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S RACT i
ability t© accurately an rapidly assess the capgh;
cJectric power industry. This paper presc apabili .
L‘:“pum!ioﬂ- RCSUIFS of IEEE 9 bus and IgEggn(;sbhybr'diZEd CuminUatiOnO];{gnd is a key concept in the restructuring of
cthods: CR-PF is seen to provide a good a]temus' test systems were prese epeated Power Flow (HCR-PF) for ATC
mulate the effect of line outages on ATC valyes ﬂanve to determine ATC Sn-ted] and comparisons were made with other
;ﬂe for results 1nlffrpretat|0n of ATC is consid]ereby identifying ow:;]}, a(;“g e line outage (N.—'l) criterion is used to
., petwork to a given transfer direction. A]th(?gi appropriate since it taliestriil:;n:c?:?g fa(t:}llly.thtwork rcspf ?lse
sideration Lhe I'CSPOHSC of the

es, in practice any of the limitin ; any limitati .
s g constraints can be the mogt s::\}rr;r?fg be considered independently for simulation
, depending on system base case and steady state

lities of
ties of the transmiss;

S ords: Availabie ower 1 ;
Keywor d ransfer, Continuation Power Flow, Repeated Power FI 1
) wer Flow and contingency.
1. ]NTRODUCTION
Total Transfer Capability (TTC). Transfer capability

c i i
omputations from one point to another (buses) are

o power systems planning and operations, the ability to
em

ely and rapidly assess the capabilities of the generally based on a snap shot of the system: syst

acourd

gansmiSSiO“ grid is a key concept in a deregulated loading, generation dispatch, thermal overload, topology,

electricity market (Sauer, 1997). Information about voltage and/or stability limits as well as contingencies
considered (Sadiq A, Nwohu M, ct al 2013) (Mark and

qransfer capability between various interfaces of a power

grid is vital for th

Chika, 1999; Dobson, et al., 2001).

Hence, there existed different approaches 1
eterministic

¢ bulk power market. Power system
o transfer

Engineers and Planners need to know the system

(Generati on-Transmission ot BAcE capability assessment, these are classified as d

potilenecks
parameters

constraints, Transmission Substati
constraints, Transmission-

or probabilistic depending on system
varica during operating

gued based on

on capacity constraints,
considercd  either fixed of

conditions. Transfer capability is also catalo
ting (real time)

Transmission ~ Wh eeling

m operators

jon interface constraints) and syste
different time horizons, planning and operal

calculations, system

garded as fixed

Distribut

ent transfers within the calculated transfer

bottlenecks if not properly managed
result to Load Shedding, Voltage/Frequency instability, 1
va

md Standed power (Akinniranye, 2012). Repeated _ '
highly dynamic system. This assumes
are needed to ensure that

must implem
capabilities. For real time (on-line)

generation and load demands are often re

capability. These
a snapshot of the

ues and the entire power network is
a static feasible

g condition upon which an incremental transfer

estimation of transfer capabilities .
operatin

the combined effects of power tran

multilateral transactions do not cause un
blackouts OrF system
future an

ting from :
sfers resulting flow. Operating

due risk of system

posed on the base case power

can be im
me or immediate

lity analysis is for real ti

transfer capabi
tingency analysis.

d the aim is focused on con
e outage (N-1 criterion) contingency is often
bility for planning analysis is in

to large number of

overloads, equipment damage,

colla S€. .
P " Sjng]e lin
e can OF d. Transfer capa

ATC) or

Iransf o e .
Cr ca ty nter fac .
pablll of tl’anSﬂHSSlOﬂ 1 CODS]dere

erm  horizons, due

specified as cither Available Transfer Capability ( he long-t

555




cantingencies. Hence lang term ATC parsmeters take &
probabiisty distributian (Y uan- Kang, 2007
Pw-wm“w-mlmh
the caloulation of ATC

