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This paper presents a fast and accurate method to determine the available transfer capability.
Ralston’smethod is used to predict the two trajectory points of voltagemagnitude, power flow, and
maximum generator rotor angle difference. Then, the cubic spline interpolation technique is used
to accurately trace the P-V, P-S, or P-Δδ curves between two points of trajectory. The P-V, P-S and P-
Δδ curves represent as the variations of voltage magnitude, power, flow and maximum generator
rotor angle difference due to the increase of power transfer. The actual available transfer capability
value is determined at the intersection point between the curve and the constraints limit. The
effectiveness of the proposed method is verified by referring to the results of ATC for a case study
of 2737-Polish system and 39-New England bus system. The proposed method gives satisfactorily
accurate and fast computation of ATC as compared to recursive AC power flow method.

1. Introduction

Transferring an electric power from one place to another is an alternative way to provide
effective electric power required by the demand. This may assist towards reduction in
a system operational cost. Nowadays, the power trade activity which is involved in the
wholesale powermarket requires accurate information of power transfer between areas. Such
vital information can help power marketers, sellers, and buyers in planning, operation, and
reserving transmission services [1]. There are two significant indices in the transfer capability
assessment, namely, the total transfer capability (TTC) and the available transfer capability
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(ATC). TTC represents as the maximum amount of power that can be transferred over the
interconnected transmission network in a reliable manner while meeting all of a specific set of
defined pre- and postcontingency system conditions [2]. On the other hand, ATC is ameasure
of the additional amount of power that flows across the interface, over and above the base
case flows without jeopardizing power system security [3].

The determination of ATC for a large and complex power system usually utilizes
excessive amount of computational time. This instigates to a new development of a fast and
accurate method in determining the ATC value. Various approaches have been proposed
to determine ATC such as using the methods of DC power flow [1], AC power flow
[4], optimal power flow [5], sensitivity [6], curve fitting-based cubic spline interpolation
technique [7], and artificial neural network [8]. The method based on linear DC power flow
considering distribution factors is considered fast but less accurate for transfer capability
analysis because the DC network model does not require the voltage magnitude and reactive
power component in the power flow calculation. Therefore, the computation is based on
the linear DC power flow resulting in an inaccurate ATC value, especially for the heavily
stressed system that is caused by critical contingencies. The AC power flow method gives an
accurate solution in determining the ATC because it considers the effects of reactive power
flows and voltage limits. However, transfer capability evaluation using repetitive AC power
flows is time consuming because it requires a load flow solution at every transfer step size. To
avoid many repetitive AC power flow solutions, curve fitting technique such as cubic spline
interpolation technique has been used [7]. There are various curve fitting techniques that are
used for voltage stability analysis such as the least square fit of second-order polynomial [9],
cubic spline interpolation [10] and quadratic approximation [11].

This paper proposes a new approach to determine fast and accurate value of ATC
by using Ralston’s method incorporating with cubic spline interpolation technique. The
Ralston’s method is categorized under the second-order Runge-Kutta method and this is
similar to Heun’s and midpoint methods. However, the Ralston’s method is superior to
Heun’s and midpoint methods in terms of providing a minimum bound of truncation error
in extrapolation [12]. The Ralston’s method is used to determine the two trajectory points
of voltage magnitude, power flow, or maximum generator rotor angle difference. Then, the
cubic-spline interpolation technique is used to accurately trace the P-V, P-S, or P- Δδ curves
between the two trajectory points of voltage magnitude (V ), power flow (S), or maximum
generator rotor angle difference (Δδ), respectively. The P-V, P-S and P- Δδ curves represent
as the variations of voltage magnitude, power flow, and maximum generator rotor angle
difference due to the increase of power transfer, respectively. The ATC is then determined at a
point when the voltage magnitude limit, power flow limit or generator rotor angle difference
limit intersects the curve. In the ATC estimation, the transmission line and voltage magnitude
limits are considered as the steady-state security constraints whereas the maximum generator
angle difference limit is referred to as the transient stability constraint. The transfer capability
of a system is analyzed under two different sets of transfer, which are the area-to-area ATC
and point-to-point ATC. Area-to-area ATC is the additional amount of power transferred
from the selling area to the buying areawithout jeopardizing the system security. On the other
hand, point-to-point ATC is the additional amount of power transferred from the selling bus
to the buying bus without violating the system security. The effectiveness of the proposed
method in estimating fast and accurate computation of ATC is verified on the case studies
of 2737-bus Polish system [13] and 39-New England bus system. The proposed method can
be used in the probabilistic assessment of transfer capability. This is due to the fact that the
proposed method is able to accurately determine the ATC in a less computational time for
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every system operating condition. The system operating conditions such as the transmission
line failures are usually generated by the Monte Carlo simulation technique or parametric
bootstrap technique. The ATCs are then used in the probabilistic based risk or uncertain
assessment of transfer capability.

2. Problem Formulation

The first section describes the problem definition of ATC followed by the explanation of
Ralston’s method that is used to determine the two trajectory points of voltage magnitude,
power flow, and maximum generator rotor angle difference. The last section provides a
detailed explanation of cubic spline formulation that is used for tracing the P-V, P-S, and
P- Δδ curves between the two trajectory points for accurate ATC determination.

2.1. ATC Problem Definition

ATC is defined as the TTC less than the transmission reliability margin (TRM), less
than the sum of existing transmission commitments (ETCs), and capacity benefit margin
(CBM) [2, 14, 15]. The TRM is the amount of transmission capability necessary to ensure
that the interconnected system is secure under a reasonable range of uncertainties in
system conditions. The CBM is the amount of transmission transfer capability reserved by
load serving entities to ensure access to generation from interconnected systems to meet
generation reliability requirements. The ETC is the normal transmission flows included in
the given case. The methods to determine the TRM, CBM, and ETCmargins may vary among
regions, power pools, individual system, and load-serving entities.

ATC must satisfy certain principles balancing both technical and commercial issues,
so that the interconnected transmission network is performed based on the commercial
requirements associated with transmission service requests. The following principles identify
the requirements for the calculation and application of ATC.

(a) Electricity demand and supply cannot be treated independently of one another. All
system conditions must be considered to accurately access the capabilities of the
transmission network.

(b) Electric power flows resulting from each power transfer use the entire network and
are not governed by the commercial terms of the transfer.

(c) ATC calculations must use a regional or wide-area approach to capture the
interactions of electric power flows among individual, regional, subregional, and
multiregional systems.

(d) The determination of ATC must accommodate reasonable uncertainties in system
conditions and provide operating flexibility to ensure a secure operation of the
interconnected network.

In the determination of ATC, the transmission lines flow and voltage magnitudes
limits have to be taken into account in the calculation. All these limits can be handled
by the AC load flow power system model. Limits due to transient or oscillations are not
often addressed in the ATC determination because these limits are crudely approximated by
flow limits [16]. However, the large disturbance such as system faults, loss of generator, or
equipment outages could lead to undesirable behavior that affects the stability of a system.
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The undesirable behavior is associated with the transient stability which could lead to great
losses and costly to the utilities. Therefore, it is necessary to consider the transient stability
constraints within the ATC calculation.

2.2. Formulation of Ralston’s Method

A generic ATC computation is performed by solving recursive AC power flow calculations
due to the increased amount of power transfers between areas or buses. The ATC is then
determined by referring to the increase amount of power transfer caused to the violation of a
system constraint such as the voltage magnitude limit, transmission line limit or generator
rotor angle difference limit. In the ATC computation using the recursive AC power flow
solution, the variations of voltage magnitude (V ), MVA power flow (S), and maximum
generator rotor angle difference (Δδ) due to the increase of MW power transfers (P) can be
described in terms of P-V, P-S, and P-Δδ curves, respectively. By considering the P-V, P-S and
P-Δδ curves as the quadratic polynomial form, Ralston’s method can be used to approximate
the two trajectory points of voltage magnitude, power flow, and maximum generator rotor
angle difference. Then, the cubic-spline interpolation technique is used to accurately trace
the P-V, P-S, or P- Δδ curves between the two specific points of trajectory. The proposed
methodology is able to provide accurate value of ATC by taking into account the steady-state
and transient stability constraints.

