loss.
18 19 20 21 27 4 - 18
[ EELE EEEE LY X
/ 24 ~o 16
! }\i - }6}7}8}9}10}11}12}132}14:}152}16]}.7 2] s _14§
01 23 45\\ Elg’ o |u
< 15 L0 2
e A o e v e 3 z
22 23 24 25 26 27 28 29 30 3132 & 12 =T oad %z
— s
Fig. 3. The IEEE 33-Bus test distribution netwauked for building the test Z 91 — & — Total Network Loss 6 z
system used for the analysis in Fig. 2. = 64 r4 E
3 4 -2 =
. . R I S
There are three transformers in Fig. 2. A, B and C. 0 - ; - = = 0
Transformers B and C are in the same substatioitg Wtis in oot o1 ! val 1f°¢ 30 >0
alue o

another. They also have different numbers of feeder
Fig. 4. Effect of weight to the value of calculaté8C and corresponding

connected: three feeders (Al, All and Alll) are neated to
network loss

transformer A, two (Bl and BII) to transformer Bdaane (CI)

to transformer C, are all marked by bold lines ig. 2. Each T evaluate the accuracy of the SOCP relaxatioly &l§ap
feeder represents a standard IEEE 33-Bus test riet@s (re|axation error) is defined as

shown in Fig. 3. The dotted lines in Fig. 2 repnegermally



(QJ |) (23)

Gap = m”a\/ﬁ

If the relaxation error (gap value) is zero or tigkly small,
the relaxation technique is practical for this mode

The relationship curve between the gap and weight

coefficient ¢ is shown in Fig.5. From Fig.5, we can see thai\g Fault

Transformer listed in this table are connected)
A A-Al, A-All, A-Alll, and BII.17-Cl1.17
B B-BI, B-Bll, and BII.11-BII.12, CI.11-Cl.12
C C-Cl, Alll.11-Alll.12, BIl.11-BIl.12, CI.11-
Cl.12
AlL11-AlL12,  All.11-All.12, BI.11-Bl.12,
BIl.17-Cl.17

relaxation error is kept relatively small whghchanges (the

maximum relaxation error among these tests is withb A,

Fig.6 shows how the breakers within feeders aféct the

and will be much smaller wheg is larger than 1, meanwhileresult of TSC.

the current of a branch could be up to 110 Ampereverage),

i.e. the SOCP relaxation has quite acceptable acguor this
problem.

120 -
-4 ——— - __
.-

100 *

80 1

— # — System Average Current
60

=
B - ¥ — Gap
40 -
20 4
0 ¥ # * ¥ ¥
0.01 0.1 1 10 30 50
Value of

Fig. 5. Effect of weight coefficientp to relaxation error (Gap)

From the tests above, we can conclude that thexagla

SOCP method can accurately calculate TSC when
approximately value (it is within a relatively la&rgange) is
chosen forg.

C. Resultsfor TSC satisfying N-1 Contingencies

In this section, only N-1 transformer contingencie®
considered for computing TSC value, and the SixdEed est
System is used.

(1) Effect of network reconfiguration on TSC

In this simulation, the lower voltage boundary & at 0.9
p.u. and the rating of each transformer is seet® MVA.

The calculated TSC value satisfying all N-1 transfer
contingencies is 14.07 MVA. That TSC value is mimer
than the sum of transformer ratings, or sum of éeduhits,
when actual operational constraints are considefgus

system can take totally 14.07 MVA loads if N-1 éxjuested.

Most amount of load is mainly distributed at busésus 1 of
Alll (1.10 MVA), bus 1 of Bl (1.10 MVA), bus 1 of B (4.21
MVA), bus 12 of BIl (1.69 MVA), bus 1 of Cl (2.75 WA),
bus 12 of CI (1.69 MVA), etc.. The load distributioesults
show which locations are better to take heavy |dadsSISC
satisfying N-1 contingencies.

All of the loads are able to get restored after tnagsformer
contingency and keep their amount. For

contingencies, different branch operations aredigh Table I.
TABLE |
Branch States und@&-1 and Normal Scenarios

Fault

13.4 4

13.2 1

13 1

12.8 1

12.6 A

TSC (MVA)

124 A

12.2 1

12

4

Different Breaker Configurations Fig
. 6. Different TSC values with different breakenfigurations (lower voltage
boundary is 0.94 p.u. and transformers’ rating<Oav/A)

Four different breaker configurations are designadd

corresponding TSCs are illustrated in Fig.6:

Case 1: no breakers within any feeder;

'Case 2: breakers located at 11-12 for each feesdang
configuration as tests in Table I);

Case 3: breakers located at 11-12 for each feeukld-32
for feeder CI,

Case 4: breakers located at 4-5 for each feeder24rizB
for feeder CI.

By comparing results for Cases 1, 2 and 3, we eanttsat
setting more reconfiguration options will increa3escC,
because more breakers and connections bring masbe
routings to avoid violating constraints. Case 3 drsthows that
different deployment of breakers and link branchesd to
different TSCs, which is important for network phémg.