L Seasitivity analysis
Sensitivity analysis employs Factors which include  line
outage distribution factars (LODF), Power  Tranefer
distritwtion  factor (PTDF) and Generation «ifi factors
(GSF). Those can e based on DC or AC power flow 1
dacs pot take imo acoment the mem-linear effocts of fasctive
power and voltages (Mark and Chaka, 1999, Groene. S
2002)

I Optimal power ow (OFF)
Optimal powar flow (OPF) method maswmoes Tramafer
Capubibty botwoon sources snd seks Surabyy fonpecting
contractusd torms and owmwrns dopash of gemeritsn

Howeser, apon  sccose  sllows tassacios = ot
fromso amy poimt ares (Shashan, M N Y& W b ¥
200G}

L Continustion power flow (CFELOW,
lnnslly meeduod to Tl slis gy
CPPLOW s applicabile 10 ATA
change 1 prmople Invealve complos e s e o

oY Y e B

et e v Aekd

perprndicuiy e s lion ahd abilc v Scfae ATL Sy
thamal, witage end swhill)y cosssasds (FRLOW
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‘ﬂtl‘nble 1; Comparison of various Trange, C
methods, “Pability

4 od Thermal  Voltage Stabil;
DCPF s Mo N°|hw
oTDF Yes No No
LODF Yes No No
oSF Yes No No
FF Yes Yes Yes
CPFLOW  Yes iy b
27 Yes Yes Yes

Source: (Hojabri and Hizam, 20]] )

1.2 Generic Transfer Capability
Approaches to Transfer Capability computations dif;
ers,

powever each method adopted should some bag;
asic

gameviork as acknowledged by the regulatory agency thi
N 1S
makes Transfer Capability peculiar a given Power utility

It is beneficial to consider a simple case of Transfe
T

Capability computation with limited set of network

variations. A single Transfer Capability

pmameter
computation between the source-sink buses should yield:

1. A basecase (feasible operating condition).
2. Transfer direction including the source, sink and

losses (or a lossless Transfer).
3. Asolved transfer-limited case which includes the

Transfer capability at base case and the

incremental transfer imposed that result to
binding security limit.
4. The transfer margin is the difference between the

power transfer at the base case and the power

transfer resulting to the limiting case-

The base case and the transfer direction ar¢ inputs to the

system while the transfer capability and the limiting

constraints are the output.
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2,
METHODOL oGy

21R
efor i
Mulation of pyyer Flow E
w quan'on
To g
PPlY continyat:
Ntinuation method 1o power flow probl
oblem, a
st be inserted into the power flow

to par
a ;
Parameterize the load-flow equation

(Venkat

aram ’

o ana and Colin, 1992). A constant power load
§ documented ag folle

loadi
ding Parameter my
Equaﬁons

Let the Jgad:
cading parameter
L) b
€quation 1) (\) be represented by
0<
i< /T

Whel’c )\, = (])
i 0 corresponds to the base case loading and =
;mned corresponds to the maximum loading parameter
avove whi —
which a binding security limit is encountered. For
annb
us system, the normal power flow equation of each

bus i .
s 1 can be expressed in equations (2), (3), (4) and (5).

Pl —pi _pi
6 =P = Bnjectea @)
pilniected
n
= ) V¥ cos(s -
j=1
+8y) 3)
Q- Q- ];njecred =0 4
Qiiniected
n
= ZV* V¥, cos(Bi = &
e
(5)

+0;)
G and L denotes generation and load; bus voltages

iven byV.£6, andV £ &, while

where
at buses i and j e g

j)th element of the bus admittance

YU.LHU. is the (1,

matrix.
able Transfer Capability calculation, the injected

power (Real and Reactive) both at source and sink buses
are functions of lambda (X)- In
pi Q'and Plg tems ™

For Avail

order to simulate a load

h ust be modified such that
changé,
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each term be made of two components: the base case
component and the component due to change in loading

parameter (Liang and Ali, 2006; Venkataramana and

Colin, 1992). Thus,

Bl =R°(1+ 1K) (6)
QL = QI"(1 + AKgy) @)
(8)

P& = P&U(l + }\-KGi)
where P"G,P"L, QiL are the real power generation, load
10

. «th . i0 i0
and reactive load at i" bus while P",, P", 0", are

Ko KQ, and

their corresponding base case schedules.