The Ralston’s method is used to approximate the two trajectory points of voltage
magnitude, power flow, andmaximum generator rotor angle difference [12], and it is derived
from a basic extrapolation equation that is given by (2.1)

yn+1 = yn + φh. (2.1)

Equation (2.1) represents that the φ is used to extrapolate from an old value of yn to a new
value of yn+1 over a distance of h. The second order of (2.1) gives

yn+1 = yn + (a1s1 + a2s2)h (2.2a)

where

s1 = f
(
xn, yn

)
,

s2 = f
(
xn + ph, yn + qs1h

)
.

(2.2b)

The a1, a2, p, and q are the unknown constants used to satisfy the three conditions

a1 + a2 = 1,

a2p =
1
2
,

a2q =
1
2
.

(2.2c)
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By referring to (2.2a), the value of a2 is assumed to be 2/3 thus resulting in the values of
a1 = 1/3 and p = q = 3/4. This yields to a Ralston’s method given by (2.3).

yn+1 = yn +
(
1
3
s1 +

2
3
s2

)
h, (2.3)

where,

s1 = f
(
xn, yn

)
, (2.4a)

s2 = f

(
xn +

3
4
h, yn

3
4
s1h

)
. (2.4b)

Note that x is equivalent to the power transfer, P . It is worth mentioning that the Ralston’s
method given in (2.3) is used to extrapolate the second-order polynomial curvature. The
second-order polynomial is represented by

y = α + βP + γP 2. (2.5)

The first order of (2.5) yields (2.6a) and it is representing as s1,

dy

dx
= β + 2γPn. (2.6a)

Thus, s1 in (2.4a) is given by

s1 = β + 2γPn. (2.6b)

By applying (2.6a) into (2.4b),

s2 = β + 2γ
(
Pn +

3
4
h

)
. (2.6c)

The value of constants β and γ can be determined by using the least square method [12]. The
step size, h, of power transfer is determined as below,

h =
Plook + P1

n
, (2.6d)

where n is the number of incremental steps for power transfer. In this case study, n, is
specified as 4 in which it is reasonable enough to provide accurate approximation of the two
trajectory points. P1is the initial power transfer that is 1MW. Plook is the look-ahead power
transfer which may cause the violation of voltage, transmission line, or generator rotor angle
difference limits. The methodology of look-ahead power transfer is explained elaborately in
Section 3.
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The next power transfer, Pn+1, for each nth incremental step is determined by using.

Pn+1 = Pn + h. (2.7a)

The values obtained from (2.6b), (2.6c), (2.6d), and (2.7a) are used in (2.3) so that the
Ralston’s method could perform the extrapolation in order to obtain the two points of
trajectory. The value of y that is obtained from (2.3) represents as the voltage magnitude,
power flow, or maximum generator rotor angle difference. The Pn is increased at each nth
incremental step by using (2.7a) until the Ralston’s method in (2.3) gives y value that violates
the system constraint. The last two values of y represent as the two trajectory points of voltage
magnitude, power flow, or maximum generator rotor angle difference. It is then used in the
cubic-spline interpolation technique to accurately trace the P-V, P-S or P- Δδ curves.

It is obvious that the step size, h, of power transfer given in (2.6d) is highly dependent
on the number of incremental steps, n. A reasonable number of incremental steps, n, need
to be specified so that the Ralston’s method in (2.3) could perform the extrapolation with a
minimum computational time. The number of incremental steps, n, is specified under two
categories. First, a large number of incremental steps, n, may cause a lengthy computational
time in the extrapolation process due to a small step size, h. Second, a small number of
incremental steps, n, yield a fast computational time in the extrapolation process due to a
large step size, h. In this case study, four incremental steps (n) are used, and it is reasonable
enough for the Ralston’s method to provide fast and accurate approximation of the two
trajectory points. Furthermore, the cubic-spline interpolation technique is used to accurately
trace the curve between the two trajectory points with a large value of step size, h, and this
will be discussed in the next subsection.

2.3. Cubic-Spline Interpolation Technique

The methodology of cubic-spline interpolation technique is basically based on determining
the four known points and then fitting appropriate curves to the four points. In the cubic-
spline technique [7], tracing the curves f(k1), f(k2), and f(k3) begins with finding the value
for parameters f ′′(x2), f ′′(x3), and f ′′(x4)which are given as

f ′′(x2) =
{
2
(
x4 − x2

x3 − x2

)[
6

x3 − x2

[
f(x3) − f(x2)

]
+

6
x2 − x1

[
f(x1) + f(x2)

]
]

− 6
x4 − x3

[
f(x4) − f(x3)

]
+

6
x3 − x2

[
f(x2) + f(x3)

]
}

÷
{
2(x3 − x1) ∗ 2

(
x4 − x2

x3 − x2

)
− (x3 − x2)

}
,

f ′′(x3) =
{

6
x4 − x3

[
f(x4) − f(x3)

]
+

6
x3 − x2

[
f(x2) − f(x3)

]

−[(x3 − x2) ∗ f ′′(x2)
]
}
÷ 2(x4 − x2),
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f ′′(x4) =
{

6
x4 − x3

[
f(x4) − f(x3)

]
+

6
x3 − x2

[
f(x2) − f(x3)

]

−[(x3 − x2) ∗ f ′′(x2)
] − [

2(x4 − x2) ∗ f ′′(x3)
]
}
÷ (x4 − x2).

(2.8)

The values for parameters f ′′(x2), f ′′(x3), and f ′′(x4) are used in the cubic-spline equations in
order to obtain the curve functions of f(k1), f(k2), and f(k3), which are given as,

f(k1) =
f ′′(x2)

6(x2 − x1)
(k1 − x1)

3 +
f(x1)
x2 − x1

(x2 − k1) +
f(x2)
x2 − x1

(k1 − x1), (2.9)

f(k2) =
f ′′(x2)

6(x3 − x2)
(x3 − k2)

3 +
f ′′(x3)

6(x3 − x2)
(k2 − x2)

3

+
[
f(x2)
x3 − x2

− f ′′(x2)(x3 − x2)
6

]
(x3 − k2)

+
[
f(x3)
x3 − x2

− f ′′(x2)(x3 − x2)
6

]
(k2 − x2),

(2.10)

f(k3) =
f ′′(x3)

6(x4 − x3)
(x4 − k3) 3 +

f ′′(x4)
6(x4 − x3)

(k3 − x3)
3

+
[
f(x3)
x4 − x3

− f ′′(x3) (x4 − x3)
6

]
(x4 − k3)

+
[
f(x4)
x4 − x3

− f ′′(x3) (x4 − x3)
6

]
(k3 − x3).

(2.11)

In the P-V curve fitting, the parametersf ′′(x2), f ′′(x3), and f ′′(x4) can be described as
V ′′(P2), V ′′(P3), and V ′′(P4), respectively. On the other hand, the parametersf ′′(x2), f ′′(x3),
and f ′′(x4) can also be described as S′′(P2), S′′(P3), and S′′(P4), respectively for the case of P-S
curve fitting. For the case of P- Δδ curve fitting, the parametersf ′′(x2), f ′′(x3), and f ′′(x4) can
be described asΔδ′′(P2),Δδ′′(P3), andΔδ′′(P4), respectively. f(kl) is the cubic-spline function
that is used for tracing the curves of voltage magnitude, V (kl), MVA power flow, S(kl), and
maximum generator rotor angle difference, Δδ(kl). kl is the increase of power transfer by
1MW between xl and xl+1. l is the number of three incremental steps, that is, 1, 2, and 3.
Specifically, f(kl) is used for tracing the curves between the four points of f(xn)with respect
to the increase of kl by 1 MW from xl to xl+1. Whereby, f (xn) represents as the four points
of voltage magnitude, V (Pn), MVA power flow, S(Pn), or maximum generator rotor angle
difference, Δδ(Pn), which are obtained from the AC power flow solutions. The four points of
real power transfer, xn, can also be described as Pn, where n = 1, 2, 3, and 4. For an example,
the curve from point f(x1) to point f(x2) is traced by using f(k1) with the increase of k 1 by
1MW from x 1 = 1MW to x 2 = 300MW.
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Figure 1: Illustration of cubic-spline technique used in tracing the P-V curve.