(2) Effects of voltage bounds and transformer getion TSC

In addition to network reconfiguration capabiltj¢he other
two main factors that will affect the TSC are vghka
constraints (lower boundary) and transformer rating

Fig. 7 shows the effects of the voltage constsaon the
TSC value, where all transformer ratings are séet@ MVA,
showing that the TSC values are decreasing whenother
bound for voltage is higher than 0.86 p.u. It alseans that
when the lower boundary of voltage is smaller tha86 p.u.,
the key factor in determining TSC value is not &g#
constraints, but transformer ratings.

al

different

| Disconnected Branches (The other branches not
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Fig. 7. The effects of voltage constraint (loweubdary) on TSC value with
a constant transformer rating of 7 MVA.

Fig.8 shows the effects of the transformer ratingsthe
TSC. Assessed value of TSC is increasing until réiteng
reaches 8.9 MVA. Therefore, further increasing ridings of
transformers will be inefficient for the appliedltage limits,
demonstrating the TSC cannot always be increasewibiyng
transformer ratings.

16 4
15 4
14 4
13 4
12 4
1ne

TSC (MVA)

10

8 T T T
5.6 6.7 7.8 8.9

Transformer Rating (MVA)

10.1 11.2

Fig. 8. The effects of transformer ratings on TS@&wthe lower boundary of
voltage is set at 0.9 p.u.

The combined effects of voltage lower boundary ar

transformer rating on the assessed TSC valuedastadted in
Fig.9. This figure demonstrates that TSC analyars grovide
guidance for transformer design in distribution tegs
planning, according to the corresponding voltagestraints,
in order to optimally utilize the capacity of trémsners. Also,
when the ratings of transformers are limited, \gdtaegulators
can be applied to achieve a better supply capgabili system,
and this TSC analysis will be important clues for tegulation.
In our model, voltage regulations can be treatedlifisrent
configuration of voltage at feeder roots.

20

18

16

14

12

TSC (MVA)

10
123

Transformer
Rating
(MVA)

0.9

o
o
=}

Lower Voltage Bound (.pu)

Fig. 9 Combined effects of voltage constraints @owboundary) and
transformer ratings on the TSC value.

(3) Effects of distributed generators on TSC

As described in Sub-Section IV.C (2), TSC values a
mainly affected by voltage limits. The flows of haictive and
reactive powers will impact voltage drops and pesfi Active
and reactive output from distributed generation D@
present in the network, may possibly relieve vatagoblems,
provided that the DG are at suitable locations.

In the considered system, buses with low loads,chwvhi
contribute little to the TSC, may be chosen as D&ek. In the
test network, these are buses 3, 6, 9 of Al, arsd6baf C1,
which are chosen to locate DG, corresponding tations 1, 2,
3 and 4 respectively in Fig. 10. Assuming thatdbtive power
output of each DG in the range [0,0.5] MW and tkactive
power output [0,0.25] MVar.

1 2 3 4

Different DER Locations

09 5

08 1

0.7 1

0.5 1

04 1

TSC Increased (MVA)

03

Fig. 10. TSC increase by DG located at differensdsu(for lower voltage
boundary of 0.9pu and transformer ratings of 9 MVA)

It could be seen from Fig.10 that penetration & Bt any
location is contributing to an increase of TSCalincases, the
increase of TSC is greater than a DG maximum ouptput
because DG contributes not only by installed powet,also
by improving network voltage profiles.

Among all these cases, DG at bus 9 of Al (CasER3g.10)
provides most significant TSC gains. The netwarkalways
changing under different N-1 scenarios. If a DJais away
from the roots in most reconfigurations, it will gvide
stronger voltage support than the ones closerdtsrd@ he best
DG location for TSC improvement could not be simply



acquired, unless the TSC tests are simulated aatyzaal.

branches within Feeders.

Generally, the numerical approach of calculating IhSC
provides insight into the optimal locations for D@hich can

Model in Section II1.B 104.04

also be a reference for system planners to deciterento
locate DG.

D. TSC Considering both N-1 and daily load curves

To use the model in Section IIl.B, assumptions male
previously that a third of all buses are randoniipsen as
residential loads, a third as commercial loads arntird as
industrial loads. Still the transformer ratings ate 9 MVA
and lower voltage boundary is set to 0.9 p.u. is tist.

At the five time points during a day, the model in@xes
the total load of the system. The results are 13/3A\ at
00:00, 11.16 MVA at 05:00, 13.32 MVA at 08:00, IZ5MVA
at 12:00 and 15.04 MVA at 18:00. The TSC is 15.04AV
and the relevant curve is shown in Fig. 11. Thekpezurred
at 18:00 can be considered as the TSC of the system

16 4

14

18:00,14.01

//_:_ Total Residential L‘ad\\
Va W —&— Total Commercial Load ™
—+#— Total Industry Load
—e—Total Load

Load (MVA)
o0

| — _,,7_..._7;._-————‘7 * .