KG, are participation factor to designate the variation of
real and reactive power at PQ buses and real power
variation at PV buses (sensitivity of load and generation
changes at the i bus) as lambda (1) changes.

When these new equations (6), (7) and (8) are inserted into
(2) and (4) the resulting power flow equations become
parameterized and given in (9), (10).

P(1 + AKg;) — P(1 4 2Kpi) — Pljecea = 0
=0

©)

QEO - Q}?(l + ?\KQ,-) = Q;njected ()

At generator (PV) buses, the term in is zero while at

load (PQ) buses a constant power factor is maintained by
méking the ratio :—: consta.'nt.

For an inter-area transfer schedule, the nonlinear power
flow equation parameterized with lambda (1) can be
expressed in compact form as in equations (11) and (12).
fx,) =0 (11)
f(x,A) = f(x) —Ab (12)
where the state variable x = (6,V) is a vector of bus

voltage magnitude and angles.

The formulation by Mark and Chika, (1999), and Wu and
Fischl, (1993), show that there is a close connection
between optimization, CPCFLOW and repeated power flow
(RPF) or successive iterative load flow computation for

Transfer Capability computations. CPFLOW can therefore
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solve the power flow equation as an Optimiza:
ti

stated thus (Prabha, et al., 2010); " Prabley,
max(1)
Subject to
f(x,A) =0

. . - 1
IR, < IPE| < IRE] E ¥
. . 14)

Q6] = IPE] < |G ,,, "
5
|Vi[rnin = |V1| < IVilrnax (l )
6)
[l:’ij’mjn = lP‘II = lPij[max (17)

Equations (13) is the compact power flow Squation, (14)
and (15) are the PV real and reactive power limitatigng
(16) is the bus voltage limits while (17) is the thﬁn'na;
limits of lines connecting buses. At the maximum loading
parameter (Am), the ATC is calculated using equation
(18) (Chanrasekar and Ramana, 2011; Yan angd Chanan,

2002).
I;'I.i. (Lnax) = Z Plj.u

iesink

ATC= ) (18)

iesink

2.2 Hybridized Continuous-Repeated Power Floy
(HCR-PF)

The proposed approach to determine ATC is fhe
hybridized Continuous-Repeated (HCR) structure, The
continuation power flow (CPFLOW) and repeated power
flow (RPF) are both ac power flow methods which gjve
accurate solution in determining the ATC because it
considers the effect of reactive power flow and voltage
magnitude limit (Othman, 2006). The CPFLOW algorithm
effectively increases the controlling parameter in discrete
steps and solves the resulting power flow problem at each
step. The procedure is continued until a given condition or
physical limit preventing further increase is reached
Newton power flow algorithm is used. CPFLOW yiclds
solutions even at voltage collapse points. The ac Joad flow
power system models such as continuation power flow

(CPFLOW) can handle the three power flow limits,
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voltage magnitude
£l

o s
and

1€|.V'

pal!
_raints

‘-nﬂ:‘
pFL
complex load with uniform power fact
Ctor at

thermal,
stability

(Ejebfv et al 1998).
ow and RPF im
ol plement transfers by

it in sink area with
joad bUS in corresponding increase i
T €ase n
injection at generator buses up to a bindi
ng

proposed algorithm is implemented i
m

Analysis Toolbox (PSAT) and summarized
ze

Establish 2 feasible base case, by specifyi
t] ng

gcneration and loading level, bus voltage

magnitu
sulting feasible base case power flow

de and limits as well as line/transformer

Run the 1€
using Newton Raphson (NR) power flow.

spccify transfer direction by connecting power

1.