2.4. Determination of P-V, P-S, and P-Δδ Curves Using
Cubic-Spline Interpolation Technique

Generally, there are two main procedures involved in the P-V curve fitting using the cubic-
spline interpolation technique. First, the voltage at each point of real power transfer, V (Pn),
is obtained by solving the AC power flow solution. Second, the cubic-spline interpolation
technique is used for tracing the voltage curves, V (kl), based on the four voltage points,
V (Pn),which are obtained from the previous four AC power flow solutions and this is shown
in Figure 1. Particularly, the curve from point V (P1) to point V (P2) is traced by using V (k1)
with the increase of k1 by 1MW from P1 to P2. Then, the next curve from point V (P2) to point
V (P3) is traced by using V (k2) with the increase of k2 by 1MW from P2 to P3. Finally, the
last curve from point V (P3) to point V (P4) is traced by using V (k3)with the increase of k3 by
1MW from P3 to P4.

Similarly, the cubic-spline interpolation technique is used in tracing the P-S curves
representing as the MVA power flow variations with respect to the increase of power transfer.
The procedures that are used in tracing the curves S(k1), S(k2) and S(k3) between the four
points of MVA power flow S(Pn) are similar to those described for tracing the voltage curves,
except that the voltage variables in (2.8) to (2.11)are replaced by the MVA power flow
variables. This is similar to a case whereby the cubic-spline interpolation technique is used
for tracing the P- Δδ curves.

2.5. Transient Stability Constraint

In this study, the transient stability is obtained by analyzing the “first swing” of each
generator. Transient stability is referred to as the generator rotor angle that is returning to
its synchronism state after the fault is cleared. A classical model of a synchronous generator
is used in this case of study, and the details can be accessed in [17]. The transient stability,
based rotor angle is measured by referring to the difference between relative rotor angle,
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with respect to the center of inertia (COI) [18–20]. The transient stability limit should be less
or equal to 180◦, and it is given by

δCOI =

∑G
g=1 Mgδg
∑G

g=1 Mg

,
[∣∣Δδg

∣
∣ = δg − δCOI

] ≤ 180◦, (2.12)

where δg is rotor angle of gth generator. Δδg is rotor angle difference of gth generator. Mg is
generator inertia constant in seconds for g-th generator.

The maximum rotor angle difference for unstable condition is taken at the end of time
simulation. This is due to the fact that the relative rotor angle is monotonically increasing if
the generator losing its synchronism. On the other hand, for a stable condition, the maximum
relative rotor angle is taken within the simulation time interval. This is because the increased
relative rotor angle is returning back to its synchronism state after the fault is cleared.

3. Procedure of ATC Evaluation Using Ralston’s Method Incorporating
Cubic-Spline Interpolation Technique

Generally, the main steps involved in the transfer capability computation are the definition
of a base case, determination of network response, and finding the maximum transfer or
ATC. Determination of the area-to-area and point-to-point ATCs using the Ralston’s method
incorporating cubic-spline interpolation technique is described as follows.

(a) Establish a solved base case AC power flow solution.

(b) Specify the area or point of transfers. For the point-to-point transfer, a generator is
considered as a selling bus and a load is a buying bus. However, the area-to-area
transfer considers participation of all generators in the specified selling area and all
loads in the specified buying area.

(c) Simultaneously, increase the power generation (PGn) and load (PDn) at the selected
buses or areas at three incremental steps in order to obtain the variations of voltage
(Vi,n), the power flow (Sij,n) andmaximum generator rotor angle difference (Δδg,n).
Where, i is the bus number, ij is the transmission line connected between bus
i and bus j, and g is the number of generator. The AC power flow solution
should be performed for each incremental step of PGn and PDn. The amount of
power generation, PGn is equivalent to the amount of power transfer, Pn. Then,
the sensitivity method is used to identify the sensitive bus, transmission line
or generator that has the highest potential to be violated due to the increase
amount of power transfer [21]. Equations (3.1), (3.2), (3.3) and (3.4) are the
sensitivity methods that are used to approximate the amount of power transfer,
P, corresponding to each bus, transmission line and generator. Then, the sensitive
line, bus or generator is selected based on the minimum amount of power transfer:

Pi,V lower = P1 +
∣∣∣∣

(
P3 − P1

Vi,3 − Vi,1

)
× (Vlower − Vi,1)

∣∣∣∣, (3.1)

Pi,Vupper = P1 +
∣∣∣∣

(
P3 − P1

Vi,3 − Vi,1

)
× (

Vupper − Vi,1
)
∣∣∣∣, (3.2)
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Pij,S = P1 +

∣
∣
∣
∣
∣

(
P3 − P1

Sij,3 − Sij,1

)

×
(
Sij

limit − Sij,1

)
∣
∣
∣
∣
∣
, (3.3)

Pg,Δδ = P1 +

∣
∣
∣
∣
∣

(
P3 − P1

Δδg,3 −Δδg,1

)

×
(
Δδlimit −Δδg,1

)
∣
∣
∣
∣
∣
, (3.4)

where Pi,V lower, Pi,Vupper, Pij,S and Pg,Δδ are the linear estimation of power transfer
based on the violations of lower voltage limit, upper voltage limit, thermal limit,
and generator rotor angle difference limit, respectively. Vlower and Vupper are the
lower and upper voltage limits which are 0.9 p.u. and 1.1 p.u., respectively. Slimit

ij is
the transmission line limit.Δδlimit is the generator rotor angle difference limit which
is 180◦. Pn is the power transfer for every nth incremental step. n is incremental
steps. Vi,n, Sij,n and Δδg,n are the voltage magnitude at each bus, i, power flow at
each transmission line, ij, and maximum rotor angle difference at each generator
bus, g, respectively.

The sensitive bus, i, transmission line, ij, or generator, g, is selected based on the
minimum value of power transfer amongst Pi,V lower, Pi,Vupper, Pij,S, or Pg,Δδ. Pend

represents as the minimum value of power transfer given by.

Pend = min
{
Pi,V lower, Pi,Vupper, Pij,S, Pg,Δδ

}
. (3.5)

(d) Determine the look-ahead power transfer based on the sensitive bus, transmission
line or generator. The methodology that is used to determine the look-ahead power
transfer is initially derived from the formulation of second-order polynomial that
is given in [22]. Further derivation of the first-order quadratic formulation in (2.6a)
yields to,

x =
dy/dx − β

2γ
. (3.6)

Equation (3.7) is obtained by substituting (3.6) into (2.5),

y = α + β

(
dy/dx − β

2γ

)
+ γ

(
dy/dx − β

2γ

)2

. (3.7)

By expanding (3.7),

y = α − β2

2γ
+
β
(
dy/dx

)

2γ
+
β2

4γ
− β

(
dy/dx

)

2γ
+
(
dy/dx

2

)2(1
γ

)
. (3.8)

Equation (3.8) is derived to become

y = yo +
(
dy/dx

2

)2(1
γ

)
. (3.9)



Mathematical Problems in Engineering 11

Whereby,

yo = α − β2

4γ
. (3.10)

By deriving (3.9),

dy

dx
= 2

√
γ
(
y − yo

)
. (3.11)

In this case, y is the system parameter constraint such as the transmission line
rating, lower limit of voltage magnitude that is 0.9 p.u., upper limit of voltage
magnitude which is specified at 1.1 p.u., or generator rotor angle difference limit
specified as 180◦.

The look-ahead power transfer, Plook, is determined by using (3.12) which is derived
from (2.6a). In (3.12), the dy/dx is determined by using (3.11)

Plook = x =

∣∣dy/dx − β
∣∣

2γ
. (3.12)

It is obvious that the look-ahead power transfer formulation in (3.12) is similar to (3.6).
The yo and dy/dx which are obtained by using (3.10) and (3.11), respectively, are used in
(3.12) to determine the Plook. The values of α, β and γ are calculated by using the least square
method [12] that utilizes the Vn, Sn or Δδn at three incremental steps of power transfer, Pn.
The values ofVn, Sn orΔδn are determined by referring to the sensitive bus, transmission line
or generator obtained from procedure (c). This shows that the Plook is determined by referring
to the sensitive bus, transmission line or generator.