0:00 2:00 4:00 6:00 8:00 10:0012:00 14:00 16:00 18:00 20:00 22:00 0:00
Time of A day

The total transformer capacity is 269MVA. Each sfanmer
in the system takes one or two feeders and thecitgpaf
transformers are mostly larger than the sum ofr thegder
capacities, except for T1l. Using the model desdrilie
Section III.A, the TSC for the test system is 186a8d 97.86
MVA with and without the ability to reconfigure win
feeders respectively. Compared with the value 4f 26 MVA
without imposing power-flow constraints, the TSCidased
considerably, which is attributable primarily totisfying
voltage constraints. Therefore, this model, whichsiders the
power flow, will provide a more accurate and re&i3 SC for
the considered system. In addition, the differepe®veen the
models with and without network reconfiguration asso
obvious. It can be seen that power flow restrictioray cause
a lower TSC, and operational branch consideratiasng result
in a larger TSC, so both aspects will improve theugacy to
compute TSC.

F. Computing Efficiency

The TSC model in this paper is programmed using, @rtl
the optimizations are solved by CPLEX software pgek
which can be embedded in VS2008. This work has beee
in Windows 7 environment (32), with CPU of Intel €03,
4G RAM and 2.53GHz frequency.

For the Six-Feeder test system, one TSC simulation

considering N-1 scenarios involves 4 scenarioo(8ingency

Fig.11. Total load curveThe black curve shows the total system daily Ioagcenarios and 1 normal scenario); while load sheges

curve under TSC conditions. The residential loadsh®wn in blue, the
commercial load in red, and the industrial loadjiieen.

According to the applied TSC model, the peak ersidl
load is 11.43 MVA, the peak commercial load is 1M8A,
and the peak industrial load is 1.48 MVA, whichpirincipal
gives a total load of 14.39 MVA; however, this che
supplied by a system with a capability of 14.01 M\b&cause
these peaks occur at different times of day. Exdbtt feature
is incorporated in the presented TSC method, wbartsiders
daily load curves of different customer classes.

E. TSC results compared with the method in [ 7]

In this section, a test system introduced in [74depted to
compare the existing methods and the method presémthis
paper. In addition to tie lines between feederanbhes 31-37,
38-44 and 15-16 are also assumed operational, tidlewer
voltage boundary is set to 0.9 p.u..

The TSC acquired by different models are listediable I1.
TABLE Il
TSC values by different models.

Model Adopted TSC (MVA)
Model in Refs. [6] and [7]. 161.70
Mode_l in Section Ill.A v_vit_hout the 97 86
operational branches within Feeders.
Model in Section III.A with operational 106.85

considered, the total scenarios
computation time for the two situations takes aldduseconds
and 2 minutes respectively.

For the system introduced in [7], one simulationsidering
N-1 involves 9 scenarios, and there are about 50§ed)
taking about 20 seconds on average for one casen\idlad
shapes are considered, number of scenarios ineréaséb,
requiring around 30 minutes CPU time. The computinge
will possibly increase significantly when the numioé binary
variables is large. However, a large distributigpgtem can be
divided into several isolated areas within an atalgp scale
and can be calculated separately. Above all, th¢haode
proposed in this paper is mainly for planning usther than
online application.

V. CONCLUSION

In this paper, the assessment of distribution netwlcsC
value is modeled as a MISOCP optimization problétsing
this model, two significant improvements can belized
compared to the existing methods:

1) The reconfiguration capability of an entire dimition
power system, including not only routings and tiee$
between feeders, but also detailed configuratigdhiwifeeders,
can be included in computation of the TSC. Morepbhaw
much load each bus is supposed to take to acheegerl TSC

increases to 20e Th



satisfying N-1 can also be obtained.

2) Daily load curves for different classes of costos are

considered in the analysis. By taking advantagenaoff-
coincident load peaks, TSC can be more appropyiatel
evaluated.

The two improvements for TSC calculation effectyel

(7]

(8]

make the TSC analysis more accurate and praclibalk, the [9]
TSC results can be used as better guidelines firilnition

network planning and configuration purposes,
planning, breaker

likead

and DG locating, transformer nrati

designing and so on. In the future work, load csina
different time scales providing more flexibility ithe model
will be studied.

APPENDIX

The relationship between the voltages on two teatsiof a
branch can be illustrated as Fig. A-1.

Fig. A-1 The relationship between the voltageswem terminals of a branch

[10]

[11]

[12]

[13]

(14]

[15]

Define JANVA :(RRJ' +QiXij)/\/i , and d\/ij =(inj _QiRj)/Vi © o [16]
dv, can be ignored, becaus”e (the phase angle difference

between two adjacent nodes) is very small.
From two terminals of a branch i-j, we have

_v + AR FQX;
VY (A-1)
PR +QX
VJ :\/| — ] \/l )
(A-1) can be rearranged as
—\/2
VIVi=V+ B R +Q; X, (A-2)

ViV, =Vi2 _(RRj +Qixij)

From (A-2), we can get

V?-VP=U,-U; =(R+P)R, +(Q +Q)X; (A3)

Where (A-3) is same with equation (8).

(1]

(2]

(3]

(4]

(5]

(6]
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