1.
supply bid block at all generator buses in source
area and connecting POWer demand bid block at
all load buses in sink area
v,  Set up and Tun CPFLOW in PSAT with
speciﬁcd number of points and step size control.
V. Check for limit violation inIV
vy, Ifyes reduced step size else increase Step size
uniii the binding secunty {imit is just removed
or about to be encountered.
vl  Calculate ATC using equation (3.15) and report

ATC value and the binding Jimitation.

d Hybridized

structure.

hart of the propose

Figure 2 shows the flow €
Flow

Continuous-Repeated Power
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Compute ATC by equation (18

Figure 2: Flowchart of the proposed Hybridized

Continuous- Repeated Power Flow Structure-

2.3 Step-size Control of HCR-PF

¢ 3.6, the step size imMp
idized CPFLOW — RPF structurée start
loading point

As shown in Figur lementation

proposed in the hybr
_ size of 0.01 corresponding to @
imits, voltage

o violation (Line thermal 1
OWEr), CPFLOW -

tn a loading point B

with a step

A. If there is 0

magnitude and generator reactive P

RPF structure increase the step SiZ°

to loading point C (0.04) w
RPF structur¢ then

(0.02) and then here a limit
countered. CPFLOW -

p size by half of the in
w loading point D

s new point, the

violation is en
crement between

reduces the ste
point B (0.02) and C (0.04) 10 2 ne
(0.03); should there be violation at thi

structure mMove to point E (0.025) and continues in that

pl‘OCCSS.
pase Case

A

Step -SIZ€

0025 ™
8 —o
s — o

002

2
0
plcmentation of the

size control im
Power Flow Structure.

Figure 3! Step-
Hybridized Continuous-Repeated
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3. RESULTS AND DISCUSSIONS

3.1 IEEE 9 Bus Test System
The proposed method was implemented on IEEE 9 bus test
system, Table 2 gives the results and a comparison is made

with Adaptive Neuro-Fuzzy Inference System (ANFIS)

method. Figure 4 gives the PSAT model of the IEEE 9 bus

yright 1977)

Bus 2

test system.
WSCC 3-machine, 9-bus system (Cop

Bus 3

Bus 2

Bus 5

Continuous

powergui

HCR-PF and ANFIS method for thermal and voltage limitation various

Table 2: Comparison between
Transactions of IEEE 9 bus test system

ATCm ATCw ATC ATC
ATCrL(MW) (MW) ATCL(MW) (MW) (MV‘;)rL (M“)),L
. (Pi)  ANFIS HCR-PF H%ij?f ¥ ANFIS
TI 6639 146.50 15237 156.77
T2 67.44 72.99 84.07 T 5999
e 88.24 9. NO
0 VIOLATION Sl
T4 66.79 71.82 117.05 107.65 117.28 133.78
TS 66.49 7335 NO 934
- : vioLATION ~ 2t16 | '
- :z:g : e o 116.53 123.15 154.89
: 73.75 144.6 92.95 103.88  127.3
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utm
AV 5¢€ wﬂr i .
o able 7, observe that the interpretation of ATC
a ' :
frt"“ by cither Rated system path (RSP) methog Figure 5 depict comparison  between ATC(M W)
fch“s esponse (NR) method using HCR-PF ; o constrained by thermal limitation using HCR-PF and
is:.etwor ¢ values while ANFIS method gives BIVES  ANFIS. The ATCp(MW) HCR-PF (Pij) gives the
. ent 5at ;
diﬁaﬂfn. ATC values. Transactions T3 and TS show: 00 interpretation of ATC results by Rated system path (RSP)
opﬁmlsncd . thennal iition by e AN S no while ANFIS method implemcmed only Rated system palh
;on du€ : method
jlatic” e , > (RSP). From Fi - T5 by
:isl ¢ if not impossible; each transmission line has a implication Flgur.e 5" Transactions T3 and
H e ent carrying capacity which translate to it thermal e asileAPC
ral
coﬂsﬂaims
1000.00 7 E-,
00000 1 ’ f B ATC by HCR- PF
m ATC(Pij) by HCR - PF
800.00 7’ i _.i # ATC by ANFIS
.14
700.00 1 %
£600.00 77 A g
%500.00 4 kgl
F400.00 177
300.00 T
200.00 7
100.00
0.00
T1 T2 T3
Transactions
Figure 5 Comparison between ATCr.(MW) constrained by thermal limitation using HCR-PF and ANFIS.
Figure 6 depicts Comparison between ATCy. (MW)  contingency and normal study cases for JEEE-30 bus
constrained by Voltage limitation using HCR-PF and  system and the results obtained were compared.
ANFIS. Again ANFIS provides oo optimistic results for ~ Figure 6 depicts the comparison of Table 3. HCR-PF is
ATC computation. seen to provide a good alternative to ATC computation.
o the