(e) Use the Ralston’s method in (2.3) to determine the two trajectory points of voltage
magnitude, power flow or maximum generator rotor angle difference. This refers
to the sensitive bus, transmission line or generator obtained from procedure (c).
Initially, the AC power flow solution is performed at three incremental steps of Pn

with P3 = Plook. This is performed to obtain the variation of Vn, Sn or Δδn at the
sensitive bus, transmission line or generator. Then, the Vn, Sn or Δδn, and Pn are
used in the least square method [12] to determine the new values of α, β, and γ . The
Plook is specified as the last power transfer of Pn so that α, β, and γ are determined at
stable system condition. Hence, accurate estimation of two trajectory points could
be obtained by using the Ralston’s method that takes into account the α, β and
γ . Specifically, the α, β, γ and Plook are used in (2.6b), (2.6c), (2.6d) and (2.7a) so
that the Ralston’s method in (2.3) is able to determine the two trajectory points of
voltage magnitude, power flow or maximum generator rotor angle difference. The
Plook is not an optimum value of ATC. Therefore, the Ralston’s method is used to
extrapolate at the two trajectory points for optimum or accurate determination of
ATC.

(f) Use the cubic-spline to trace the P-V, P-S or P- Δδ curve between the two points
of trajectory. The P-V, P-S or P- Δδ curve is determined based on the sensitive bus,
transmission line or generator.
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(ii) record the Vn, Sn,∆δn, and Pn at each incremental step and this
is based on sensitive bus, transmission lines, or generator.

(d) For the sensitive bus, transmission line, and generator, apply the
Vn, Sn,∆δn, and Pn into the least square method to determine α, β
, and γ that are used in (3.12) to approximate the Plook.

(e) Perform the AC power flow solution based on three
incremental steps of Pn with P3 = Plook:

(i) record the Vn, Sn,∆δn, and Pn which are based on sensitive
bus, transmission line or, generator.
(ii) apply the Vn, Sn,∆δn, and Pn into the least square method to
determine the new values of α, β and γ .

(iii) The α, β, and γ and Plook are used in Ralston’s method to

bus, transmission line, or generator.

(f) For sensitive bus, transmission line, or generator, use the cubic
spline interpolation technique to fit the P -V , P -S, and P -∆δ curve
between the two points of trajectory.

(i) record the sensitive bus, transmission line, and generator that
are determined by using (3.1), (3.2), (3.3), and (3.4).

Start

point of intersection that occurs between the two trajectory points.

End

(a) Solve the base case ac power flow

(b) Specify the area or point transfer

(g) Determine the ATC which is maximum power transfer at the

incremental step of Pn:
(c) Perform the AC power flow solution based on three

determine the two trajectory point, and this is based on sensitive

Figure 2:Outline of ATC computation using the Ralston’s method incorporating cubic-spline interpolation
technique.

(g) Determine area-to-area or point-to-point ATCs which are the maximum power
transfer obtained when the voltage limit, the MVA line rating, or generator rotor
angle difference limit intersects the P-V, P-S or P- Δδ curve at two trajectory points,
respectively.

The above procedures are summarized in terms of flowchart shown in Figure 2.
The Ralston’s method incorporating with cubic-spline interpolation technique gives a faster
ATC computation which implies less AC power flow solutions as compared to the ATC
computation method using the recursive AC Newton Raphson power flow solutions [4, 23].
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4. Results and Discussion

The performance of the Ralston’s method incorporating with cubic-spline interpolation
technique that used in the determination of ATC is verified in terms of accuracy and
computation speed. CPU timing for the transfer capability analysis was obtained using
2.4GHz, Intel Core 2 Duo with 1GB of memory. The 2737-bus Polish power system is used as
a test case to illustrate the determination of ATC using the proposed technique. The system
is comprising of 6 areas namely, area 1, area 2, area 3, area 4, area 5, and area 6. The 2737-
bus system is modelled with 193 generation units, 2544 load units and 3506 lines. In this
study, the upper and lower voltage limits are assumed to be 1.1 p.u. and 0.9 p.u., respectively.
The thermal limit is also used as a system constraint in the ATC computation. However,
the generator rotor angle difference limit of 180◦ is not considered in the ATC computation
for the 2737-bus Polish power system. This is due to the fact that detailed information of
generating unit is not available in order to compute ATC by considering the generator rotor
angle difference limit.

Nevertheless, the generator rotor angle difference limit as well as the transmission line
limit and voltage magnitude limit is considered as the constraints of ATC computation for a
case study of 39-New England bus system. The system is consisting of 10 generation units, 29
load units and 46 transmission lines [24]. The system data is given in Tables 7, 8, and 9. The
transmission line limit information is taken from [25]. The system is comprised into three
areas namely area 1, area 2 and area 3 as illustrated in Figure 3.

4.1. Faulted Bus and Tripping Line Selection

The transient stability analysis is performed to ensure that the system is operating in a secure
manner without violating the generator rotor angle limit during the occurrence of fault. In
this case study of transfer capability assessment, it is assumed that a three-phase fault is
occurring at a particular transmission line. The faulted bus is referring to as the nearest bus
which is connected to a faulty line [17]. Therefore, the faulty line should be tripped in order to
clear the fault so that a stable generator rotor angle could be obtained during power transfer.

4.2. Fault Critical Clearing Time and Final Simulation Time Selection

In a transient stability analysis, the faulty line should be tripped at a certain fault critical
clearing time and this criterion does affect the stability of generator rotor angle. Therefore,
a set of relays and protecting circuits should operate within the fault critical clearing time
so that the fault is cleared without causing any loss of synchronism for the generators [26,
27]. However, the determination of fault critical clearing time is not considered in this case
study of transfer capability assessment. Nevertheless, the fault critical clearing time is set
at a typical maximum allowable time so that the generator rotor angle is stable during the
occurrence of fault. In [28], an analysis to estimate the fault critical clearing time has been
conducted on the 39-New England bus system. In conjunction to this system, the estimated
fault critical clearing time for the 10 machines is best to be within the range of 0.13 to 0.24
second. Therefore, in this case study, the fault critical clearing time of 0.15 second is chosen
to clear the fault. It is selected based on the fact that the fault is expected to be cleared before
reaching the end of fault critical clearing time. Thus, the fault critical clearing time of 0.15
second is viable enough to ensure the stability of generator rotor angle.
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Figure 3: 39-New England Bus system.

The rotor angles with respect to the COI reference frame of all generators are initially
increasing or decreasing until a peak value is reached. Then, the rotor angle starts returning
to its stable equilibrium point and it is said to be the first swing stable. On the other hand, a
system is said to be the first swing unstable if the postfault angle is increasing or decreasing
monotonically for at least one of the machines [20, 28]. In this case study, duration for the
simulation time is within the range of t = 0 until tf = 1.5 seconds, and it is chosen as to
analyze the stability of first swing generator rotor angle difference [20, 28].

4.3. ATC Results Using Ralston’s Method Incorporating Cubic-Spline
Interpolation Technique: Case Study of 2737-Bus Polish Power System

Prior to the ATC determination, the cubic-spline interpolation technique is used to trace the
P-S or P-V curves between the two points of trajectory determined by the Ralston’s method.
The ATC is then determined by referring to the maximum power transfer that causes the
limiting levels of MVA power flow or voltage magnitude intersects the P-S or P-V curves,
respectively. Detailed information of generating unit is not available for the computation of
ATC computation considering the generator rotor angle difference limit. In this case study,
the load bus 2737 is chosen to describe the determination of ATC using the proposed method.
The load bus 2737 is a sensitive bus that limits the MW transfer from area 2 to area 6.
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Figure 4: Two points of trajectory at bus 2737 using the Ralston’s method.

By referring to Figure 4, the sensitivity method given in (3.1) linearly determines the
amount of ATC, P2737,V lower = 1243MW, that violates the lower limit of voltage magnitude.
Linear approximation of power transfer considered in the sensitivity method usually gives
inaccurate value of ATC especially for a large system. In the AC power flow solution,
the amount of P2737,V lower = 1243MW could be very large, which may cause instability to
the system condition. Hence, accurate nonlinear estimation of ATC could be obtained by
considering the quadratic form of P-V or P-S curves. In this case study, the sensitivity
method is used to determine the sensitive bus or transmission line which is based on the
minimum amount of power transfer as given in (3.5). The sensitive bus or transmission line
has the potential to cause the first violation of voltage magnitude or thermal limits due to the
increase of power transfer, respectively. Hence, fast and accurate estimation of ATC could be
determined by referring only to the sensitive bus or transmission line. In this case study, the
sensitive load bus 2737 limits the power transfer between area 2 to area 6, and it is shown
in Figure 4. In Figure 4, it is observed that the Plook = 524MW does not exceed the power
transfer at the second trajectory point of voltage magnitude. Hence, the system condition is
stable when Plook = 524MW is below the second trajectory point. The Plook is not an optimum
or accurate value of ATC, and it is determined by using (3.12). However, the unstable system
conditions may occur when power transfer exceeds the second trajectory point. Therefore,
the Plook value of 524MW is used in the Ralston’s method to accurately extrapolate at the two
trajectory points for optimum or accurate estimation of ATC. Figure 4 shows four incremental
steps (n) performed of power transfer by using the Ralston’s method.

The cubic-spline interpolation technique is then used to fit the P-V curve between the
two trajectory points at the sensitive bus 2737. The two trajectory points are at the power
transfer of 462MW and 720MW. The power transfer at the two trajectory points is then used
in the cubic-spline interpolation technique for P-V curve fitting. In Figure 5, it is shown that
the cubic-spline interpolation technique traces the P-V curve based on the four points of
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Figure 5: P-V curve traced at bus 2737 using the cubic-spline interpolation technique.

voltage magnitude. The four points of voltage magnitude are obtained from the AC power
flow solutions considering the power transfers of 462MW, 548MW, 634MW and 720MW. A
point is noted where voltage limit of 0.9 p.u. intersects the P-V curve. This point yields an
actual ATC value of 699MW.

4.4. Results of Area-To-Area ATC and Point-To-Point ATC: Case Study of
2737-Bus Polish Power System

Tables 1 and 2 represent the results of the area-to-area ATC and the point-to-point ATC,
respectively. The ATCs obtained from the Ralston’s method incorporating with cubic-spline
interpolation technique are compared with the ATCs obtained from the recursive AC power
flow method. The comparisons are made in terms of accuracy and time taken in computing
the ATC.

The results shown in Tables 1 and 2 indicate that the ATC obtained is due to the
overloaded line. For instance, by referring to Table 1, the ATC is 914MW for transfer case
between areas 1 and 2, and it is obtained due to the overloaded line 713–449. The overloaded
line that limits the increase of power transfer occurs for the transfer case between buses. For
an example, by referring to Table 2, the ATC is 140MW for the transfer case between buses 98
and 2636, and it is obtained due to the overloaded line 2507–2513. Simulations that have been
carried out on the test system indicate that the ATCs are determined not due to the violation
of voltage limit.

The recursive AC power flow method is a basic approach to determine accurate value
of ATC. This means that the proposed method is able to compute accurate value of ATC
since it is similar to the result determined by the recursive AC power flow method, and it is
shown in Tables 1 and 2. Both methods are able to calculate accurate value of ATC since they
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Table 1: Results of area-to-area ATC for the 2737-bus polish power system.

Area of transfers Limiting
line

ATC (MW) CPU time (minute) Number of load flow
solutions

Selling
area

Buying
area

Ralston’s
with
cubic-
spline

Recursive
AC power

flow

Ralston’s
with
cubic-
spline

Recursive
AC power

flow

Ralston’s
with
cubic-
spline

Recursive
AC power

flow

1 2 713–449 914 914 0.31 38.68 10 914
1 3 91–131 953 953 0.32 40.19 10 953
1 4 2092–1972 655 655 0.33 41.17 10 655
1 5 2562–2092 182 183 0.31 38.68 10 183
1 6 2737–1872 175 175 0.29 36.18 10 175
2 1 2562–2092 1472 1472 0.32 40.31 10 1472
2 3 1593–741 1088 1087 0.33 41.87 10 1087
2 4 2092–1972 655 655 0.32 40.22 10 655
2 5 2562–2092 194 193 0.29 37.04 10 193
2 6 2737–1872 175 175 0.31 38.65 10 175
3 1 2562–2092 593 593 0.31 38.67 10 593
3 2 2562–2092 982 981 0.30 38.34 10 981
3 4 2092–1972 727 726 0.33 41.32 10 726
3 5 2562–2092 160 161 0.31 38.66 10 161
3 6 2737–1872 175 175 0.30 37.01 10 175
4 1 2216– 2092 14 14 0.29 37.06 10 14
4 2 2216– 2092 14 14 0.32 40.56 10 14
4 3 2216– 2092 14 14 0.35 44.53 10 14
4 5 2216– 2092 21 20 0.30 37.12 10 20
4 6 2216–2092 14 14 0.31 37.41 10 14
5 1 2216– 2092 35 34 0.32 40.13 10 34
5 2 2216– 2092 34 34 0.32 40.75 10 34
5 3 2216– 2092 34 34 0.33 41.75 10 34
5 4 2216– 2092 174 173 0.34 42.47 10 173
5 6 2216 –2092 34 34 0.31 36.11 10 34
6 1 2216–2092 128 128 0.33 40.73 10 128
6 2 2216– 2092 125 125 0.32 39.91 10 125
6 3 2216– 2092 121 121 0.34 41.18 10 121
6 4 696–453 929 929 0.33 41.14 10 929
6 5 2562–2092 133 132 0.31 38.12 10 132

considers nonlinear condition of reactive power flows and voltagemagnitudes. The proposed
method is better than the linear DC power flow method in terms of accuracy for the ATC
computation. In terms of computational time, it is noted that the proposed method computes
a much faster ATC value as compared to the recursive AC power flow method. This is due
to the fact that the proposed method does not perform many recursive load flow solutions in
the ATC determination. Finally, the results have shown that the proposed method is able to
provide accurate value of ATC with less computational time.
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Table 2: Results of point-to-point ATC for the 2737-bus polish power system.

Point of transfers Limiting
line

ATC (MW) CPU time (minute) Number of load flow
solutions

Selling
bus

Buying
bus

Ralston’s
with
cubic-
spline

Recursive
AC power

flow

Ralston’s
with
cubic-
spline

Recursive
AC power

flow

Ralston’s
with
cubic-
spline

Recursive
AC power

flow

98 2636 2507–2513 140 140 0.29 15.33 10 140
2555 108 108–90 419 419 0.28 15.01 10 419
2727 1038 1260–1839 110 110 0.30 15.89 10 110
323 1000 1001–1441 177 176 0.29 15.17 10 176
26 205 2562–2092 376 376 0.29 15.60 10 376
1025 1564 1566–1564 83 82 0.29 15.17 10 82
55 86 91–131 589 589 0.28 14.89 10 589
1992 2004 2250–1984 157 156 0.28 14.90 10 156
117 1 26–1 642 641 0.29 15.55 10 641
240 125 514–319 345 345 0.28 14.99 10 345
158 978 1212–1014 247 246 0.28 14.98 10 246
977 833 977–1278 128 128 0.29 15.16 10 128
878 620 719–620 90 90 0.28 15.09 10 90
793 300 793–592 148 148 0.28 15.06 10 148
665 430 392–351 108 107 0.29 15.31 10 107
574 99 1929–420 254 253 0.29 15.18 10 253
444 65 444–432 120 120 0.28 15.09 10 120
764 752 752–681 104 103 0.29 15.32 10 103
2731 2 696–453 161 161 0.29 15.36 10 161
135 2737 2737–1872 74 73 0.29 15.48 10 73
1006 1921 1921– 856 90 90 0.28 15.01 10 90
1673 1781 1781–1234 246 246 0.28 14.88 10 246
366 628 632–628 73 72 0.29 15.23 10 72
56 533 528–355 155 155 0.28 15.03 10 155
135 378 250–248 86 85 0.27 15.16 10 85
150 164 2216–2092 98 97 0.28 15.13 10 97
221 165 2065–221 55 55 0.26 14.10 10 55
222 212 530–523 74 73 0.29 15.22 10 73
2097 1019 2097–2252 104 104 0.30 15.24 10 104
2279 1227 2216–2092 50 50 0.25 14.39 10 50

4.5. Results of Area-To-Area ATC and Point-To-Point ATC: Case Study of
39-New England Bus System

Tables 3 and 4 present the result of area-to-area ATCs and point-to-point ATCs for a test
system of 39-New England buses, respectively. The ATCs are determined by considering
the systems constraints of transmission line limit, voltage stability limit, and generator rotor
angle difference limit. Whereby, the rotor angle difference limit is referred to as the transient
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Table 3: Results of area-to-area ATC for the 39-New England bus system.