In addition, the last corrector SLep solution result of HCR-

PF in PSAT environment which is obtainable in Excels

identifies the limitation type and element rather than the

searching techniques.

IEEE 30 Bus Test Systems

TC values of JEEE-2v 0US
een the HCR-PF

Table 3 zives the contingency A
system, which shows the comparison betw

and that presented in reference (Yuan-Kang, 2007).

Vari :
s transactions were implemented for +both

561

Observe that from Table 3, the limiting lines t

contingency ATC values are same for both method

compared.

To further validate the proposed method, ATC expected

values among different network buses of the [EEE-30 bus

system were also computed as shown in Table 4.
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160.00 |
14000
12000

100.00

1

80.00 -

60.00 ¢~

ATC (MW)

1000 + FEE

20.00 7" B

0.00

e e e i

A S Bl 32 2

Figure 6: Comparison between ATCy. (MW) constrained by Voltage limitation using HCR-PF ang ANFIS,

Transactions

T T e

W ATC by HCR-pp
® ATC(P]) by HeR.pg
2 ATC by ANFIs

Table 3: Contingency ATC Values from Bus 14 to Bus 21 of IEEE-30 bus

L ATC By
Bilteral  Outageline  LimitingLine ~ 1C by BYoridized  “yy
Transaction Method

From To From To ATC (MW) ATC(MW)
12 14 14 15 222 222
12 15 14 15 13.4131 13.5376
B 12 16 14 15 28.77 28.0768
o 14 15 10 21 28.49 28.4403
3 15 18 10 21 33.7824 33.7682
£ 15 23 10 21 21.227 217515
= 16 17 14 15 28.3627 28.8257
. 10 17 10 21 29.3251 29.4786
g 18 19 10 21 33.4643 32.5241
- 19 20 10 21 28.7402 28.7572
£ 10 20 10 21 27.5504 27.9273
10 21 21 22 11.669 14.289
10 22 10 21 12.0471 13.1917
22 24 10 21 27.8676 27.8809
23 24 10 21 24.0214 24.1305
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B ATC BY HCR-PF
W ATC BY WU's METHOD

Figure 6 Comparison between ATC using HCR-PF and WU’s Method
s Method.

4. CONCLUSION

This paper shows that Hybridized Continuous-Repeated

power flow (HCR-PF) provides a good approximate
Jltenative for Available transfer capability evaluation.
Normal and contingency ATC(s) were computed. Single
was used 2s contingency. Tt
tem path (RSP) method and
d using HCR-PF for ATC
nsactions of IEEE 9 bus

s using HCR-PF were

line (N — 1) outag= criterion
implemcnted both Rated sys
Network response (NR) metho
results interpretation. Various tra

and [EEE 30 bus test system

implemented.
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Table 4: A Comparison between ATC Methods in IEEE-30 bus systems

Comparison on ATC expected values among different network buses in the IEEE-30 bus system