Area of transfers Limiting
line

ATC (MW) CPU time (minute) Number of load flow
solutions

Selling
area

Buying
area

Ralston’s
with
cubic-
spline

Recursive
AC power

flow

Ralston’s
with
cubic-
spline

Recursive
AC power

flow

Ralston’s
with
cubic-
spline

Recursive
AC power

flow

1 2 12-13 64 64 0.03 0.17 18 64
1 3 12-13 79 78 0.03 0.20 18 78
2 1 14-15 182 182 0.03 0.45 18 182
2 3 14-15 350 349 0.03 0.84 18 349
3 1 3-4 323 323 0.03 0.80 18 323
3 2 12-13 277 277 0.03 0.67 18 277

stability limit. In this case study, it is assumed that a single (N-1) contingency type of three-
phase fault happened at bus 10. A three-phase fault yields the most severe fault current
compared to the other types of unsymmetrical fault. The computation of ATCs due to
transient stability limit is performed by considering the tripping of line 10–13 for clearing
the fault. The fault critical clearing time of t = 0.15 second, is specified for the tripping at
line 10–13. The selection of fault critical clearing time, t = 0.15 second has been explained
elaborately in Section 4.2. The transient response of generator rotor angles is monitored for
1.5 seconds in the case study of ATC that takes into account the transient stability limit. Since,
the tripping of line 10–13 is taken into account in the determination of ATC considering the
transient stability limit the tripping of line 10–13 is considered as a single (N-1) contingency
of three phase fault. On the other side, a double (N-2) contingency may sometimes occur,
which would be critical to the system operating conditions especially during the power
transfer. Indeed, this is an intriguing issue that needs be considered for further analysis
on the impact of N-2 contingencies on the transfer capability assessment-based transient
stability limit. In the transient stability analysis, a small time step size of 0.03 second is
used in the time-domain of rotor angle. The small time step size is used to discard the
higher-order terms of Taylor series expansion used in the Euler’s method. Therefore, the
error of rotor angle approximation is decreased for every successive point of time domain
[17].

In Table 3, the minimum interarea ATC of 64MW is obtained for the transfer case
from area 1 to area 2 and the transfer case from area 2 to area 3 yields a maximum
interarea ATC value of 350MW. On the other hand, by referring to Table 4, the minimum
point-to-point ATC of 41MW is obtained for the power transfer from bus 32 to bus 24.
The power transfer case from bus 34 to bus 26 yields a maximum point-to-point ATC
value of 353MW. For both cases of power transfer, the ATCs are obtained based on the
violation of transmission line limit. It is obvious that the proposedmethod provides relatively
similar results of ATC compared to the recursive AC power flow method. In terms of
computational time, it is obvious that the proposed technique gives a fast ATC calculation
compared to the recursive AC power flow method. This is because the Ralston’s method
incorporated with the cubic-spline interpolation technique executes fewer numbers of power
flow solution in the ATC determination in comparison to the recursive AC power flow
method.
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Table 4: Results of point-to-point ATC for the 39-New England bus system.

Point of transfers Limiting
line

ATC (MW) CPU Time (minute) Number of load flow
solutions

Selling
bus

Buying
bus

Ralston’s
with
cubic-
spline

Recursive
AC power

flow

Ralston’s
with
cubic-
spline

Recursive
AC power

flow

Ralston’s
with
cubic-
spline

Recursive
AC power

flow

30 16 2–30 236 235 0.03 0.60 18 235
30 20 19-20 128 127 0.03 0.32 18 127
30 3 2–30 233 233 0.03 0.58 18 233
32 3 12-13 48 47 0.03 0.12 18 47
32 24 12-13 41 40 0.03 0.10 18 40
32 27 12-13 44 44 0.03 0.11 18 44
33 3 3–18 128 128 0.03 0.32 18 128
33 24 16–24 291 291 0.03 0.73 18 291
33 27 17–27 293 292 0.03 0.74 18 292
34 4 14-15 131 130 0.03 0.33 18 130
34 25 3–18 196 195 0.03 0.48 18 195
34 26 17–27 353 352 0.03 0.85 18 352
35 3 3–18 127 127 0.03 0.32 18 127
35 15 15-16 145 145 0.03 0.36 18 145
35 27 16–21 268 267 0.03 0.65 18 267
36 12 14-15 117 117 0.03 0.29 18 117
36 28 16–21 329 329 0.03 0.80 18 329
36 3 3–18 127 127 0.03 0.31 18 127
37 15 12-13 186 186 0.03 0.46 18 186
37 24 12-13 241 241 0.03 0.60 18 241
37 26 25-26 243 243 0.03 0.60 18 243
38 3 3–18 174 173 0.03 0.43 18 173
38 8 29–38 176 176 0.03 0.44 18 176
38 24 29–38 176 176 0.03 0.44 18 176
39 21 12-13 103 102 0.03 0.26 18 102
39 22 12-13 102 102 0.03 0.27 18 102
39 24 12-13 103 102 0.03 0.35 18 102

4.6. Performance Comparison of Ralston’s Method Incorporating with
Cubic-Spline Interpolation Technique at Various Numbers of Steps in
Power Transfer: Case Study of 39-New England Bus System

Table 5 presents the performance of area-to-area ATC computation based on several numbers
of steps, n, applied in the proposed method. The same case study as discussed in Section 4.5
is used in this analysis. Basically, the power transfer step size, h, is specified depending on the
number of steps, n, applied in (2.6d). The performance of the proposed technique is evaluated
based on four difference numbers of steps, n. In addition, the percentage of relative error in
applying the proposed method to determine the ATC is also computed for every transaction
in the case study. By comparing the ATC values obtained in Tables 3 and 5, the interarea
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Table 5: Performance of Ralston’s method incorporating with cubic-spline interpolation technique.

ATC (MW)

Area of transfers Recursive
AC
Power
Flow

Ralston’s with
cubic-spline

Relative error
percentage (%)

CPU time (minutes)

Number of steps, n Number of steps, n Number of steps, n
Selling
area

Buying
area n = 3 n = 4 n = 6 n = 20 n = 3 n = 4 n = 6 n = 20 n = 3 n = 4 n = 6 n = 20

1 2 64 66 64 64 64 3.13 0.0 0.0 0.0 0.03 0.03 0.03 0.05
1 3 78 81 79 79 78 3.85 1.28 1.28 0.0 0.03 0.03 0.03 0.05
2 1 182 184 182 182 182 1.09 0.0 0.0 0.0 0.03 0.03 0.03 0.05
2 3 349 352 350 350 349 0.57 0.29 0.29 0.0 0.03 0.03 0.03 0.05
3 1 323 325 323 323 323 0.62 0.0 0.0 0.0 0.03 0.03 0.03 0.05
3 2 277 278 277 277 277 0.36 0.0 0.0 0.0 0.03 0.03 0.03 0.05

Table 6: Results of area-to-area ATC due to transient stability limit.