ATC Expected values from bus 14 to other buses (MW)
From Bus 14 14 14 14 14 14 14 14 14 14 14
1 ToBus 15 16 17 18 19 20 21 23 24 26 9
ATC (MW) Wumethod 256 339 319 156 199 234 282 167 228 123 13.6
ATC (MW) HCR-PF 254 329 308 150 168 230 280 130 11.0 103 139
ATC Expected values from bus 15 to other buses (MW)
From Bus 15 15 15 15 15 15 15 15 15 15 5
To Bus 4 16 17 18 19 20 21 23 24 26 129
ATC (MW) Wumethod 29.7 41.1 382 147 18.5 21.5 31.3 158 243 123 13.6
ATC (MW) HCR-PF 306 376 321 143 174 209 293 114 123 104 132
ATC Expected values from bus 16 to other buses (MW)
From Bus 16 16 16 16 16 16 16 16 16 16 16
To Bus 14 15 17 18 19 20 21 23 24 26 29
ATC (MW) Wumethod 389 289 194 188 254 267 23.0 195 187 123 13
ATC (MW) HCR-PF 37.8 242 174 180 146 253 221 141 95 110 126
ATC Expected values from bus 17 to other buses (MW)
From Bus 17 17 17 17 17 17 17 17 17 17 17
4 ToBus 14 15 16 18 19 20 2] 23 24 26 29
ATC (MW) Wumethod 36.8 357 246 21.5 30.7 303 256 21.6 166 123 136
ATC (MW) HCR-PF 374 281 252 204 275 285 247 148 89 107 126
ATC Expected values from bus 18 to other buses (MW)
From Bus 1§ 18 18 18 18 18 18 18 18 18 18
To Bus 4 15 16 17 19 20 21 23 24 26 29
ATC (MW) Wumethod 29.6 28.0 334 288 167 187 261 177 203 123 136
ATC (MW) HCR-PF 303 283 331 283 161 181 263 13.0 11.2 107 125
ATC Expected values from bus 19 to other buses (MW)
From Bus 19 19 19 19 19 19 19 19 19 19 19
6 ToBus 4 15 16 17 18 20 21 23 24 26 29
ATC (MW) Wumethod 324 30.1 357 323 21.0 429 273 190 18.7 123 136
ATC (MW) HCR-PF 325 300 356 329 212 421 263 134 10.0 10.6 126
ATC Expected values from bus 20 to other buses (MW)
From Bus 20 20 20 20 200 20 20 26 200 20 20
7 ToBus 14 15 16 17 18 19 21 23 24 26 29
ATC (MW) Wumethod 33.6 349 33.8 31.2 232 268 267 198 179 123 136
ATC (MW) HCR-PF 33.7 344 345 32.0 231 250 258 14.0 100 105 122

ATC Expected values from bus 21 to other buses (MW)

L)

Lo

i

From Bus 21 21 21 21 21 21 21 21 21 21 2]
8 ToBus 14 15 16 17 18 19 20 23 24 26 29

ATC (MW) Wumethod 34.8 353 30.1 289 222 321 297 219 145 123 136

ATC (MW) HCR-PF 31.5 272 307 293 216 293 284 132 69 105 124

ATC Expected values from bus 23 to other buses (MW)

From Bus 23 23 23 23 23 23 23 23 23 23 23
9 ToBus 14 15 16 17 1§ 19 20 21 24 26 29

ATC (MW) Wumethod 27.1 257 31.6 338 164 212 252 299 225 123 13.6

ATC (MW) HCR-PF 264 26.1 304 319 158 19.6 24.0 276 153 107 123

ATC Expected values from bus 24 to other buses (MW)

From Bus 24 24 24 24 24 24 24 24 24 24 24
10 ToBus 14 15 16 17 18 19 20 21 23 26 29

ATC (MW)Wumethod 339 363 34.6 31.3 193 263 323 302 245 123 136
ATC (MW) HCR-PF 348 369 348 319 185 23.6 303 302 242 104 125 .
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