Area of transfers Limiting generator ATC (MW) CPU time (minute) Number of load flow
solutions

Selling
area

Buying
area Bus Generator

unit

Ralston’s
with
cubic-
spline

Recursive
AC power

flow

Ralston’s
with
cubic-
spline

Recursive
AC power

flow

Ralston’s
with
cubic-
spline

Recursive
AC power

flow

1 2 32 G3 448 449 0.03 1.37 18 449
1 3 32 G3 449 449 0.03 1.20 18 449
2 1 34 G5 858 857 0.03 1.81 18 857
2 3 34 G5 870 870 0.03 2.20 18 870
3 1 38 G9 660 660 0.08 1.62 18 660
3 2 38 G9 723 722 0.03 1.90 18 722

transactions computed by using the proposed technique with n = 3 gives the range of relative
error percentage within 0.36% to 3.85%. Most of these transactions are 2MW higher than the
ATC values obtained by using the recursive AC power flow solution. This is referring to the
case study of interarea power transfer from selling area 1 to buying area 2, selling area 2 to
buying area 1, and selling area 3 to buying area 1. The highest percentage of relative error of
3.85% is obtained from selling area 1 to buying area 3. Furthermore, the performance of the
proposed method in ATC computation is evaluated based on n = 4 and n = 6 incremental
steps of power transfer. It is observed that the proposed method with n = 4 and n = 6 gives
relatively similar results as compared to the ATCs obtained by using the recursive AC power
flow solution as shown in Table 3. This indicates that it is important to use n = 4 and n = 6
in the Ralston’s method for accurate extrapolation at the two trajectory points. Therefore, it
will give relatively accurate value of ATC compared to the result determined by the Ralston’s
method with n = 3. Besides that, the Ralston’s method with the number of steps specified
at n = 4 and n = 6 also gives less percentage of relative error at 1.28% and 0.29% from the
selling area 1 to buying area 3 and selling area 2 to buying area 3, respectively. In Table 5, it is
observed that the proposed method with n = 20 gives similar results compared to the ATCs
obtained by using the recursive AC power flow solution as shown in Table 3. This is due to
the fact that as the number of steps, n, is increased, the power transfer step size, h, will become
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Table 7: 39-New England machine data.

Unit No. Bus No. Ra X’d H (seconds)
G1 1 0 0.0697 30.3
G2 39 0 0.0697 500.0
G3 32 0 0.0060 35.8
G4 33 0 0.0531 28.6
G5 34 0 0.0436 26.0
G6 35 0 0.1320 34.8
G7 36 0 0.0500 26.4
G8 37 0 0.0490 24.3
G9 38 0 0.0570 34.5
G10 30 0 0.0310 42.0

narrow. This may assist towards a better result of curve fitting performed by the cubic-spline
interpolation technique. Thus, accurate estimation of ATC result can be obtained.

In terms of computational time, the Ralston’s method with, n = 3, n = 4 and n = 6 is
utilizing the same computational time of 1.8 seconds in determining the ATC. However, it is
much faster than the Ralston’s method with n = 20 that takes 0.05 minutes in determining
the value of ATC. It is obvious that n = 4 and n = 6 improves the performance of Ralston’s
method which gives similar results of ATC with less computational time. By referring to the
above-mentioned detail explanations, the proposed method with n = 4 is used in the other
power transfer case study for a fast and accurate estimation of ATC.

4.7. Determination of ATC due to the Transient Stability Limit

This section discusses the variations of maximum generator rotor angle difference that is used
in (3.4) to determine the sensitive generator. The sensitivity method given in (3.4) is used
to identify the generator that has the highest potential to be violated due to the increased
amount of power transfer [21]. The sensitive generator is important for the proposed method
that assists towards fast computation of ATC. This is because the increase of power transfer
that varies the maximum amount of generator rotor angle difference is observed only at the
sensitive generator.

In order to observe the variations of maximum generator rotor angle differences,
therefore, the power transfer is increased at 3 stages, which are 1MW, 150.5MW, and 300MW
for the transfer case from area 2 to area 3 and it is shown in Figure 6. It is observed that
generator G5 gives rapid changes of maximum generator rotor angle difference due to the
increase of power transfer from 1MW to 300MW. The maximum generator angle difference
angle is 64.94◦, 71.45◦, and 78.5◦ for the increase of power transfer of 1MW, 150.5MW and
300MW, respectively. This shows that G5 is the sensitive generator. On the other hand, the
increase of the power transfer does not cause rapid changes of maximum generator rotor
angle difference at generator G3. The maximum rotor angle difference of generator G3 is
recorded at 74.14◦, 73.93◦, and 73.72◦ for 1MW, 150.5MW, and 300MW of power transfer,
respectively. Therefore, G3 is not a sensitive generator. Hence, a fast and accurate ATC
computation could be obtained by considering the variations of maximum generator rotor
angle difference only at the sensitive generator G5.
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Table 8: 39-New England bus system data.

Bus Type Load Generator Voltage (P.U)
MW MVAR MW MVAR

1 Slack 9.2 4.6 0 0 0.9820
2 PQ 0.0 0.0 0 0 1.0
3 PQ 322 2.4 0 0 1.0
4 PQ 500 184 0 0 1.0
5 PQ 0.0 0.0 0 0 1.0
6 PQ 0.0 0.0 0 0 1.0
7 PQ 233.8 84 0 0 1.0
8 PQ 522 176 0 0 1.0
9 PQ 0.0 0.0 0 0 1.0
10 PQ 0.0 0.0 0 0 1.0
11 PQ 0.0 0.0 0 0 1.0
12 PQ 7.5 88 0 0 1.0
13 PQ 0.0 0.0 0 0 1.0
14 PQ 0.0 0.0 0 0 1.0
15 PQ 320 153 0 0 1.0
16 PQ 329 32.3 0 0 1.0
17 PQ 0.0 0.0 0 0 1.0
18 PQ 158 30 0 0 1.0
19 PQ 0.0 0.0 0 0 1.0
20 PQ 628 103 0 0 1.0
21 PQ 274 115 0 0 1.0
22 PQ 0.0 0.0 0 0 1.0
23 PQ 247.5 84.6 0 0 1.0
24 PQ 308.6 −92 0 0 1.0
25 PQ 224 47.2 0 0 1.0
26 PQ 139 17 0 0 1.0
27 PQ 281 75.5 0 0 1.0
28 PQ 206 27.6 0 0 1.0
29 PQ 283.5 26.9 0 0 1.0
30 PV 0.0 0.0 250 0 1.0475
31 PQ 0.0 0.0 0 0 1.0
32 PV 0.0 0.0 650 0 0.9831
33 PV 0.0 0.0 632 0 0.9972
34 PV 0.0 0.0 508 0 1.0123
35 PV 0.0 0.0 650 0 1.0493
36 PV 0.0 0.0 560 0 1.0635
37 PV 0.0 0.0 540 0 1.0278
38 PV 0.0 0.0 830 0 1.0265
39 PV 1104 250 1000 0 1.03

The maximum generator rotor angle difference of G5 is then used in (3.12) to
determine the look-ahead power transfer, Plook, of 850.67MW. The Plook is then used in the
Ralston’s method to extrapolate the P- Δδ curve at two trajectory points and it is shown in
Figure 7. By referring to Figure 7, the system is actually operating in a stable condition when
Plook = 850.67 MW is less than the power transfer at the second trajectory point. Therefore, the
Plook that is used in the Ralston’s method is able to accurately extrapolate at the two trajectory
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Table 9: Transmission lines and transformers data for the 39-New England system.
Line Data Transformer Tap

From Bus To Bus R X B Thermal Limit (MVA) Magnitude Angle
31 2 0.0035 0.0411 0.6987 250 0.000 0.00
31 39 0.0010 0.0250 0.7500 250 0.000 0.00
2 3 0.0013 0.0151 0.2572 750 0.000 0.00
2 25 0.0070 0.0086 0.1460 500 0.000 0.00
3 4 0.0013 0.0213 0.2214 250 0.000 0.00
3 18 0.0011 0.0133 0.2138 100 0.000 0.00
4 5 0.0008 0.0128 0.1342 500 0.000 0.00
4 14 0.0008 0.0129 0.1382 500 0.000 0.00
5 6 0.0002 0.0026 0.0434 1000 0.000 0.00
5 8 0.0008 0.0112 0.1476 500 0.000 0.00
6 7 0.0006 0.0092 0.1130 750 0.000 0.00
6 11 0.0007 0.0082 0.1389 750 0.000 0.00
7 8 0.0004 0.0046 0.0780 500 0.000 0.00
8 9 0.0023 0.0363 0.3804 250 0.000 0.00
9 39 0.0010 0.0250 1.2000 250 0.000 0.00
10 11 0.0004 0.0043 0.0729 750 0.000 0.00
10 13 0.0004 0.0043 0.0729 500 0.000 0.00
13 14 0.0009 0.0101 0.1723 500 0.000 0.00
14 15 0.0018 0.0217 0.3660 100 0.000 0.00
15 16 0.0009 0.0094 0.1710 500 0.000 0.00
16 17 0.0007 0.0089 0.1342 500 0.000 0.00
16 19 0.0016 0.0195 0.3040 1000 0.000 0.00
16 21 0.0008 0.0135 0.2548 500 0.000 0.00
16 24 0.0003 0.0059 0.0680 250 0.000 0.00
17 18 0.0007 0.0082 0.1319 500 0.000 0.00
17 27 0.0013 0.0173 0.3216 250 0.000 0.00
21 22 0.0008 0.0140 0.2565 1000 0.000 0.00
22 23 0.0006 0.0096 0.1846 250 0.000 0.00
23 24 0.0022 0.0350 0.3610 750 0.000 0.00
25 26 0.0032 0.0323 0.5130 250 0.000 0.00
26 27 0.0014 0.0147 0.2396 500 0.000 0.00
26 28 0.0043 0.0474 0.7802 250 0.000 0.00
26 29 0.0057 0.0625 1.0290 500 0.000 0.00
28 29 0.0014 0.0151 0.2490 500 0.000 0.00
12 11 0.0016 0.0435 0.0000 250 1.006 0.00
12 13 0.0016 0.0435 0.0000 100 1.006 0.00
6 1 0.0000 0.0250 0.0000 1000 1.070 0.00
10 32 0.0000 0.0200 0.0000 1000 1.070 0.00
19 33 0.0007 0.0142 0.0000 1000 1.070 0.00
20 34 0.0009 0.0180 0.0000 1000 1.009 0.00
22 35 0.0000 0.0143 0.0000 1000 1.025 0.00
23 36 0.0005 0.0272 0.0000 1000 1.000 0.00
25 37 0.0006 0.0232 0.0000 1000 1.025 0.00
2 30 0.0000 0.0181 0.0000 500 1.025 0.00
29 38 0.0008 0.0156 0.0000 1000 1.025 0.00
19 20 0.0007 0.0138 0.0000 250 1.060 0.00
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Figure 6: The variations of maximum rotor angle difference for every generator at the; (a) power transfer
of 1MW; (b) power transfer of 150.5MW; and (c) power transfer of 300MW.

points for optimumor accurate estimation of ATC. In Figure 7, the Ralston’smethod performs
four incremental steps (n) of power transfer and it is reasonable enough to provide fast and
accurate approximation of the two trajectory points. The two trajectory points are located at
the power transfer of 850.67MW and 1275.50MW. It is believed that the actual value of ATC
that causes the violation of generator rotor angle difference limit falls within these two points
of trajectory and it can be observed in Figure 7.

Then, the AC power flow solution is performed at four incremental steps of power
transfer, which are 850.67MW, 992.28MW, 1133.89MW and 1275.50MW. The four power
transfers are obtained by equal division between the range of ATC = 850.67MW and ATC =
1275.50MW located at the two trajectory points. Figure 8 shows the variations of maximum
generator rotor angle difference for the increase of four power transfers. It is obvious that the
sensitive generator is still referring to G5. This is due to the fact that the increase of power
transfers from 850.67MW to 1275.50MW causing the rapid changes of maximum generator
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Figure 7: The two trajectory points obtained by using the Ralston’s method.

rotor angle difference at G5. The maximum generator angle difference angle is 164.82◦,
282.98◦, 396.69◦, and 529.41◦ for the increase of power transfer of 850.67MW, 992.28MW,
1133.89MW, and 1275.50MW, respectively.

Finally, the increase of four power transfers and the four maximum rotor angle
differences are used in the cubic-spline interpolation technique to fit the P-Δδ curve between
the two trajectory points of the sensitive generator G5. In Figure 9, it is shown that the cubic-
spline interpolation technique traces the P- Δδ curve based on the four points of power
transfer and maximum generator rotor angle difference. A point is noted where the generator
rotor angle difference limit of 180◦ intersects the P-Δδ curve. This point yields an actual ATC
value of 870MW.

4.8. Results of Area-To-Area ATC due to Transient Stability Limit:
Case Study of 39-New England Bus System

Table 5 represents the results of ATC obtained only by considering the violation of generator
rotor angle difference limit. This is to prove that the proposed method is also robust in
determining the ATC based on the violation of transient stability limit. Whereby, the rotor
angle difference limit is referred to as the transient stability limit. In this case study, it is
assumed that a three-phase fault happened at bus 10. Therefore, the computation of ATCs-
based transient stability limit is performed by considering the tripping of line 10–13 for
clearing the fault. The fault critical clearing time of t = 0.15 second is specified for the tripping
at line 10–13. The transient response of generator rotor angle difference is monitored for 1.5
seconds in the case study of ATC that takes into account the transient stability limit. The
proposedmethod gives the ATC value of 448MW for the interarea transfer from area 1 to area
2, and this is referring to the violation of the rotor angle difference limit of generator G3which
is located at bus 32. The proposed method accurately determines the ATC that is relatively
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Figure 8: The variations of maximum rotor angle difference based on the; (a) power transfer of 850.67MW;
(b) power transfer of 992.28MW; (c) power transfer of 1133.89MW; and (d) power transfer of 1275.50MW.

similar to the ATC value of 449MW determined by the recursive AC power flow method.
This is similar to the other cases of interarea power transfer. By comparing the ATC values
obtained in Tables 3 and 5, it can be concluded that the ATCs are actually obtained due to the
violation of transmission line limit. It also shows that the violation of generator rotor angle
difference limit gives higher value of ATC in comparison to the violation of transmission
line limit. However, in a real system operating condition, the first violation may occur at the
transmission line limit that yields the amount of power transfer. On the other hand, it is noted
that the proposed method performs a fast ATC computation as compared to the recursive AC
power flow method. The results have shown that the proposed method is able to provide
fast and accurate value of ATC although it refers to the limit of transient stability. The results
of point-to-point ATC are not shown in this section. This is because any further increase of
power transfer between buses does not violate the limit of generator rotor angle difference.
This is due to the fact that any increase of power transfer from a particular generator does not
adversely affect the synchronism of generating system.
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Figure 9: The actual value of ATC obtained at two trajectory points.

5. Conclusion

This paper presents a new approach that is used to evaluate the area-to-area and point-to-
point ATCs. The proposed method is based on the Ralston method incorporating with cubic-
spline interpolation technique. The Ralston’s method is used to determine the two trajectory
points of voltage magnitude, power flow, and maximum generator rotor angle difference.
Then, the cubic-spline interpolation technique is used to trace the P-V, P-S, or P- Δδ curves
between the two trajectory points. The curve fitting procedure is performed to reduce the
time in ATC computation. By referring to the P-V, P-S, or P- Δδ curves between the two
trajectory points, the ATC is determined at the intersecting point of voltage, MVA power
flow or generator rotor angle difference limits. The effectiveness of the proposed method in
determining the ATC is verified on a case study of 2737-bus Polish and 39-New England
bus power systems. It is proven that the Ralston’s method incorporating with cubic-spline
interpolation technique is a fast and accurate method for ATC evaluation as compared to the
ATC method using recursive AC power flow method. The proposed method is an effective
way to speed up the ATC computation. The proposed method is useful for the utilities in
a deregulated electricity market in which the ATCs are required to be posted in a real-time
market signal so that all transmission users have the same chance to access transmission
information.
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